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The ESK “Tectra of bovine Co(H) carbonic anhydrase at 7 K at low and high pH and of the iodide derivative have been 
analyzed The spectim of the low pH form shows axial symmetry whilst that at high pH is rhombically distorted. This 
anisotropy is sill more accentuated in the iodide derivative. The high pH (hydroxyl) form and the iodide derivative are 
thought to h=e a tetracoordinate trigonal pyramidal stn~ctore, with a fifth more distant axial ligand. The low pH form is 
consistent with a pseudotetrahedral geometry previously postulated. 

1. htroduction 

Bovine carbonic anhydrase (BCA) is a monomeric 
zinc(n) containing enzyme, molecular weight 29000, 
which catalyzes the reversible hydration of CO2 to 
W&O, [1,2]. Cobalt (II) is the only paramagnetic 
ion to substitute for zinc and to retain substantially 
the same activity as the parent enzyme [3]. 

Many physical and spectroscopic measurements 

have been carried out in order to elucidate the bond- 
ing and the stereochemistry at the metal site_ This has 
led to the hypothesis that Co(H) has pseudotetrahedral 
or pentacoordinate symmetry [2,4] _ A recent study of 
the optical spectra suggests a subs&r&ally tetrahedral 
structure for both the low and the high pH forms and 
an equilibrium between tetra and pentacoordination 
for the halide derivatives [S] _ To gain more informa- 
tion about this analysis, we have investigated the ESR 
spectra of the iodo derivative and of the low and high 
pH forms of Co(H) BCA. 
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2. Materials and methods 

BCA was prepared as previously described [6] _ After 
removal of Zn(II) by dialysis against 10A3M o-phenan- 
*holine in 0.1 M acetate buffer pH 52, Co(H) was ad- 
ded in slightly less than stoichiometric amount in the 
form of 0.1 M CoSO, _ The iodo form was prepared by 
adding 0.1 M Nal to 0.9 M Co(I1) BCA in water. The 
hydroxyl form was prepared by adding concentrated 
NaOH solution to Co(H) BCA until the pH was 9.5. 

X-band ESR spectra were recorded with an E-9 
Varian spectrometer. Temperature control was ob- 
tained with an Air Products and Chemical; CT-3-1 10 
liquid-transfer Cryo-Tip refrigerator with automatic 
temperature controller. pH measurements were ob- 
tained with a Radiometer pHM 63 Digital pH-meter. 

3. Theory 

The free Co(H) ion has a 4F ground state which in 
a trigonal bipyramidal field is split into five levels 
(fig. 1). The 4A; ground state mixes via spin orbit 
coupling with the excited 4ER level forming the two 
Framers doublets m, = +1/2 azd m, = +3/2 separated 
by the energy 6 = 2(02 + 3E2)li2 (the zero field split- 
ing). If the zero field splitting is too large for the micro- 
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Fig_ 1. Energy level diagram of the Co(U) ion in a tigonal bi- 
pyramidal crystal field. 

wave frequency used, as is generally the case, only the 
transition between I+> and I-k$> is possible. In this 
case we can use two approximations: either S’ = + and 
nzs = g only, or S =$ and the secular determinant 
is diagonahzed within the m, = * doublet using wave- 
functions which are linear .eombinations of m, = -3 
and ms = e; if necessary. In the case of axial symmetry 
E= 0 and the relationships between the intrinsic values 
g,,g,, and gz in the S =s approximation and the prin- 
cipal values g:, g$ and gi in the S’ = 4 case are: 

gr =g;; gx =gy =+g; =+g;_ (0 

For rhombic symmetry E + 0 and the spin slates m, 
= % mix with the spin states m, = e and the ground 
state is depicted by the wavefunctions 

Q, = a& + PI--+) 

G2 = ccl-$) -f fi&> (2) 

where the coefficients LY and fi are such that o2 + f12 = 1 
and their value depends on the ratio between the rhom- 
bic and axial component of the crystal field y =E/D, 
which itself is linked to @by 

The relationships between gX , gv and gz in the S =2 
scheme and gi , g$ and gi in the S’ = 3 scheme are as 

follows: 

g; = 2g,U2 + M/W; 9; = 2gy,2 - G@=); 

g; = gz@2 - 32). (4) 

While the intrinsic g, and g,, values are expected to de- 
viate from the free electron value ge = 2.00 owing to 
the spin-orbit coupling of the 4A; ground state with 
the excited state,g, is expected to be equal to ge_ Us- 
ing first order perturbation theory: 

gs =2, g1 = 2(1 - 6h’/A,,, (5) 

D=Q?&& -3(g, +&$)I. ((3 

where X’ is the spin orbit coupling constant. This is 
smaller than the value for the free ion owing to cova- 
lent contributions to the bonding. A, is the allowed 
optical transition 4A.$ + 4E” which is X, y polarized. 

To compare the stereochemistry of each of cur sys- 
terns, we need to evahrate for each the parameters 7 
and S _ The fust, y, gives the relative magnitude of the 
rhombic component; the second characterizes the sys- 
tem as tetra or pentacoordinate (i.e. approximately 
trigonal pyramidal or trigomd bipyramidal), as the 
value of 6 is clearly larger in the pentacoordinated 
case_ 

The evaluation of these parameters requires the 
approximation gX = g,, in order to reduce the number 
of unknowns. This however does not introduce any 
signifkant error in calculating y because the difference 
between gX and gv is mainly due to a different orbital 
contribution whilst that between & and g; is due to 

the magnitude of mixing of the spin states; the same 
is true for 6, since the use of 2gl instead of gX + g,, in 
eq. (6) is a good approximation. 

