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Benzidine  and  related  compounds  are  well known 
substrates  for  horseradish  peroxidase/HzOz  oxidation. 
Typically, two different  colored  products  are  formed. 
In this  paper,  we  study  the  oxidation of  3,5,3’,5’-tetra- 
methylbenzidine.  The  first  colored  product is a  blue 
charge-transfer  complex of the  parent  diamine  and  the 
diimine  oxidation  product. This species exists in  rapid 
equilibrium  with  the  radical  cation.  The  radical  was 
observed by  ESR spectroscopy,  and  hyperfine  splitting 
constants  were  determined.  Addition  of  equimolar  hy- 
drogen  peroxide  yields  the  yellow  diimine,  which is 
stable  at  acid pH.  At less than  equimolar  peroxide,  all 
four species  (diamine,  radical  cation,  charge-transfer 
complex,  and  diimine) exist in  equilibrium. A theoreti- 
cal  analysis of this  redox  system is presented,  including 
a  determination  of  the  extinction  coefficients  and  equi- 
librium  constant  for  the  nonradical  species. 

Benzidine is carcinogenic in animals and man (1). It is also 
mutagenic to bacteria following activation by hepatic micro- 
somes in the Ames test (2). 

Peroxidases catalyze the oxidation of a wide variety of 
substrates, including benzidine and other aromatic amines. 
Mammalian tissues contain peroxidases; the peroxidatic activ- 
ity of blood is the basis for the use of benzidine as a reagent 
for the detection of occult blood. A positive “benzidine test” 
is indicated by the formation of a blue oxidation product of 
benzidine (3). 

The chemical hazard presented by the use of benzidine as 
a clinical reagent prompted a search for a less dangerous 
substitute (4). Holland et al. (5)  synthesized the compound 
3,5,3’,5’-tetramethylbenzidine in which the amino groups are 
protected by methylation of the adjacent ring  positions. This 
compound proved to be much less hazardous than benzidine 
itself and even more sensitive as an analytical reagent (5). 

The oxidation of aromatic amines by peroxidases has been 
studied for many years. Saunders (6) has presented a review 
of this work. Horseradish peroxidase, an enzyme frequently 
used in these studies, is believed to be capable of both one- 
electron and two-electron oxidations, depending on the sub- 
strate employed. Saunders suggested that  the blue oxidation 
product of benzidine is either  its one-electron oxidation prod- 
uct (cation free-radical) or a complex of its two-electron 
oxidation product (diimine) with the  parent diamine. Both of 
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these products are at a net oxidation state halfway  between 
the diamine and diimine, but  they  are chemically distinct. 

The oxidation of o-dianisidine (3,3’-dimethoxybenzidine) by 
horseradish peroxidase/HzOz has been  examined (7). At- 
tempts  to  detect a free radical intermediate using  electron 
spin resonance spectroscopy were  unsuccessful. The authors 
suggested “a direct two-electron oxidation mechanism for 
horseradish peroxidase acting on o-dianisidine .’’ and held 
that “oxidation of dianisidine does not proceed  via any de- 
tectable semiquinone radical intermediate.” This conclusion 
contrasts with earlier polarographic evidence (8) for the for- 
mation of radical intermediates during the electrochemical 
oxidation of benzidine and dianisidine. 

In this paper, we examine the oxidation of the benzidine 
derivative, 3,5,3‘,5“tetramethylbenzidine, by horseradish per- 
oxidase/H202. ESR was used to detect and identify the 
3,5,3‘,5’-tetramethylbenzidine semiquinone-imine cation free 
radical formed during the oxidation. Optical spectroscopy was 
used to detect the charge-transfer complex. (See Scheme 1 for 
structures.) 
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MATERIALS  AND METHODS 

3,5,3’,5’-Tetramethylbenzidine was obtained from Sigma. (This 
compound should not be confused with the related benzidine deriva- 
tive, N,N,N’, N”tetramethy1benzidine.) Hz02 (30%) was obtained 
from Fisher Scientific. Horseradish peroxidase, D20, ando-dianisidine . 
2HC1 were obtained from Sigma. 
3,5,3’,5’-Tetramethylbenzidine stock solutions were prepared by 
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3670 Free Radical  and  Diimine  Metabolites of Benzidine 

dissolving the compound  in 0.2 N HCI;  Hz02  and  enzyme  stock 
solutions  were prepared in H20. Incubation  mixtures  were  prepared 
in  0.2 M acetate buffer,  pH 5.0, unless  noted  otherwise. 

