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THE ROLE OF THE REDUCING AGENT IN THE 

ACTIVATION OF ACONITASE* 

by 

E A R L  B. H E R R ,  JR.**, JAMES B. S U M N E R * * "  AND DAVID W. Y E S A I R  

The Laboratory o/Enzyme Chemistry, Cornell University, Ithaca, N.Y .  (U.S.A.) 

INTRODUCTION 

Various investigators have shown that aconitase is activated by ferrous ions and a 
reducing agent 1-4. The enzyme is not activated by other metallic ions, although 
ascorbate, glutathione or eysteine can be used as reducing agents *. We have observed 
that hydroxylamine also can be used as a reducing agent. DICKMAN AND CLOUT1ER 2 
have suggested that the reducing agent functions by keeping iron and the protein 
in the reduced state. MORRISON 4 assumes that a protein-metal-reducing agent complex 
is the active form of aconitase. 

A very sensitive method for the determination of aconitase activity is that of 
measuring the rate of formation of aconitate at 240 m.u using either citrate or iso- 
citrate as substrate 5. While using this method for the determination of aconitase 
activity, we observed an increased absorbance at 240 m# when ferrous ions were 
added to citrate in the absence of enzyme. MORRISON AND PETERS 6 also observed 
this non-enzymic reaction. Upon further examination of this phenomenon we found 
that this non-enzymic absorbance, resulting when ferrous ions were added to citrate, 
was a measure of chelate formation. Also, we observed that accompanying this 
increased absorbance ferrous ions were oxidized to ferric ions. These observations 
suggested a means of studying the iron citrate system and a possible role of the 
reducing agent in the activation of aconitase. 

MATERIALS AND METHODS 

All reagents were c.p. and were made up fresh before each determinat ion.  
Absorpt ion spectra were obtained using the  B e c k m a n  Model DU spectrophotometer  and p H  

determinat ions  were made  wi th  the  B e c k m a n  Model G p H  meter.  The citrate (NasC~H~O~5 ½ H~O) 
solut ion was adjusted to p H  4.6 before adding the m e t a l  The s tock  iron (FeSOi. 7H20) solut ions  
and all di lut ions  were made  wi th  glass-distil led water, pH 4.6. I t  was found tha t  the  pH varied 
less than  a o.i of a pH unit  over a twenty - four  hour  period. The iron, citrate and iron citrate  
mixtures  were stored in the  dark at room temperature .  

I ron determinat ions were carried out  according to the m eth o d  of SANDELL ? using o-phenan- 
throl ine and hydroxy lamine .  The p H  was 4.o as suggested by HARVEY et al. 8 and the o-phenan- 
throline,  hydroxy lamine ,  buffer ( I M  acetate) and sample  were incubated at  25°C for th irty  
minutes  before determining  the  absorbance at  5o0 m/,.  

* This invest igat ion  was suoported by Grants  from the United States  Public  Heal th  Service.  
** Present  address: Bio logy  Dept., Brookhaven Nat ional  Laboratoryl  Upton,  Long Island~ 

New York. 
*** Deceased,  Augus t  12, 1955. 
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RESULTS AND DISCUSSION 

Ini t ia l  observat ions  on this non-enzymic  phenomenon occurr ing when ferrous ions 
were added  to  c i t ra te  ind ica ted  tha t  the  increase in absorbance  a t  240 m/~ was pro- 
por t iona l  to the  amoun t  of added ferrous ions. Ferrous  ions at  levels of o.Io,  o.o 7, 
0.05, 0.03, and  o .ox /~M when added  to 0.8 t~21I of c i t ra te  produced a change in opt ica l  
dens i ty  in one minu te  of 0.209, o.I6O, o. io8,  0.052, and  0.028, respect ively.  Also, we 
observed t ha t  the  presence of reducing agents  had  an inh ib i to ry  effect on the  increased 
absorbance  at  240 m/z. Nickel,  cobalt ,  magnesi  m manganese,  zinc and  calc ium did  
not  show an increase iia absorbance  a t -24  ° m/z when added  to ci t ra te .  / so-c i t ra te ,  
c~s-aconitate, trans-aconitate, glycine,  t r is  buffer and  pyrophospha te  can be subst i -  
t u t e d  for c i t ra te  and  show increased absorbance  at  240 mtz when added  to ferrous 
ions. By  chemical  and  enzymic tests  it  was not  possible to show tha t  c i t ra te  and  
aconi ta te  were being in terconver ted ,  nor was i t  possible to show tha t  c i t ra te  was 
disappear ing,  y ie ld ing  a produc t  o ther  than  aconi ta te .  

The above  results  were ob ta ined  at  p H  7.4, the  repor ted  pH o p t i m u m  of aconitase.  
At  this  p H  ferrous ions in the  iron c i t ra te  sys tem were rap id ly  oxidized to  ferric ions. 
In  order  to  de termine  whether  this  ox ida t ion  was inherent  to chelate  format ion  or 
solely to the  pH, a s tudy  of the  iron c i t ra te  sys tem was under taken  at  p H  4.6. 

