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Summary 

The visible spectra of solutions of cobalt(II) bovine carbonic anhydrase (car- 
bonate hydro-lyase, EC 4.2.1.1) with increasing amounts of acetate have al- 
lowed the determination of the apparent inhibition constants and of the extra- 
polated limit spectra of the completely bound enzyme. The electronic spectra 
have been interpreted on the basis of the presence of five coordinate adduct 
species. 

13C and ~H NMR spectra have also been recorded and discussed on the basis 
of the metal enzyme-acetate type of interactions. Titrations by means of NMR 
spectroscopy of the acetate-cobalt(II) bovine carbonic anhydrase with p- 
toluenesulfonamide and azide indicate the existence of two binding sites for 
the acetate group. 

Introduction 

The acetate ion is known to be a noncompetitive inhibitory agent of Zn(II), 
Mn(II) and Co(II) carbonic anhydrase (carbonate hydro-lyase, EC 4.2.1.1) [1-- 
5]. Owing to the complexity of the system under investigation, just a little is 
known on the structural properties of the metal enzyme-acetate adduct. From 
the electronic spectra of the cobalt(II) bovine carbonic anhydrase with various 
amounts of acetate, both the apparent equilibrium constants at various pH val- 
ues and the limit spectra of the fully bound enzyme have been determined 
through a computer programme. This procedure is particularly useful for ob- 
taining the limit spectra under those conditions in which the inhibitor has little 
affinity towards the enzyme. 

~3C and ~H NMR spectra have added some experimental data which may lead 
to a deeper insight on the structural properties of the system cobalt(II)-en- 
zyme-acetate ion. 
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Materials and Methods 

Bovine carbonic anhydrase (carbonate hydro-lyase, EC 4.2.1.1) was obtained 
as lyophilized material from Sigma Chemical Comp., and used without  further 
purification. Acetate, azide, p-toluenesulfonamide and all other materials were 
of analytical grade. 

Protein concentrations were determined from the absorbance at 280 rim, 
using a molar extinction coefficient of 5.7 • 104 M-' • cm-'  [6]. 

Enzymatic activity was assayed using p-nitrophenylacetate as substrate, at 
22°C [7]. 

Apocarbonic anhydrase was prepared from the commercial enzyme by dia- 
lysis against 1,10-phenanthroline, 10 -2 M in 10 -1 M acetate buffer, pH 5.2, to a 
residual activity of less than 5% [8]. The cobalt enzyme was obtained by dia- 
lysis of apocarbonic anhydrase against cobalt sulphate, pH = 6.1, 7.5 or 8.7. Es- 
terase activity assayed on cobalt(II)-carbonic anhydrase showed no significant 
change with respect to native enzyme. 

Cobalt(II)-bovine carbonic anhydrase concentrations were determined from 
the absorbance at both 280 and 550 nm (ess0 = 270, 360 and 390 M-' • cm-'  at 
pH 6.1, 7.5 and 8.7 respectively). Concentration values obtained from the mea- 
surements at the two wavelengths were the same within 10% error, indicating 
that  the protein was almost entirely in the cobalt enzyme form. The spectra of 
the cobalt enzyme were strictly similar to those already reported [9]. 

Samples for 'H NMR measurements were prepared by lyophilizing buffered 
solutions of cobalt(II)-bovine carbonic anhydrase in deuterium oxide. The 
deuterated enzyme was then dissolved in ~H20 solutions of acetic acid/acetate 
at the appropriate pH. Titrations were performed by adding small volumes of a 
solution of p-toluenesulfonamide 1.37 • 10 -1 M in acetone (d6 for 1H measure- 
ments), and of NAN3, 1 M in 2H20. 

NMR measurements. 1H NMR spectra were recorded on a Perkin-Elmer R32 
spectrometer (90 MHz) at 35°C; 13C NMR spectra were recorded on a Varian 
CFT-20 at 15°C. 

Spectrophotometric measurements. Optical spectra were recorded on a Cary 
17 spectrophotometer,  in the absorbance range 0--0.1, using 10-3--10 -4 M solu- 
tions of the enzyme at 22 ° C. 

The experimental limit spectrum at pH 6.1 was recorded down to 8000 cm -1 
using a 2.8 • 10 -3 M solution of the enzyme in ~H20, the acetate concentration 
being 0.5 M. 