Optical  spectra  were  recorded  with an Aminco  DW-2A spectropho- 
tometer. ESH spectra were  recorded  with a Varian E-109 or E-104 
spectrometer, using an aqueous  flat  cell  and  TMllo  cavity. Further 
details  are given in the figure  legends.  All  experiments  were  performed 
at room temperature. 

RESULTS 

The oxidation of 3,5,3'5'-tetramethylbenzidine by the  horse- 
radish  peroxidase/Hs02  system yields  colored products.  In- 
cubations  turn blue, pass  through a green  stage,  and finally 
become yellow. The  green solution is simply  a mixture of the 
initial blue product  and final yellow product.  This  reaction 
sequence was studied by optical spectroscopy. 

After  addition of enzyme to a solution of 3,5,3',5'-tetra- 
methylbenzidine  and  HzOz,  optical  spectra were recorded us- 
ing the  auto  scan  mode of the  spectrophotometer (Fig. 1). The 
UV chromophore of 3,5,3',5'-tetramethylbenzidine (X,,, = 285 
nm)  decreases  to zero during  the  reaction,  and  no new UV 
peaks  appear  (data  not  shown).  In  the visible region, two new 
peaks  appear initially, a t  370 and 652 nm. These  peaks grow 
to a maximum  and  then decay; they  are replaced by a peak a t  
450 nm. The  later  stages of the  reaction  are  characterized by 
a pair of isosbestic points  on  either side of the 450 nm peak. 

In a further  experiment,  Hz02 was titrated  into a solution of 
3,5,3',5'-tetramethylbenzidine and enzyme, and  the  absor- 
bance at 700 nm  (blue  product) was measured.  The  resulting 
titration  curve (Fig. 2) shows the  formation  and  subsequent 
destruction of the  blue  product.  The curve is  nearly  symmet- 
rical about  the  midpoint, which  corresponds to ?h mol of 
peroxide/mol of substrate. At the  endpoint,  reached a t  ap- 
proximately equimolar peroxide and  substrate,  no  blue  prod- 
uct remains. Beyond  this  point,  the  concentration of the 
yellow product  does  not  increase  with  additional peroxide.  We 
concluded that  the  blue  product is a one-electron oxidation 
product of 3,5,3',5'-tetramethylbenzidine, and  that  the yellow 
product  is  the two-electron  oxidation product  (diimine). 

Two chemically distinct  one-electron oxidation products of 
3,5,3',5'-tetramethylbenzidine can be envisaged: the 3,5,3',5'- 
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FIG. 1. Oxidation of tetramethylbenzidine by horseradish 
peroxidase/HzOz:optical spectra. The incubation  mixture con- 
tained 10 p~ 3,5,3',5"tetramethylbenzidine and 15 p~ Hz02 in acetate 
buffer,  pH 5.0. At  zero  time,  horseradish  peroxidase  was  added (10 
ng/ml)  and  repetitive  scanning started (5 nm/s). The first six scans 
are shown  in A and the subsequent  scans  in B. Arrows indicate the 
growth  and  decay of each  peak. 
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0 50 
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FIG. 2. Oxidation of tetramethylbenzidine by horseradish 
peroxidase/HzOz:titration curve. The incubation  mixture  con- 
tained 3,5,3',5"tetramethylbenzidine (100 nmol)  and  horseradish  per- 
oxidase (1 mg)  in acetate buffer,  pH 5.0,2 ml.  Hz02 (5 mM) was added 
in 1-p1 aliquots,  and  absorbance at 700 nm  was  measured after  each 
addition. The resulting titration curve  shows the formation  and 
subsequent  destruction of the charge-transfer complex. (See also  Fig. 
A-2.) 