4. Results and discussion 

The ESR spectra at 7 K of Co(H) BCA at pk 6.0 
and 9.5, and in the presence of 0.1 M Nal at py 6.0 
are shown in fig. 2. The spectrum of the low pH fo,?n 
shows axial symmetry with gl = 4 and gI = 2. There- 
fore we have y = 0 and fi2 = 1 (from eq. 3). In this 
case we cannot measure the 6 parameter to assign the 
possible symmetry, but it is not incompatible with a 
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Fig. 2. E8R spectra of Co(H) BCA, 0.9 mM protein in water. 
a) as such (pH 6.0); b) brought to pH 9.5 by addition of con- 
centrated NaOH; c) as (a) but in the presence of 0.1 M NaI. 
ESR conditions: frequency 9.24 Ghz, microwave power 6 mW, 
modulation amplitude 10 G. Temperature 7 K. 

pseudotetrahedral geometry, as has been previously 
suggested [5,7]. On the other hand the spectra of the 
high pH form and of the iodide derivative show rhom- 
bic distortion. The spectrum of the iodide form pre- 
sents also a clear hyperfine structure of about 92 gauss 
on the gX component, due to the cobalt nuclear spin 
I= 712. Using the equations given above, we can now 

calculate the parameters 7 and 6 _ From eq_ (4) and the 
relation ~2 + f12 = I, it is possible to calculate p2, as- 
suming the approximation gX =g _ We can then obtain 
7 from eq. (Z), and E from eq. (6 r and the relation -r 
= E/O. 

In eq. (6) we need to assign the right value to X’ 
which cannot be obtained from eq. (5) because the 
optical transition A1 is unknown_ For the free Co(R) 
ion X’ = -178 cm-l, but values for h’ arc smaller than 
this owing to the orbital contributions to the bonding. 
The lowest likely value of X’ is about -135 cm-’ and 
the range of values calculated for 6 were found by t&- 
ing X’ between -179 CX-II-~ and -135 cm-‘_ The ex- 
perimentai and calculated ESR data are reported in 
table 1 together with those of some tetra and pentsco- 
ordinate Co(I1) compounds. The difference of 6 values 
between the tetra and pentacoordinate complexes is 
immediately apparent, low values up to 17 cm-’ be- 
ing associated with tetracoordinated species, whilst 
higher values of 50-81 cm-’ are associated with pen- 
tacoordination. Our values are larger than those usual- 
ly found for tetracoordination 1891 but not as large 
as for pentacoordination. This suggests that a fifth 
axial Iigand in a trigonal hipyramidal structure is far 
removed and almost behaving as a trigonal pyramidal 
structure. A value of 6 very similar to that of the io- 
dide complex and of the high pH form is reported for 

Table 1 
Experimental a and calculated ESR parameters of h&b spin Co(H) 

Compound b 

CC&CA-I 
CoBCA-OH 

Pen tacoodinnte: 
Co(Et&ien)Cl, 
Cdteq99~2 

Tetn7cooniinate: 

COC~~(~-OM~A)~ 
CoBra(p-MeA)a 
COQlPY2 
CoBrz(2,4-luls 

, 
gx 

6.82 
5.60 

7.08 
5.93 

5.67 
5.25 
6.08 
6.79 

4 

2.26 
3.20 

2.53 
3.53 

3.17 
3.81 
2.68 
1.65 

, 
g.7 

1.56 
1.85 

1.59 
1.88 

2.00 
2.15 
1.79 
1.29 

ai g, P’ Y 6=(cm-‘; Ref. 

2.25 2.46 0.923 0.362 44 - 33 this work 
2.04 2.25 0.976 0.190 39 - 30 this work 

2.19 2.58 0.931 .0.357 81 -62 1111 
2.05 2.41 0.979 0.171 67-50 ill1 

2.24 2.27 0.974 0.194 6- 4 i91 
2.23 2.28 0.991 0.107 9- 7 191 
2.21 2.30 0.952 0.260 17 - 13 181 
2.30 2.37 0.890 0.450 16 - 12 I81 

a Determined 8mphicallyx & on the hi@r field miniium;g~ on the central cross-over point;g& on tbe low field maximum for spec- 
trum @l and on the center of the hyperfime pattern for qrectrum (c). 

b Abbreviations used: Et4dien = N,N,N’.N-tetraethyldiethylenetriamine; tarpy = terpyridyl; m-OMeA = m-methoxyaniline;p-MeA 
= p-methylanilme; py = pyridine; 2.4-1~ = 2,4-lutidine. 

C For h’ = -179 and -135 cm-’ respectively_ 



the acetazolamide complex of Co(H) BCA [10f and is 
considered to be indicative of peutacoor~a~jou. 
Another indication favouring pentacoordination is the 
presence ofhyperfine structure iri the iodide deriva- 
tive which has never been detected in tetracoordinate 
wmpounds fl1] _ The divergence of the gg cahxlated 
from eq. (4) from that of the free electron predicted 
by the fust order perturbation theory is probably due 
to a lowering of the symmetry with a consequent in- 
crease [ 121 of the orbital contribution_ In fact the dif- 
ference is greater in the iodide derivative where the -r 
value, indicative of the degree of distortion, is greater 
than in the high pH form. 

In conclusion, these data suggest that the Co(H) at 
the active site of BCA can be descriied as tetraeoordi- 
nated with a fifth more distant ligand in agreement 
with the recent hypothesis 1331 of a pentacoordhrate 
intermediate in the enzymic reaction of carbonic an- 
hydrase. This hypothesis is in agreement with the opti- 
cal study [Sj for the iodide derivative, but not for the 
high pH hydroxyl form. The discrepancy may be due 
to a different behaviour of the enzyme at low and 
high temperature as in the case of the CN- derivatives 
[I 41, where there is a high spin-low spin conversion 
associated with the binding of one more CN- group at 
low temperature. 
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