Calculations. Spectrophotometric data were treated with a least squares pro- 
gramme described in ref. 10. The experimental spectra are always reproduced 
by the computer  within an accuracy of +1 • 10 -3 absorbance units assuming the 
equilibrium is 

Enzyme + Inhibitor ~ Enzyme • Inhibitor 

No fitting is obtained if a 1 : 2 enzyme-to-inhibitor stoichiometric ratio is 
assumed for the above equilibrium. 
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Results 

The features of  the electronic spectra of  the system cobalt(II)-bovine car- 
bonic anhydrase with increasing amounts of  acetate ion show a dramatic depen- 
dence on the acetate concentration,  with an isosbestic point  at approx. 480 
nm which is only slightly affected by the pH. The apparent stability constants 
of  the adducts at pH 6.1, 7.5 and 8.7 are respectively 389 (standard deviation 
-+5), 135 (+3) and 13.8 (+0.3) M -1. The value obtained at pH 7.5 is close to the 
value of  130 M-1 at pH 7.6 previously obtained through studies of  fluorescence 
quenching [4,11].  The calculated limit spectra are practically coincident at the 
three pH values and correspond to the experimental spectrum obtained at pH 
6.1 (see Materials and Methods). Such a spectrum is reported in Fig. 1. Al- 
though the gross features of  this spectrum are those common to cobalt(II).en- 
zyme with most  inhibitory agents [12--14] ,  the molar absorbance is unusually 
low, i.e. about  one third of  that of  the pure cobalt-enzyme system. The benzo- 
ate-cobalt-enzyme spectrum is also reported (Fig. 1) for comparison purposes 
(pH = 7.5, K = 67 (+2) M-l) .  It appears that  the latter spectrum is intermediate 
between that of the pure cobalt  enzyme and that of the cobalt-enzyme-acetate 
adduct.  

13C NMR spectra of a solution 10 -3 M in enzyme and 3.3 • 10 -1 M in acetate, 
at pH 7.5, gives two signals shifted downfield with respect to the positions of  
pure acetate of about  0.5 ppm for both CO0-  and CH3. The line halfwidth is 
20 Hz for both signals. By titrating the solution with p-toluenesulfonamide,  
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F i g .  1 .  L i m i t  e l ec t ron ic  spectra  o f  coba l t ( I I ) -bov ine  carbonic  anhydrasc  w i t h  ace tate  ( . . . .  , p H  = 6 . 1 )  

and b e n z o a t e  ( . . . . . . .  p H  = 7 . 5 ) .  Elec tron ic  spectra  o f  the  pure coba l t ( I I ) - carbon ic  anhydrase  ( - -  

p H  = 7 . 5 )  and o f  its 1 : 1 a d d u c t  w i t h  p - t o l u e n e s u l f o n a m i d e  ( . . . . . .  ) .  
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Fig.  2. T i t r a t i o n  of  5.6 • 10  -5 m o l  of  ace t a t e  in  p r e sence  of  2 .2  • 10 ~ tool o f  c o b a l t ( I I ) - b o v i n e  ca rbon ic  

a n h y d r a s e  (pH = 7.5) wi th  p - t o l u e n e s u l f o n a m i d e  (o)  and  1~5 (e ) .  S e m f l o g a r i t h m i c  d i a g r a m  o f  1H ace ta te  
l ine h a l f w i d t h  vs. m o l  of  the  a p p r o p r i a t e  i n h i b i t o r  added .  

which is a strong inhibitor, both the linewidths and the shifts decrease, follow- 
ing the same qualitative pattern, in agreement with a competi t ion of acetate 
and p-toluenesulfonamide at the same inhibitory site [15--17].  After an addi- 
tion of  twice as much p-toluenesulfonamide as there is the enzyme, the signals 
do not  show any isotropic shifts and are only slightly broader than the peaks of  
the pure acetate. Further additions of  p-toluenesulfonamide do not  further af- 
fect the spectra. On the contrary, addition of  bY3 eliminates the residual broad- 
ening (2 Hz) of the signals. 

The same experiment has been repeated with ~H NMR spectroscopy. The 'H 
NMR spectra of a solution containing 2.2 • 10 -6 mol of  enzyme and 5.6 • 10 -s 
mol of acetate at pH 7.5 show a small shift of  the CH3 signal (--3.2 Hz) from 
the diamagnetic position, and a remarkable broadening (line halfwidth 3.6 Hz). 
Titration with p-toluenesulfonamide first and then with N~ follows a similar 
pattern as found for the ~3C spectra. The dependence of  the 'H line halfwidth 
on the amount  of  titrating inhibitor is shown in Fig. 2. 

