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The interaction of coordinationally unsaturated 2,9-dimethylphenanthro- 
line cobalt complex with adenine nucleotides 
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The study of complex formation between adenosine triphosphate (ATP) or adenosine 
diphosphate (ADP) and coordinationaIly unsaturated cobalt complex with 2,9-dimethyl-o- 
phenanthroline (L) showed the possibility of formation of relatively stable mixed ligand 
complex CoL .ATP (logfl = 4.45). The latter may be formed under the oxidative 
phosphorylation conditions in mitochondria. The presence of ATP in the complex provides 
the specific inhibition of the ATPase active center. 
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The studies of  biological  activity of  chemical  cata- 
lysts in vivo are di rected to the expansion of  the views 
about the methods  of  the cell metabol ism controll ing 
and open new possibili t ies for the creat ion of  biologi-  
cally active compounds  with catalyt ic  properties.  Previ- 
ously we have studied the act ion of  various metal lo-  
complex  redox-cata lys ts  on the electron t ransport  in the 
respirat ion and photosynthet ic  processes. In this respect 
cobal t  complexes  with phenanthro l ine  ligand are of  
great interest.  We have found that  the coordinat ional ly  
unsaturated cobal t  complex  with 2 ,9 -d imethy lphenan-  
t h r o l i n e  of  the  c o m p o s i t i o n  [Co(2 ,9 -  
Me2Phen)(H20)2](NO3) 2 acts as a specific inhibi tor  of  
the oxidative phosphoryla t ion  in mitochondria .  2 We con- 
sider the  e lucidat ion  of  the reasons of  the inhibiting 
act ion of  this complex  to be of  impor tance ,  in part icu-  
lar, the studying of  the  possibili ty of  inclusion of the 
ATP molecule  into a coordina t ion  sphere of  a complex 
and format ion  of  the  mixed complex  with this bioligand 
under  cond i t ions  o f  b i o c h e m i c a l  exper iments  with 
mi tochondr ia .  

Experimental 

Mitochondria (MTC) of the rat liver were obtained by the 
described method)  The protein concentration was detennined 
by the biuret reagent. 4 The rate of the oxygen absorption by 
mitochondria was measured polarographically. 6 The medium, 
in which the activity at pH 7.4 was measured, contained 
0.15 M solution of sucrose, 75 mM solution of KC1, 5 mM 
solution of KH2PO 4, 2 mM solution of MgC12, and 20 mM 
solution of the oxidation substrate, succinate (succinic acid). 
The phosphorylation rate of ADP by mitochondria was deter- 
mined by the introduction of 200 mM of ADP. 2,4- 
Dinitrophenol (DNP) in the concentration of 100 mM was 
used as a separator. The commercial 2,9-dimethylphe- 
nanthroline (Chemapol) was used for the preparation of the 

complex. The method of the complex preparation is similar to 
that described previously. 6 

Spectral measurements were performed on a Specord 
M-400 spectrophotometer in standard quartz cuvettes with the 
optical length of ! cm. The measurement error was +_1.2%. 
The treatment of the spectral data was performed on an IBM 
PC/AT personal, computer according to the special program. 
Reagents from Serva, Sigma, and Reanal as well as domestic 
chemically and analytically pure grade reagents were used. 

Results and Discussion 

We studied the influence of the coordinat ional ly  
unsatura ted  coba l t ( l l )  complex  of  the  compos i t ion  
[Co(2,9-Me2Phen)(H20)2l(NO3) 2 (COL) and mixedl i -  
gand c o m p l e x  with h i s t i d ine  [ C o ( 2 , 9 -  
Me2Phen)(H20)(His) ] (NO3)  2 (COL" His) on the respi- 
ration and oxidative phosphoryla t ion of  mi tochondr ia  
from the rat liver. As can be seen from Fig. 1, a, both of  
the complexes do not affect the respiration of  the conju- 
gated mi tochondr ia  (curves 1, 2). The absence of  the 
inh ib i t ing  ac t ion  of  the  ca t i on i c  c o m p l e x e s  with 
2 ,9-methylphenanthro l ine  ligand on the respirat ion of  
the conjugated MTC may be caused by the inabil i ty of 
the complexes to penetrate through the positively charged 
MTC membrane  similarly to that  as it was shown for 
t r i s -phenanthrol ine  complexes of C o ( I I / l l l ) .  7 