I t  was found tha t  a t  p H  4.6 the increase in absorbance  is p ropor t iona l  to  the  
ox ida t ion  of ferrous ions, wi th in  exper imenta l  error. These da t a  are shown in Table  
I A and B. Table I A shows the p ropor t iona l i ty  between the absorbance  at  24 ° m/z 
and  the re la t ive  concent ra t ions  of ferrous and  ferric ions for a I : I mix tu re  of p H  4.6 
a t  va ry ing  t ime intervals .  The ra t io  I : I  indica tes  the  micromoles of ferrous ions:  

TABLE I 
P R O P O R T I O N A L I T Y  B E T W E E N  T H E  I N C R E A S E  IN A B S O R B A N C E  AT 2 4 0  m# 

A N D  T H E  O X I D A T I O N  OF F E R R O U S  IONS AT pH 4 . 6  

In Table IA, o.x /~M Fe ++ were added to o . i / ,M citrate and in Table IB 0.054/~M l:e ++ were 
added to o.I62/*Y citrate. 

Time (Iwurs) Optical density pM Fe++ I~M Fe+++ 
24o ml~ 

O O O. IOO O.OO 

I O. I95 0.075 0-033 
2 O.251 O.O68 0.040 
3 0.282 0.065 0.043 
7 0'330 0'054 0"054 

24 o.4Io 0.046 0.062 
48 0.321 0.046 0.062 
24 (Iron blank) 0.006 o.Ioo o.oo 

B 

o o 0.054 o.oo 
i o.136 o.o36 o.o18 
2 o.193 0.025 0.032 
3 o.215 o.o21 o.o34 
7 0.279 o.oi8 0.036 

24 0.308 o.oz2 0.042 
48 o.321 o.oi2 0.042 
24 (iron blank) 0.005 0.054 o.oo 

Re/emnces p. 3r4. 
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micromoles of citrate. In Table I B  the results for a 1:3 mixture indicate that  the 
proportionality between the increase in absorbance and the oxidation of ferrous ions 
during the initial reaction is not as striking as that  reported for the I : I  mixture. 
I t  should be noted in Table IA  that  the absorbance decreases from 24 to 48 hours, 
but the concentrations of ferrous and ferric ions remain constant. In Table IB  the 
optical density increases slightly from 24 to 48 hours, but the relative iron concen- 
trations remain constant. This slight increase in absorbance from 24 to 48 hours for 
the i : 3 mixture was observed only in a few determinations; usually a decrease was 
observed. Also, it should be noted in Table IA  and B that  the iron blanks showed 
no oxidation at this pH. Therefore, it is unlikely that  the oxidation of ferrous ions 
in the presence of citrate is due to dissolved oxygen. 

At pH 4.6 the method of continuous variation indicated that  ferrous ions and 
citrate combine in a ratio of i : i. 

Total iron and ferrous iron concentrations were determined using o-phenanthro- 
line. With this method the ferric ion concentration is obtained by difference. The 
possibility arises that  citrate interferes with the iron assay and that  the measured 
"ferric" ion concentration is actually the concentration of ferrous ions chelated with 
citrate. However, with the data available at the present time it is doubtful that  this 
is the case in view of the large excess of o-phenanthroline that  is added for the assay 
of iron. Further evidence that  the concentration of citrate, used in these experiments, 
does not interfere with the o-phenanthroline tests is to be found in the work of 
HARVEY et al. a and FORTUNE AND MELLON a. These investigators have found inde- 
pendently that  a ten-fold excess of citrate over iron will not interfere with the 
o-phenanthroline test. HARVEY et al. s report interference when citrate is present at 
an excess of I25-fold that  of iron. This concentration of citrate was greater than the 
concentration of added o-phenanthroline. For the experiments discussed in this paper, 
the concentration of citrate never exceeded the iron concentration by ten fold. Hence, 
it is doubtful that  citrate is interfering with the o-phenanthroline test. 

Conclusive evidence that  ferrous ions are oxidized to ferric ions at pH 4.6 in 
the presence of citrate could be obtained by  polarographic determinations. Qualitative 
evidence supporting the postulate that  ferrous ions are oxidized to ferric ions at 
pH 4.6 in the presence of citrate was suggested by the finding of positive tests for 
ferric ions with ferrocyanide and thiocyanate in the presence of dilute hydrochloric 
acid. In addition to this qualitative evidence we have observed that  in the presence 
of a reducing agent, hydroxylamine, the iron-citrate mixture shows no absorbance 
at pH 4.6. Also, we have observed that  bubbling nitrogen through the iron citrate 
mixture immediately after adding the metal  to the chelating agent produces an effect 
similar to that  of adding a reducing agent.. 

When hydroxylamine at a final concentration of 0.2% is added to an iron citrate 
mixture that  has stood for 24 hours, the'absorbance decreases to zero and all the iron 
is present as ferrous ions. These results are presented in Table I I  and indicate that  
hydroxylamine will reduce the iron to the divalent state. Whether or not the reducing 
agent displaces citrate from the iron cannot be stated at the present time. 