tetramethylbenzidine  radical  cation  and  the  charge-transfer 
complex of the  diamine  (electron  donor)  and  the diimine 
(electron  acceptor). The chemical structures of these species 
are  shown  in  Scheme 1. ESR  experiments  (reported below) 
demonstrate  the presence of a free radical, but  this  radical is 
not necessarily the  same  as  the species  responsible  for the 
optical  absorption  bands since the  radical  and  charge-transfer 
complex could both exist in equilibrium. Charge-transfer com- 
plexes are distinguished  by spectral  shifts  upon  dilution caused 
by the  re-equilibration  among  the  electron  donor,  the  electron 
acceptor,  and  the  charge-transfer complex (9). 3,5,3',5"Tetra- 
methylbenzidine  was oxidized with enzyme and sufficient 
peroxide to yield the  green  stage. Buffer (1 ml)  and  this 
mixture (1 ml) were placed in  the two chambers of a  Yankee- 
lov cuvette.  Spectra were recorded before and  after mixing 
(Fig. 3). The  distinct  change in the  spectrum  indicates  that 
the equilibrium has shifted from  the blue product  to  the 
yellow product.  This suggests that  the  blue  product is indeed 
a complex of the  parent  compound  and its imine  oxidation 
product. 

ESR  experiments were  performed, using a ratio of Yi mol of 
HzOz/mol of 3,5,3',5'-tetramethylbenzidine. The  ESR signal 
developed in a few seconds and was stable  for  hours. Fig. 4 
shows the ESR spectrum observed with  the full  system. No 
spectrum was  observed in  the  absence of peroxide, 3,5,3',5'- 
tetramethylbenzidine,  or enzyme. Horseradish peroxidase,  de- 
natured by boiling for l h immediately before  use, had  almost 
no  activity. 

To our knowledge, the  ESR  spectrum of the 3,5,3',5'-tetra- 
methylbenzidine  cation  radical  has  not  been  reported. The 
analysis of these  spectra was performed with  the  aid of a 
computer  program for simulation of spectra.  The  spectra of 
the  cation  radicals of benzidine and N,  N, N', N'-tetramethyl- 
benzidine (prepared by  iodine  oxidation  in acetonitrile)  have 
been  reported (10). These  spectra were  used as a starting 
point  in  our analysis. A summary of these  data  is given in 
Table I. 

The 3,5,3',5'-tetramethylbenzidine cation  has  four  distinct 
types of magnetic nuclei, each  characterized by a  hyperfine 
splitting  constant.  These  are:  the  amine N nuclei (two),  the 
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Free Radical and Diimine Metabolites of Benzidine 3671 

amine  protons  (four), the protons at  the 2 and 4 positions of 
the rings (four), and  the methyl  protons (12). Thus,  the 
maximum number of lines possible is 53 X 13 = 1625. In fact, 
only about 31 lines can be resolved in Fig. 4. This implies 

I 0.1 AU 

n 

400 500 600 700 
nm 

FIG. 3. Oxidation of tetramethylbenzidine  by  horseradish 
peroxidase/HzOz:effect of dilution. A Yankeelov (double-cham- 
bered) cuvette was  used.  One side was  filled with 1 ml of acetate 
buffer, pH 5, containing 3,5,3’,5’-tetramethylbenzidine (25 p ~ ) ,  H202 
(12.5 p ~ ) ,  and horseradish peroxidase (5 pg); the other side contained 
an equal volume of buffer. Spectra were recorded before and  after 
mixing. 

B 

C 

D 

E 

FIG. 4. ESR spectrum of tetramethylbenzidine  cation radi- 
cal. The full system (A) contained 3,5,3’,5”tetramethylbenzidine (200 
p ~ ) ,  H202 (100 p ~ ) ,  and horseradish peroxidase (100 ng/ml) in  acetate 
buffer, pH 5. Other  spectra  are: B,  heat-denatured enzyme; C, no 
enzyme; D, no H202; E, no tetramethylbenzidine. Instrumental con- 
ditions were: field, 3366 G; scan range, 50 G; modulation amplitude, 
0.13 G; gain, 5 X lo4; scan time, 1 h; time constant, 4 s; microwave 
power, 20 milliwatts. 