On the other  hand, we observed the difference in the 
efficiency of  the action of  two complexes on MTC in the 
presence of  the separator  (DNP) :  the C o L  complex  
inhibited the respirat ion of  MTC (Fig. 1, a, curve 3) and 
oxidative phosphoryla t ion (Fig. 1, b, Curve 2). It is 
known that D N P  changes the e lec t roconduct iv i ty  of  a 
membrane ,  and a charge of  the external  membrane  
becomes negative. In this case, both of  the complexes 
can penetra te  through the M T C  membrane  under  the 
electric field gradient.  The difference in the act ion of  

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 4, pp. 744--748, April, 1994. 

1066-5285/94/4304-0696 $12.50 �9 Plenum Publishing Corporation 



The interact ion cobalt  complex  with nucleot ides Russ. Chem.Bull., Vol. 43, No. 4, April, 1994 697 

Activity (%) 
a 

100 o" 

o 1 

|  

o 3  

o 4  

5O 

3 

1,2,4 

I I , I 

100 300 500 C/~.M 

RC 

2 

5 

3 

1 

1 
I I 

100 300 500 C/~M 

Fig. 1. Effect of o-phenanthroline complexes of Co(II) on respiration and oxidative phosphorylation of mitochondria. 
a. Action of complexes on the MTC respiration without the separator (1, 2) and in the presence of 1 �9 10 -4 M DNP (3, 4): 
1, 3, complex CoL; 2, 4, complex CoL" His. 
b. Effect of complexes on the oxidative phosphorylation (RC is respiration control): 1, complex CoL; 2, complex CoL" His. 
Conditions of measuring activity see <,Materials and methods,>, MTC protein --  2 mg/ml. 

the complexes  on MTC in the presence of  D N P  seems 
to be related not  to their  penetrat ing ability, but to their  
different coordina t ional  saturat ion and ability to coordi-  
nate addi t ional  ligands. Previously we showed the possi- 
b i l i ty  to  c o o r d i n a t e  ch lo r ine  anions  by the coor -  
d i na t i ona l l y  unsa tu ra t ed  coba l t ( I I )  complexes  with 
o - p h e n a n t h r o l i n e  and the i r  t r ansmembrane  transfer  
through bi layer  lipid membranes .  8 

We supposed that  the abili ty of  the CoL complex to 
inhibit  oxidative phosphoryla t ion  in MTC is condi t ioned 
by the abil i ty of  this coordinat ional ly  unsaturated com-  
plex to include a nucleot ide  molecule  (ATP or ADP)  
into its coord ina t iona l  sphere and to form the stable 
complex  [ C O L - A T P  (ADP)] ,  which is the inhibi tor  of  
the ATPase  enzyme.  Such mixed complexes,  binary 
CoL"  ATP and tr iple  oxygenated C o L -  ATP �9 02, where 
L was nonsubst i tuted phenanthrol ine ,  were obtained in 
an individual  form 9 and were used as inhibitors of  
Na+/K+-ATPase  and ATPase  of  myosin,  t~ 

We have s tudied a possibil i ty of  the complex  forma- 
tion of  CoL  with ATP and A D P  under  condi t ions that  
we used in the  exper iments  with MTC (here L is 
2 ,9 -d imethy lphenanthro l ine) .  The process of  a complex 
format ion was s tudied spec t rophotometr ica l ly  by the 

change in the absorption spectra of  the complexes  in a 
visible range (400--800 rim) varying pH and ATP con-  
centration. The spectra of  the CoL  complex  in water  
were used as a reference. 

Figure 2 presents the spectra of  the phenanthro l ine  
complex CoL in different buffer systems. The main 
a b s o r p t i o n m a x i m u m  of  the complex  is in the range of  
640 rim, the spectra of  the complex  in the phosphate  
buffer and buffer based on N-e thy lmorpho l ine  coincide 
with those in water  (Fig. 2, a). Imidazote ,  t r is(hydro-  
xymethy l )aminomethane ,  and e thy lenediamine  hydro-  
chloride caused the strongest effect on the  character  of  
the spectrum (Fig. 2, b). The complex  seems to be 
capable of coordinat ing individual  componen t s  of  buffer 
systems, that  results in the change of  the electron spec- 
tra form. The intensi ty of  a solution coloring depends 
both oll the nature of  a buffer used and ozl pH. 