When o. I /~M ferric ions are added to o.I I*M citrate at pH 4.6, the spectrum 
ten minutes  after mixing the metal  with the chelating agent is almost identical to 
the one obtained after twenty-four hours. The spectrum increases approximately lO% 
during this t ime interval in contrast to the marked changes occurring during twenty-  

References p. 314. 
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T A B L E  I I  

EFFECT OF ADDING HYDROXYLAMINE TO A I : I  IRON CITRATE SYSTEM ( p H  4.6) 
2 4 HOURS AFTER MIXING THE METAL AND CHELATING AGENT 

Tim* (mi.uUs) Optical dats~y 
aJ~e adding IzM Fdr+ pM Fdr++ 

hydroxyMr~ine. 240 rap 

o 0.395 0.048 0.052 
i 0.283 
2 0.230 
3 o.198 
4 ° ' 1 7 °  
5 ° .15°  

IO o.o83 
3 ° o.o24 
6o o.o23 o . Ioo o.oo 

four hours when ferrous ions are added to citrate. The ultraviolet absorbance spectrum 
of ferric ions and a ferric citrate mixture are shown in Fig. I. The spectra of a ferrous 

citrate mixture, ferrous ions and citrate are in- 
o., cluded in this figure. When these curves are cor- 
o.J rected, it can be seen that  the ferric citrate spec- 

t rum obtained by  adding ferric ions to citrate is 
04 almost identical to the spectrum obtained when 

ferrous ions are added to citrate. The corrected 
o.~ curve obtained by  adding ferric ions to citrate 

always showed slightly less absorption than the 
o.,. one obtained by  adding ferrous ions to citrate 

possibly due to greater dissociation. 
o., From the results presented above it is postu- 

lated that  when ferrous ions are added to citrate 
~ * - - o _ o  ~ o o. at pH 4.6, a ferrous citrate chelate is formed. The 

t z o  t . o  t , o  t , o  3oo . o  
WAVEL.[NGTH, (MJ, I) iron in thi,'s chelate is oxidized to ferric ions and 

this ferric citrate chelate absorbs at 24o m~. 
I t  seems likely that  the pr imary function of 

the reducing agent in aconitase activation is to 
maintain iron in the divalent state. Ferrous ions 
in the aconitase reaction would be oxidized by 
virtue of the ferrous substrate chelate and also by  
the pH. The concentration of reducing agent used 
with iron in activation studies of aconitase is not 
sufficient to maintain all the iron as ferrous ions. 
Although no direct determination of iron concen- 
tration can be applied to this system due to the 

high concentration of chelating agents normally present, it is known that  increased 
absorbance results at 24 ° m p  when the metal, citrate and reducing agent are mixed 
at the concentrations used for aconitase activation. MORmSON'S* results on the in- 
creased activity of aconitase with increasing reducing agent concentration may be 
due primarily to more iron being maintained as ferrous ions. However, the results 

Fig. 1. Absorp t ion  spec t ra  of iron 
c i t ra te  s y s t e m s  a t  p H  4.6 twen ty - fou r  
hou r s  af ter  m ix ing  t he  me t a l  and  
che la t ing  agent .  Curve  A, o.x p M  
Fe +++ + o. i  /~M ci t ra te ;  Curve  B, 
o . i  p M  Fe ++ + o.1 p M  ci t ra te ;  Curve  
C, o . i  p M  Fe+++; Curve  D, oox p M  
c i t ra te  and  cu rve  E, o.z /~M Fe ++. 
I ron  ana lys i s  of t he  m i x t u r e  repre-  
s en ted  in cu rve  B showed t h a t  of the  
original  o.z p M  Fe ++ added  to  cit-  
rate,  0.o6o p M  Fe  +++ and  o .o42 /~M 

Fe  ++ were p re sen t  af ter  24 hours .  

References #. 3z4 • 
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p r e s e n t e d  in th is  p a p e r  do no t  d i sp rove  MORRISON'S 4 p o s t u l a t e  of ac t ive  a c o n i t a s e  

be ing  a p r o t e i n - m e t a l - r e d u c i n g  a g e n t  complex .  

I t  is t e m p t i n g  to  sugges t  t h a t  a p r i m a r y  f u n c t i o n  of  r educ ing  a g e n t s  in the  fe r rous  

ion a c t i v a t i o n  of o t h e r  e n z y m e  s y s t e m s  ~°-~2 m a y  be  qu i t e  s imi la r  to  t h a t  p o s t u l a t e d  

for a c o n i t a s e  a c t i v a t i o n .  

SUMMARY 

When ferrous ions are added to citrate, there is an increased absorbance at 240 rap. Paralleling 
this increase in optical density, ferrous ions are oxidized to ferric ions at p H  4.6. The same results 
were obtained at p H  7.4. The presence of a reducing agent will inhibit this non-enzymic reaction 
at pH 4.6 and p H  7-4. 

The application of these data to aconitase activation suggests that  the pr imary  function of 
the reducing agent is to maintain iron in the divalent state. 
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