FIG. 5. Computer  simulation of tetramethylbemidine  cation 
radical ESR spectra. A, experimental spectrum (Fig. 4A); B, com- 
puter simulation. Hyperfine splitting constants were a&, = 3.09 G; 

= 3.33 G a!&, = 1.08 G; and = 1.08 G.  Line width = 0.45 G. 

considerable accidental degeneracy. 
We considered, fist,  the amine N and amine H hyperfine 

splitting  constants. If we assume that these are equal, then a 
25-line pattern is reduced to a 9-line pattern. Of course, any 
such assumption can be justified only by a successful analysis 
of the complete spectrum. The two remaining (proton) hyper- 
fiie splitting  constants are expected to be much smaller than 
the amine H and N hyperfine splitting  constants. The spacing 
of the observed lines is remarkably regular. We assumed that 
this repetitive spacing (about 1.1 gauss) was equal to these 
two smaller hyperfine splitting  constants; the regular spacing 
can be maintained  throughout the spectrum if these hyperfine 
splitting  constants are both close to l /n times the large 
hyperfiie splitting  constant, with n an integer. The most 
promising pattern arises from the assumption that n = 3, 
giving a k ,  = a$H2 = 3 X ac“H, and a k g  = a&, . This yields a 
stick spectrum of 41 equally spaced lines. The wing lines of 
this  spectrum are exceedingly  weak relative to the central 
lines and  are likely to be missed. Computer simulations of this 
set of hyperfine splitting  constants gave reasonable simula- 
tions of the observed spectrum, and slight refinement pro- 
duced an excellent agreement (Fig. 5). Finally, the deuterium- 
exchanged spectrum was simulated, using the gyromagnetic 

TABLE r 
Hyperfine splitting constants of cation radicals of benzidine and derivatives 

a, benzidine (Ref. 10); b, N,N,N’, N”tetramethy1benzidine (Ref. 10); c, 3,5,3’,5’-tetramethylbenzidine (this work). 
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3672 Free Radical and Diimine Metabolites of Benzidine 

CH, CH, 

FIG. 6. ESR spectrum and computer simulation of deuter- 
ated tetramethylbenzidine cation radical. A, experimental  spec- 
trum.  Conditions  were as in Fig. 4A, except that all  solutions  were 
prepared in D20. B,  computer  simulation.  Hyperfine  splitting  con- 
stants were:  ai^ = 3.09 G a h ,  = 0.52 G; a& = 1.08 G; and a& = 
1.08 G. Line width = 0.4 G.  

ratios of H and ‘H. This simulation (Fig. 6) is also in close 
agreement with the observed spectrum and confirms the 
assignment of the amino N and H hyperfine splitting con- 
stants. However, the ring proton (2, 6, 2’, and 6’ positions) 
hyperfiie splitting constants cannot be  assigned unambigu- 
ously. For example, if these constants  are  set  to zero  (leaving 
12 rather  than 16 protons with uH = 1.08 G),  the resulting 
simulations are almost identical with those of Figs. 5 and 6. 
We prefer the assignment of uH = 1.08 G to ring protons 
because related benzidines have 2,6,2‘6’-ring proton hyperfine 
couplings on this order (Table I). We concluded that  the ESR 
signal corresponds to  the 3,5,3’,5’-tetramethylbenzidine radi- 
cal cation. 

We examined the relationship between the concentrations 
of the blue product (detected optically) and the free radical 
(detected by ESR). A series of incubations was prepared, with 
3,5,3‘,5‘-tetramethylbenzidine concentrations ranging from 50 
to 500 p ~ .  In each incubation, Hz02 was added to give a ratio 
of Yi mol of peroxide/mol of 3,5,3’,5”tetramethylbenzidine. 
The ESR spectrum of each incubation was recorded, using a 
modified  Gilford rapid sampler system so that  the flat cell 
could  be  filled without removing it from the cavity. Relative 
ESR signal strength was measured by the peak to peak 
amplitude of a given line in the spectrum. A second aliquot of 
each sample was added to an optical cuvette, and the absorb- 
ance at 700 nm was measured. Fig. 7 shows the relationship 
between the two  signals; clearly, the radical concentration is 
proportional to  the square root of the concentration of the 
blue product. 