The studying of  the dependence  of  the spectra  of  the 
complex CoL in water  on pH showed that  the increase 
in pH of  a solut ion results in the increase o f  the absorp- 
t ion in the range of  640 rail (Fig. 3, a). Probably,  
hydroxyl ions existing in the solut ion enter  into the 
coordinat ional  sphere of  CoL  that  enhances  the electron 
density on the central metal  atom. Consider ing the CoL 
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Fig. 2. Absorption spectra of the complex [Co(2,9- 
Me2Phen)(H20)2](NO3) 2 in different buffer systems. 
a. 1, N-ethylmorpholine (5" 10 -3 M; pH 7.5); 2, KH2PO 4 
(5" 10 -3 M; pH 7.5); 3, H20. Concentration of [Co(2,9- 
Me2phen)(H20)z](NO3) 2 is 5 �9 10 -3 M. 
b. 1, ethylenediamine hydrochloride (5-10 -2 M; pH 9.0); 
2, tris(hydroxymethyl)aminomethane (5-10 -2 M; pH 9.0); 
3, imidazole (5" 10 .-2 M; pH 9.0). 

complex  to be a pro tona ted  part icle,  one can formally 
describe this process by the following equilibrium scheme: 

CoL(OH)- + H + ~ CoL + H20. 

The pro tonat ion  constant  of  the complex  C o L ( O H ) -  
(pK~ = 6.68 + 0.077) was calculated and the dis tr ibut ion 
curves of  the CoL  and C o L ( O H ) -  part icles depending 
on pH were obtained (Fig. 3, b) based on the spectral 
data obtained by means of the program,  whose algo- 
r i thm is given below. 

The essence of  the algori thm of  the universal calcu-  
lating program used for the calculation of  the protonat ion 
constant  of  the 2 ,9 -d imethylphenanthro t ine  complex  
and for the subsequent calculat ions of  the format ion 
constants of  the mixed- l igand complex  with nucleot ides  
can be reduced to the realization of  the nonl inear  least- 
square method  adapted for the processing of  spectral 
data. 2 The studied C o L - - H  + and C o L - - A T P - - H  + sys- 
tems are equil ibr ium mixtures of  the initial components  
and possible compounds.  When the spec t rophotomet r ic  
method is used, the measured proper ty  of  the system, 
which reflects its composi t ion,  is the optical  densi ty D of  
the absorption of  solutions at the given wavelength,  the 
function of  concentrat ions  of  all particles presenting in 
the system and their  molar  extinction coefficients (M EC). 
Under  these condi t ions,  it is necessary to calculate  
s imultaneously spectral parameters  and format ion con- 
stants of compotmds.  Specifying original approximat ions  
of  unknown values in the terms of  the assumed equil ib-  
rium model  and minimizing iteratively the  sum of  the 
squares of  deviations of  D~p from Do,Io over all experi-  
mental  points with account  of  the total i ty of  the mass 
balance equations over components  and equat ions of  the 
law of  mass action, one can obtain the est imates of  the 
formation constants for compounds ,  the values of  un- 
known MEC,  calculate the equil ibrium concentra t ions  
of  all particles in the solutions. The discr iminat ion of  
the variants of  the models  proposed with the use of  
statistical cri teria is the final stage of the  calculat ion.  

This program was used for studying of  the complex 
formation process between nucleot ides  and phenan-  
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Fig. 3. pH effect on absorption spectra of the aqueous solution of the complex [Co(2,9-Me2phen)(H20)2](NO3)z: 
a. pH-Titration of the complex [Co(2,9-M%phen)(H20)2](NO3) 2 in H20. Concentration of the complex is 5 �9 10 -~ M; pH: 1, 6.0; 
2, 6.5; 3, 7.0; 4, 7.5; 5, 8.0; 6, 8.5; 7, 9.0. 
b. Distribution curves of concentrations of the protonated (COL, 1) and deprotonated (CoL(OH)-, 2) forms of the complex 
depending on pH. Concentration of the complex is 5 �9 10 -3 M. 
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throline complex CoL under the conditions close to 
those used in the studying of complexes in mitochondria. 
In order to improve solubility of the complex in an 
aqueous solution, the studies were performed in the 
presence of the 0.1% solution of Triton X-100, nonionic 
detergent, which does not change the absorption spectra 
of the solution, as it was shown by special experiments. 
In order to study the complex formation between CoL 
and ATP, a solution of the complex was added to the 
cuvette containing a phosphate buffer with 0.1% Triton 
X-100, the solution was stirred, the spectrum was regis- 
tered, then the ATP solution was added, the mixture was 
stirred, and the spectrum was registered again. The pH 
values of the buffer solution varied from 7.0 to 9.0 and 
were thoroughly controlled in the course of the experi- 
ments. 

