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Summary. The displacement of bicarbonate anion in the (NH3)3ZnlI(HC03) 
complex with water has been studied through ab initio calculations. It has been 
found that H20 binds to the (NH3)3ZnII(HC03) species yielding a stable 
pentacoordinate (NH3)3ZnII(HCO3)(HzO) complex. The results also indicate that 
deprotonation of water in the pentacoordinate species facilitates the release of 
HC03,  although, the presence of HC03 in the coordination sphere of Z n  II makes 
such deprotonation more difficult. Environmental effects have been considered in 
the study of HCO~/H20 exchange. 
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Introduction 

Carbonic anhydrase (CA) is a zinc metalloenzyme that catalyzes the reversible 
hydration of CO2 to yield bicarbonate anion with an exceptional efficiency [1-7] 
X-ray data [5-11] show that the zinc atom placed at the active site of CA is bound 
to three imidazole groups coming from His94, His 96, and His119, whereas a water 
molecule completes a nearly symmetrical tetrahedral coordination geometry. In 
addition, the active site involves other proteinic residues along with eight ordered 
water molecules which are of functional importance. 

It is almost universally accepted that a zinc-bound hydroxide ion is the 
nucleophile in this catalytic reaction [3-7, 12]. A simplified model for its mechan- 
ism involves the following four steps [4]: (1) proton transfer from Enzyme 
Znn(OH2) (Eznn(oHz)) in order to generate the catalytic species Eznn(oH-);  
(2) binding of CO2 near the active species Eznn(oH-);  (3) generation of the EZn n- 
bound HCO3 species; and (4) binding of a water molecule and release of HCO3. 
Different experimental studies [13-17] have established the first step to be rate- 
limiting at high buffer concentrations. Given that the maximal turnover of 
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Human Carbonic Anhydrase II (HCAII) is measured to be 10 6 s - 1  the energy 
barrier for the proton transfer involved in step 1 must be close to 10 kcal/mol [18]. 

Considering specially step 4, after formation of EZnI~-bound HCO3 complex, 
the HCO3 species is displaced by a water molecule and leaves the active site. This 
process has been barely studied, and can be formulated as 

EZnn(HCO~ -) + H20 ~ EZnn(H2 O) + HCO3. (1) 

The nature of the bicarbonate intermediate has been widely investigated. Using 
Co(II), Mn(II), and Cu(II)-substituted CA, some authors [19] have found that the 
EZnn-bound HCO3 complex is pentacoordinate, having the HCO3 ligand 
a bidentate coordination. Other studies [20] with Zn(II) complexes suggested that 
the HCO3 ligand is monodentate; therefore the Zn(II) dication having tetrahedral 
coordination. A very recent crystallographic analysis of the mutant Thr200- His 
Human Carbonic Anhydrase II performed at 1.9 A resolution [21] shows the 
HCO3 ion bound in the active site to the Zn(II) as a pseudo-bidentate ligand. In 
this complex the metal has a coordination geometry between tetrahedral and 
trigonal bypiramide. Different experimental studies related to the H C O a / H 2 0  
exchange had been reported, the main question to be solved being whether 
a pentacoordinate EZnlI(HCOa)(H2 O) intermediate is formed during the ex- 
change process. For instance [22], ESR spectra in a Co(II)-substituted CA revealed 
that a transient pentacoordinate intermediate exists, and that this complex might 
facilitate the exchange between bicarbonate and water ligands. Moreover, analysis 
of anionic inhibition in CA showed that during the exchange, a pentacoordinate 
metal transient intermediate is formed [7, 23]. A number of experimental work 
dealing with zinc pentacoordination [24-37] reinforces the possibility of its exist- 
ence. Recently, four new works dealing with the possibility of pentacoordination in 
CA have emphasized the interest of this subject. First, the three-dimensional 
structure of a complex between catalytically active Co(II)-substituted Human 
CA-II and its substrate bicarbonate have been determined by X-ray crystallogra- 
phy [38]. Both bicarbonate and water ligands are coordinated. Second, in case of 
the mutant Thr200 ~ His, the affinity for bicarbonate is very much increased, then 
a crystal structure of this bicarbonated CA mutant has been obtained [21]. 
Nevertheless, the Zn water molecule has been displaced. Third, an X-ray structure 
of native HCA-II complexed with a formate anion has been reported [39a]. In 
this structure the Zn water molecule is still coordinated. Finally, the structure of 
the HCA-I-HCO3 complex reveals monodentate binding of the bicarbonate anion 
at apical tetrahedral position to the Zn ion [39b]. In conclusion, the posibility of 
Zn pentacoordinated complexes in H C O 3 / H 2 0  exchange in CA is still open to 
further discussion. 