The effect of horseradish peroxidase concentration was  also 
examined. In  this experiment (Fig. a), the concentrations of 
3,5,3’,5’-tetramethylbenzidine and H202 were  fixed, and en- 
zyme concentration was varied. The formation of the charge- 
transfer complex  was measured as a function of time following 
addition of enzyme  by recording absorbance at 700 nm. In 
each case, the final absorbance was the same. Thus, the 

enzyme affects the  rate of the reaction, but  not  the concentra- 
tions of the products formed. 

The results shown in Fig. 7 suggest that  the blue product 
(diamine/diimine charge-transfer complex)  is  in rapid equilib- 
rium with the radical cation. If we represent these species by 
AA2+ and A+ , respectively, then we may write this equilib- 
rium as: 

2A’. zi AA2’ 

The two  species’ concentrations are related by the equilibrium 
constant: 

Thus, the radical concentration varies as  the square root of 
the charge-transfer complex concentration, as observed. The 
equilibrium constant could, in principle,  be determined, using 
quantitative ESR to measure the absolute concentration of 
the radical. This was not attempted however, in the following 
discussion, we will show that  the ratio of radical concentration 
to charge-transfer complex concentration is small ( i n  the 
concentration regime studied). 

Abs.(700 nm) 

FIG. 7. Relationship between ESR signal strength and opti- 
cal absorbance at 700 nm. A series of incubations  was  prepared, 
with 3,5,3’,5’-tetramethylbenzidine concentrations  ranging  from  50  to 
500 PM and  horseradish  peroxidase 1 ng/ml. In  each  case, H~02 
concentration was one-half of the 3,5,3’,5‘-tetramethylbenzidine con- 
centration.  From  each  incubation  mixture, an ESR spectrum and an 
optical  spectrum  were  recorded. ESR signal  strength was measured 
as  peak  to peak height of a particular  line  divided by receiver  gain. 
The  figure  shows a plot of ESR signal  strength  squared uersus 
absorbance at 700 nm. 

Time (set) 

FIG. 8. Effect of enzyme concentration on 3,6,3’,6’-tetra- 
methylbenzidine oxidation. 3,5,3’,5’-Tetramethylbenzidine (TMB) 
(250 PM) and  Hz02  (75 C(M) were  prepared in acetate buffer,  pH  5. 
This  solution (3 ml) was added  to a cuvette  fitted  with a plunger  for 
addition of enzyme.  Absorbance at 700 nm was  recorded as a function 
of time; at zero  time,  the  plunger was depressed  to start the  reaction. 
The  amount of horseradish  peroxidase (HRP) added  (dissolved in 20 
pl of buffer) is indicated. 

 by guest on O
ctober 26, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Free Radical  and Diimine Metabolites of Benzidine 

The charge-transfer complex is, itself, in equilibrium with 
the diamine (A) and diimine (A2+): 

A + A'+ A A 2 +  

In this case, the equilibrium constant expression  is: 
( A A 2 + )  IC& = ~ 

(A)(A2+) 

This equilibrium constant was determined experimentally. 
The titration experiment of Fig. 2 was repeated, and complete 
spectra were recorded at each step in the titration. Each of 
the three absorbing species has  an absorption peak substan- 
tially free of overlap from the  other two  species: the diamine 
parent (Amax = 285 nm), the diimine product (Amax = 450 nm) ,  
and the charge-transfer complex (Amax = 652 nm). (The charge- 
transfer complex absorption peak at 370 nm is less useful due 
to overlap of the diimine peak.) 

The extinction coefficient of each species was determined. 
The initial concentration of 3,5,3',5'-tetramethylbenzidine is 
known, and the absorbance at 285 nm was measured as 

diimine (following addition of excess peroxide) is equal to the 
initial concentration of 3,5,3',5'-tetramethylbenzidine, assum- 
ing 100% yield. This allows the determination of the extinction 
coefficient of the diimine,&mine = 5.9 X lo4 M" cm". 

At each stage of the  titration, the concentrations of the 
diamine and diimine were determined from the absorbances 
at  285 and 450 nm. If we assume that  the radical concentration 
is negligible, then: 

E$llmine = 2.1 X lo4 M" cm". The final concentration of the 

(A) + (A2') + 2(AA2') = A0 

where A. is the initial concentration of substrate. The concen- 
tration of the charge-transfer complex is given  by: 

(AA") = H(Ao - (A) - (A")) 

Thus, from an intermediate stage in the  titration,  the extinc- 
tion coefficient of  AA2' may be determined: = 3.9 X 
io4 M" cm". 