As can be seen from Fig. 4, a, the addition of the 
growing amounts of ATP to the CoL complex decreases 
the absorption of the complex in the whole spectral 
range that allows one to suppose the interaction of the 
CoL complex with ATP to form a new compound. In 
order to confirm this assumption, the set of the spectral 
data obtained was processed by a personal computer by 
means of the program described above. The model 
including the following equilibria: 

[CoL(OH)]- + H + ~  CoL+ H20 

Co L + ATqb ~ Co L. ATs 

turned out to be the best model, which describes ad- 
equately the experimental data. 

Figure 4, b shows the distribution curves of the 
concentrations of the complex forms in the system 
CoL--ATP--H + at varying pH and ATP concentration. 
The data obtained attest to the formation of the compa- 
ratively stable mixed complex CoL �9 ATP 
(log[3 = 4.45_+0.21) in the system, and the degree of 
formation of this complex is almost independent of pH 
(in the studied range from 7.0 to 9.0). 

Thus, one can confirm that under the conditions of 
biochemical experiments with mitochondria, the effi- 
cient interaction is possible between ATP and coordina- 
tionally unsaturated complex CoL, which exists both in 
protonated and deprotonated forms. 

We obtained the similar data for the complex forma- 
tion between CoL and ADP (log[3 = 4.40_+0.19). 

It is well known that coordination compounds of 
cobalt with macrocyclic and chelating ligands, in par- 
ticular, with o-phenanthroline, are capable of reversible 
oxygen fixation, s In the CoL complex, the metal has a 
coordination number 6 and contains 4 easily eliminated 
coordinational sites. Our experiments showed~that 1 
mole of ATP was combined per 1 mole of the CoL 
complex. One may suppose that the ATP molecule 
occupies two coordination sites, and the coordination is 
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Fig. 4. Interaction of the complex [Co(2,9- 
Me2Phen)(H20)2](NO3) 2 with ATP. 
a. Titration of the solution of the complex [Co(2,9- 
Me2Phen)(H20)z](NO3) 2 (COL) with nucleotide (ATP) in the 
phosphate buffer: 1, withont ATP; 2--7, in the presence of 
ATP, raM: 2, 0.5; 3, 0.75; 4, 1.0; 5, 1.5; 6, 1.75; 7, 2.0. 
Conditions of the reaction: KH2PO 4 5.10 -3 M; Triton X-100 
0.1%; pH 7.5, CoL 2" t0 -3 M. 
b. Distribution of different forms of complexes in the system 
CoL--ATP--H + depending on pH and ATP concentrations. 
1, 1 ' - -  protonated form (COL), 2, 2 ' - -  deprotonated form 
[CoL(OH)]-, 3, Y- -  mixed-ligand form (COL- ATP). pH 7.0 
(1, 2, 3) and 9.0 (1; 2, 3). 

performed via oxygen atoms of phosphate groups simi- 
larly to the ATP complexes with ammoniate cobalt 
complexes [Co(NH3)4]- �9 ATP, as it was shown in Ref. 14. 
It is of sense to assume that one more vacant coordina- 
tion site could be occupied by the oxygen molecule, 
that would result in the formation of the mixed triple 
complex CoL- ATP.  02.9 