Discussion 

Both electronic and NMR spectra confirm that the acetate ion binds to the 
metal of cobalt  enzyme, as previously proposed [1--5].  The broadening of  the 
'3C NMR signals confirms [4,15] that  the linewidth is governed by A ~  2 Tm, 
where Aco is the isotropic shift and Tm is the residence time of  the ligand in the 
coordination sphere. Therefore the linewidths cannot  give any structural infor- 
mation. The observed downfield '3C isotropic shifts can be due either to a con- 
tact mechanism or to a dipolar electron spin-nuclear spin coupling or to both 
mechanisms. Cobalt(II) complexes, independently of  the coordination geome- 
try, often give rise to a large dipolar contr ibution to the observed isotropic 
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shifts [18]. However, the fact that  the shifts as well as the linewidths are al- 
most  the same for both the resonances of the acetate rules out the possibility 
that  the dominating contribution is dipolar in origin, as in this case an r -3 de- 
pendence of the shifts and therefore an r -6 dependence of the linewidths would 
be expected [19]. Contact  shifts in the acetate group are the final evidence of  
direct metal-oxygen bonds. The inhibitor p-toluenesulfonamide titrates this 
binding site abolishing the contact  shifts. The titration with azide indicates the 
existence of a second binding site which does not  involve the metal ion and 
therefore only slightly affects the '3C and 1H signal widths as the relaxing dipo- 
lar mechanism is scarcely operative. 

If these data are considered on the light of the work of Lanir and Navon [16, 
17] on zinc(II) and manganese(II) bovine carbonic anhydrase, it may be con- 
cluded that  the acetate ion binds at two different sites, only one of which is di- 
rectly bound to the metal and therefore titrated by p-toluenesulfonamide. 
However, the small effect on the linewidth of the second site combined with 
the large effect due to the bulky susceptibility of the sample prevented us from 
investigating this second site more deeply. 

Some information on the structure of the chromophore,  which the acetate 
of the first site belongs to, can be obtained by analyzing the electronic spectra 
of the system cobalt-enzyme-acetate. A molar absorbance of about 100 M -1 
cm -1 in the visible region is completely unusual for cobalt(II)-bovine carbonic 
anhydrase with any other investigated inhibitors and is hardly accounted for by 
assuming a tetrahedral environment around the metal ion as has been proposed 
for most  cobalt(II)-carbonic anhydrase-inhibitor systems [1,2,13,14,20]. (See 
for example the spectrum of cobalt(II)-bovine carbonic anhydrase with p-tolu- 
enesulfonamide in Fig. 1). In fact pseudotetrahedral cobalt(II) complexes have 
larger molar absorbances irrespectively of the nature of  the donor  atoms [21]. 

Moreover the spectrum extended down to 8000"cm -1 and showed weak ab- 
sorptions at 13 800 cm -~ (e = 10) and 10 000 cm -~ (e = 5). The band at 13 800 
cm -~ which has the shape and the intensity of an F-F transition can reasonably 
be taken as diagnostic of the presence of five coordinate species, as tetrahedral 
and octahedral species do not  have F-F transitions that  high in energy [21]. 
Five-coordination can be reached through three donor atoms of the proteic 
part of the enzyme, the acetate group and a water molecule, as has been al- 
ready suggested by Dennard and Williams [22] and Morpurgo et al. [23] in 
order to account for the low intensity of some adducts of cobalt(II)-bovine car- 
bonic anhydrase with anionic inhibitors. 

Addition of p-toluenesulfonamide to the sample causes the disappearance of 
the band at 13 800 cm-'  and the formation of a new broad band around 8000 
cm-'  characteristic of tetrahedral species. The low intensity of the spectrum 
might suggest the possibility of the existence to some extent  of six-coordinated 
species, whose absorptions would be so low not  to be detected. Such species 
could have the acetate group acting as bidentate if the calculated metal-to-ace- 
tate ratio of 1 : 1 is followed; since bidentate ligands have exchange kinetics 
lower than monodenta te  ligands [24] the latter suggestion is consistent with 
the observation that  the ~3C linewidth of the acetate ion in the presence of co- 
balt(II)-bovine carbonic anhydrase is much larger than that  of the benzoate and 
anthranilate adducts, whose electronic spectra are much more intense [ 25]. 
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