Using these values of E ,  we calculated the sum: (A) + (A") 
+ 2(AA2') for each of the first seven steps in the titration, 
covering a 5-fold range of diamine concentration. Beyond this 
point, the absorbance due to  the diamine became too small 
for accurate determinations. The sum of the three terms was 
within 4%  of  A0 for each step;  this confirms our assumption 
that  the radical concentration may be  neglected and gives an 
estimate of the accuracy of our determination of ~ g ~ ~ ' ~ ~ .  

Finally, the equilibrium constant was determined. In Fig.  9, 
we plot the concentration of the charge-transfer complex 
(AA") uersus the product of the concentrations of the diamine 
and diimine (A)(A2'). This plot yields a  straight line through 
the origin, with slope K. Thus, we determinedlC,, = 2.8 X lo5 
liters mol". 

In the Appendix to  this paper, we derive an algebraic 
expression for the concentration of the charge-transfer com- 
plex as  a function of the number of oxidizing equivalents 
added per mol of substrate. This expression is based  on the 
law of mass action, and the assumption that  the radical 
concentration is negligible compared to  the concentration of 
the complex. The equilibrium constant KL, appears  as  a  pa- 
rameter in tis expression,  in the form & = l/(& .re,). The 
parameter Kc determines both the shape of the  titration curve 
and the maximum concentration of the charge-transfer com- 
plex (at  the midpoint of the  titration). Using the value of 
IC,, calculated above and :he value of A0 for the experiment 
shown in Fig. 2, we obtain Kc = 0.07; the theoretical expression 
given in the Appendix  yields a predicted maximum concentra- 
tion of  17 p~ for the complex. Experimentally, we measured 

3673 

-0 d 10 
20 30 

CTMBI xCTMB++l(&M)2 
FIG. 9. Measurement of the equilibrium constant for forma- 

tion of the charge-transfer complex. 3,5,3',5'-Tetramethylbenzi- 
dine (TMB) (25 p ~ )  and horseradish  peroxidase (10 pg) were dissolved 
in 2 ml of acetate buffer,  pH 5.  Hz02 (5 m ~ )  was added in 1-pl aliquots, 
and  a complete UV-visible spectrum was recorded after each addi- 
tion. Concentrations of 3,5,3',5'-tetramethylbenzidine, 3,5,3',5'-tetra- 
methylbenzidine diimine, and  charge-transfer complex were deter- 
mined  from absorbances at 285,450, and  652 nm, respectively. In the 
figure, the concentration of the charge-transfer complex is plotted as 
a function of the product  of the concentrations of  3,5,3'5"tetra- 
methylbenzidine and 3,5,3',5'-tetramethylbenzidine diiiine for the 
first seven steps in the titration. The equilibrium constant is given  by 
the slope of the straight line through the origin, K:, = 2.8 X lo5 liters 
mol". 

FIG. 10. Oxidation of o-dianisidine by horseradish peroxi- 
dase/HzOz: ESR spectra. A,  the incubation mixture contained o- 
dianisidine (2.1 mM),  H202 (1.0 D M ) ,  and  horseradish  peroxidase (170 
ng/ml). Instrumental conditions were: field, 3367 G; scan range, 40 G; 
modulation amplitude, 0.21 G; gain, 4 X lo4; scan time, 8 min; time 
constant, 0.5 s; and microwave  power, 20 milliwatts. B,  as in A,  except 
that all reagents and  buffers  were  prepared  in D20. Gain, 5 X lo4. 