At first we compared the ability of the coordinationally 
unsaturated cobalt(II) complexes with o-phenanthroline 
and 2,9-dimethyl-o-phenanthroline to fix oxygen with 
the formation of superoxide radical anion 0 2 " - .  For 
this purpose, a reduction reaction of nitroblue tetrazolium 
(NBT z+) by superoxide into forraazan in the presence of 
the cyanide ion has been used. The change in the 
solution color indicated to the existence of superoxide: 
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the reduct ion  by the 0 2 " -  results in blue color of  the 
initial solut ion of  N B T  2+. The existence of  superoxide in 
the triple cobalt complex with unsaturated phenanthrol ine 
and ATP was shown by this me thod  previously, l~ 

The spectra  of  the solutions containing cobalt  com-  
p lexes  [ C o ( 2 , 9 - M e 2 P h e n ) ( H 2 0 ) 2 l ( N 0 3 )  2 and  
[Co(Phen)(H20)21(NO3) 2 in the phosphate  buffer (pH 
7.8) in the presence of  ni t roblue te t razol ium and K C N  
are presented in Fig. 5, a. It can be seen that  the 
format ion of  formazan,  i.e., reduct ion of  N B T  2+ under  
the act ion of  02 , was observed in the  presence of  
[Co(Phen)(H20)2](N03)  2 only (Fig. 5, a, curve 2) and 
was not  revealed in the presence of  the complex [Co(2,9- 
Me2phen)(H20)2](N03)  2 (Fig. 5, a, curve 1). It is likely 
that  the existence of  methyl  subs t i tuents  at pos i t ions  2 
and 9 of  the phenanthro l ie  ligand, which are in the 
direct vicinity of  the  chelate  node, affects the ability of  
the complex  to fix oxygen. The similar observations 
were made  previously for the copper  complexes  with 
2 ,9-d imethylphenanthro l ine .  is 
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Fig. 5. Reduction of nitroblue tetrazolium (NBT 2+) by the 
superoxide ion in the presence of o-phenanthroline cobalt 
complexes. 
a. Absorption spectra of formazan in the presence of the 
complexes [Co(2,9-Me2phen)(H20)2](NO3) 2 (1) and 
[Co(phen)(H20)2l(NO3) 2 (2). Conditions of the reaction: 
KH2PO 4 5- 10 - ~  M (pH 7.5); Triton X-100 0.025 %; CoL 
0.25" 10 .3 M; NBT 2+ 0.25" 10 -4 M; KCN 8" 10 -3 M. The 
reaction was begun by the addition of KCN. 
b. Absorption spectra of formazan in the presence of nucleotide- 
containing complexes. 
1, [Co(2,9-Me2phen)H20](NO3) 2 �9 ATP; 
2, [Co(phen)(H20)](NO3) 2 "ATP. 
Concentration of complexes is 0.25- 10 -3 M. Conditions of the 
reactions see for Fig. 5, a. 

We found that  the int roduct ion of  a nucleot ide  mol-  
ecule (ATP) into the composi t ion  of  the  complexes 
studied does no t  affect their  abili ty to fix oxygen. As it is 
seen f rom Fig.  5, b, the  c o b a l t  c o m p l e x  wi th  
o-phenanthrol ine  and ATP reduces ni troblue te t razol ium 
that indicates to the presence of  the active particles 
0 2" - in the coordinat ion sphere of  this mixed complex 
(curve 2). The cobalt  complex containing 2 ,9-d imethyl -  
phenanthrol ine  and ATP does not reduce N BT 2+ and, 
hence, does not  contain oxygen in the coordinat ion  
sphere (curve 1). 

These data allow one to conclude that  the observed 
inhibit ion of  the ATPase  of  m i toc hond r i a  b y  the CoL 
complex is caused, first of  all, by the inclusion of  the 
nucleot ide molecule  into the coordinat ion  sphere of  the 
complex. The complex C o L ' A T P  formed under  the 
condit ions of  oxidative phosphoryla t ion measuring in 
mitoch0ndria ,  being an analog of  the substrate of  the 
ATPase reaction, provides the specific fixation of  the 
c omple x  in the active center  of  the enzyme and acts as 
an affine inhibitor.  

The results obtained show that  coordina t ional ly  un- 
saturated cobalt  complexes with o -phenanthro l ine  and 
its derivatives are promising for preparat ion of  biologi-  
cally active compounds ,  because allow one to include 
biologically significant molecules  into the coordinat ion 
sphere of  cobalt ,  that provides a high specificity of  the 
action of  such complexes upon biosystems. 
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