ATm = 0.38 at the midpoint of Fig. 2, which  gives a concentra- 
tion of  18 p ~ ,  in excellent agreement with the prediction. In 
Fig.  A-2, the  data of Fig. 2 are shown superimposed on the 
theoretical curve for Kc = 0.07. 
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We have also studied the oxidation of 0-dianisidine. In 
contrast to  the earlier report (7), we observed a  transient  ESR 
signal during the oxidation of this compound by horseradish 
peroxidase/H202  (Fig. 10). The  ESR signal  was  observed in 
the olive  green solution obtained immediately after addition 
of enzyme. Within a few minutes, the solution turned orange- 
brown, and the signal disappeared. We believe that  the green 
product is a charge-transfer complex  analogous to  the blue 
product of 3,5,3',5'-tetramethylbenzidine. Again, the charge- 
transfer complex  is in equilibrium with the cation-free radical. 
However, one  or more of the dianisidine oxidation products is 
unstable. The spectra of the dianisidine radical in HzO and 
*Hz0 (Fig.  10, A and B )  are very similar. Each  has  a repetitive 
spacing of about 0.57 gauss. This result can be  explained as 
follows. If ah& = 0.57 gauss,  then&H, = (YH/YzH) X 0.57 gauss 
= 3.7 gauss. This value is close to  that expected for  a substi- 
tuted benzidine cation radical (Table I). Apparently, the ac- 
cidental equivalence of ai%, acd azg (z,6,2',6,) gives the appear- 
ance that  the spectrum is essentially unchanged in 'HzO 
buffer. If the wing hyperfine lines could  be  observed, a de- 
crease in the  total width of the spectrum would  be apparent 
in 'H20 buffer.  Because of the poor signal-to-noise ratio of the 
experimental spectra and the complexity resulting from the 
large number of inequivalent nuclei in o-dianisidine, a com- 
puter simulation of this spectrum was not attempted. 

DISCUSSION 

A number of investigators (11-13) have suggested the fol- 
lowing scheme to describe horseradish peroxidase action: 

Peroxidase + HZ02 + compound I 
Compound I + AH2 + compound I1 + AH. 
Compound I1 + AH2 + peroxidase + AH. 

This mechanism implies the formation of substrate-free 
radicals as intermediates in the oxidation. Indeed, many such 
radicals have been identified, including those derived  from 
ascorbate, hydroquinone (14), and chlorpromazine (15). 

The cation-free radicals of benzidine and several of its 
derivatives have been observed  in chemical systems, such as 
Iz oxidation in an organic solvent. Previous investigators failed 
to detect paramagnetic intermediates during the peroxidase- 
catalyzed oxidation of dianisidine and suggested that 
"dianisidine radical is not readily released from the enzyme, 
but  rather serves as electron donor to yield,  in a distinct 
second step,  free horseradish peroxidase and dianisidine qui- 
none diimine" (7). 

We have shown here that both dianisidine and 3,5,3',5'- 
tetramethylbenzidine yield free radicals during peroxidatic 
oxidation. In the case of dianisidine, the radical is rather  short 
lived.  However, the presence of resolved hyperfine structure 
demonstrates that  the radical is free in solution, rather  than 
enzyme bound. 

Our analysis of the reaction suggests that  the free radical is 
in rapid equilibrium with both the  separated and complexed 
amine and diimine. Thus, one  would expect to detect free 
radicals whether the initial enzymatic oxidation was one-elec- 
tron or two-electron in character. Yamazaki (14) has consid- 
ered this problem explicitly. "If free radicals are formed only 
(by comproportionation of the oxidized and reduced forms of 
a bivalent redox molecule), their concentrations cannot exceed 
the equilibrium value, and the maximum appears at a time 
when [Ox] = [Red] since the equilibrium is reached in a  short 
time. The free radical remains after the reaction is over, 
provided that both Ox and Red are present" (14). We believe 
that  this analysis applies to  the system described in this paper; 
thus, it is not possible to decide between a one-electron and  a 

two-electron mechanism for the initial enzymatic step in the 
reaction without kinetic measurements. 
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APPENDIX 

we conr>der t h e   o x l d d t l a n   ( r e d u c t t o n )   o f  a spec ies ,   den lgnated  A .  t o   I t s   t w o - e l e c t r o n  
i l x l d a t l o n  (or reduct ion)   product  V .  Ue assume t h a t   t h l s   o x l d a t l o n  Proceeds  via an I n t e r -  
rned la te   e l ther  a o n e - e l e c t r o n   p r o d u c t   ( r a d l c a l l  A ' ,  or a charge- t ransfer  complex o f   the  
parent  cornpound and f l n a l   p r o d u c t ,  A A " .  The  two a n a l y s e s   p r o c e e d   r l m l a r l y ,   a n d   w l l l  be 
c a r r l e d  Out ~n p a r a l l e l  

A  + A" f 2 A '  

A  + A "  : AA" 
( 1 1  

I f  A. I S  t h e   t o t a l  number o f  moles Of A ,  

[ A ]  + [ A ' ]  + [ A " ]  = A. 

[ A ]  + Z [ A A " ]  + [ A " ]  = A. 
( 2 )  

The  equ, l?brium COnStdntS are  

KR = [ A ' I 2 / [ A 1 [ A ' ' l  

KC = [ A A " ] / [ A ] [ K ' ]  
(31 

where KR i s   d m e n s ? o n l e s s ,   a n d  KC has d imens?ani :  1 . moleS-'. L e t  5 be  the number O f  

equ iva lents   o f   ox lda t lon   added   per  mole of  A .  

Then: [R'] + 2 [ A " ]  = =,Ao 

2[M"] + 2 [ A " ]  = s A 0  
( 4 1  

Thus' [ A " ]  = ',:%Ao - [ A ' ] ,  

[ A " ]  = zr s A 0  - 2[M"l1 
(5) 

S u b s t l t u t l n g  (5) into ( 2 1  g i v e s ;  

[ A ]  + ' , [ A ' ]  = A. ( 1  - $) 

[ A ]  + [M"I = A. ( 1  - $1 
(6) 

and S u b s t i t u t i n g  ( 5 1  In to  ( 3 )  gives: 

where the  slgns o f  t h e   d l s c n m i n a n t s  are f i x e d   b y   t h e   c o n d l t l a n   t h a t  x = 0 f o r  t  = + I  Clear -  

For any  K ,  t h e  maximum va lue  O f  x occurs a t  t = 0 ,  i . e . ,   h a l f w a y  from A  t o  A " .  I f  re 
ly ,   the   sOlut7QnS  are   SYmnetr lC  about   the   point  t = 0. 

Oald1zmQ equlvolenfs 

FIG. A-1. Theoretical  titration  curves  showing  formation 
and destruction of an  intermediate  in  the two-step oxidation 
(or reduction)  of  a  substrate. The curves plot relative concentra- 
tion of the charge-transfer complex (left)  or free radical (rzght) 
intermediate, normalized to 1 at  the midpoint, as  a function of the 
number of equivalents of oxidation (or reduction) added. The param- 
eter K is  equal to A0.K (charge-transfer_ complex) or K ,  (radical), 
and is the reciprocal of the parameter K used in the "Appendix." 
Derivation of the expressions for these curves is given in the text. 
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FIG. A-2. Comparison  of theoretical  titration  curve and ex- 
perimental  results. The  data points are  the same as those in Fig. 2. 
Th5theoretical curve was calculated as in Fig. A-1 (left). The value 
of Kc was determined as explained in the text; this value, and the 
calculated extinction coefficient of the charge-transfer complex, de- 
termine the shape  and height of the curve. The width (horizontal 
scale) was fixed  by the assumption of one-to-one stoichiometry (end- 
point at 100 nmol of H202/100 m o l  of tetramethylbenzidine). Thus, 
no correction factors have been applied to  the calculated curve. 

which i s  a t r i a n g u l a r  shape. The case K = ( i . e . ,   e q u i l i b .   t o   t h e   l e f t   i n   e q u a t i o n  ( I ) .  
K = 0) gives:  

X R =  4- 

3 = 1 . t Z  

XR may 

xc max 

I n  pr inc ip le ,   then.   bo th   the   type   o f   in te rmed ia te   invo lved  in  an oxidat ion,  and the   va lue   o f  

O p t i c a l l y  or by E S R )  as a  funct ion o m i n g  equiva lents  added. The more general  case, 
K, may be determined  from a p l o t  of re la t i ve   concent ra t ion   o f   the   in te rmed ia te  (as  measured 

A + A "  f 2 A '  2 AA" 

of   equat lon  (8). 
i nvo l v ing   bo th   a   rad i ca l  and a  charge- t ransfer  complex, y i e l d s  a quartic equation i n  p lace 
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