As to theoretical studies, to our knowledge this exchange has been studied in 
three papers. In the first one, Liang and Lipscomb [40] showed that release of the 
HCO3 anion is facilitated by previous binding of water to Zn n. In particular, their 
results gave that the energy barrier for the unfacilitated displacement of EZn ~- 
bound HCO3 with a water molecule is 169 kcal/mol, and that such a barrier is 
decreased to 109 kcal/mol when a fifth water ligand is considered. They also found 
that inclusion of some proteinic residues further reduces the energy barrier 
to 43 kcal/mol, and that deprotonation of this water ligand completely removes 
the energy barrier. In the second theoretical study, Merz et al. [18] used the AM1 
semiempirical method to perform an exhaustive analysis of the different steps of the 
CA mechanism. These authors found that during the H C O a / H 2 0  exchange, a 
pentacoordinate trigonal bipyramidal (tbp) complex is formed. In this complex, 
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the water molecule occupies an equatorial position, whereas the bicarbonate anion 
is located at an axial site of the tbp. Furthermore, they showed that loss of the 
bicarbonate ion is aided by the presence of a number of water molecules. Finally, 
the authors proposed a new HCO~-/H20 exchange mechanism implying an 
intramolecular proton transfer from the water ligand to the coordinated bicarbon- 
ate, prior to release of carbonic acid. However, this mechanism does not follow the 
experimental ping-pong kinetics; furthermore, carbonic acid has never been detec- 
ted [41] either. Finally, Kraus and Garmer [42], using ab initio effective core 
potentials, found two stable pentacoordinate tbp structures. In these two com- 
plexes, the bicarbonate anion is located at an axial position. The first one has 
a water molecule located at an equatorial site and, the second one has a hydroxyl 
anion also located at an equatorial position. The removal of a proton from the 
water molecule of the (NH3)3Zn II (H20)(HCO3) complex favours the release of 
bicarbonate anion by lowering its binding energy from 210 kcal/mol for this 
complex to the 105 kcal/mol for the (NH3)3Znn(OH-) (HCO ;-) species. Then, 
these data reinforce the possibility that the first step would occur before the fourth. 
These authors also found that this effect is reinforced if the deprotonation of 
a coordinated histidine is also considered. Two more recent studies 1-43] by these 
two authors, analyse possible five-coordinated complexes involved in the catalytic 
mechanism. 

From the aforementioned studies, one can see that several points concerning 
step 4 of the CA mechanism remain still unclear. First, it is difficult to understand 
how a strongly bound anion can be released and substituted by a neutral ligand 
like a water molecule. It is obvious that environmental effects will be of utmost 
importance in this exchange process. Second, it is also unclear whether a penta- 
coordinate or other intermediates complexes are formed during the H C 0 3 / H 2 0  
exchange, and even if they do exist, their structure is unknown. Finally, the 
mechanism of this exchange process has not been definitively elucidated. 

As a whole, the main goal of this article is to perform an ab initio study of the 
HCO3/H20  exchange using this exchange in the (NH3)aZn~T(HC03 -) species as 
a simplified model of the fourth step of the CA catalytic cycle. The specific purposes 
of the present work are the following: first, to study the possible existence of 
a pentacoordinate transient intermediate in the H C 0 3 / H 2 0  exchange; second, to 
analyse the structures and relative stabilities of all different pentacoordinate 
complexes that can be formed during this process; and third, to discuss all different 
possibilities suggested so far to explain the HCO3/H20 exchange in CA. Since the 
effect of the remainder proteinic residues and water molecules in the active site are 
deemed to be essential in the process, the environmental effect will also be taken 
into account. 

Methodology 

Ab initio all-electron SCF calculations were performed by means of the 
Hartree-Fock-Roothaan method [44]. Owing to computational limitations, three 
ammonia groups were used to simulate the three histidine ligands of the zinc ion. 
The validity of this substitution, which is necessary to limit the size of the chemical 
systems so that calculations be affordable, is supported by earlier studies of Kraus 
et al. [42] and Pullman et al. [45] who demonstrated that ammonia and imidazole 
transfer a similar amount of charge to Zn ~. The geometry of each NH3 group 
was kept frozen, the N-H distances being 1.05 A and the HNH angles being 
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tetrahedral. Under these geometric constraints, full geometry optimizations were 
performed following Schlegel's method [46] or the Broyden-Fletcher-Goldfarb 
-Shanno (BFGS) [47-50] algorithm. The stationary points have established to be 
minima or transition states by numerical energy second derivatives in internal 
coordinates. Several authors [42, 51] pointed out that the structural information 
was shown to be reasonable calculated at this level of theory. For this reason, 
geometry optimizations were carried out with basis I. This basis set is a double 
4[52, 53] quality basis set for valence shells of all atoms, except for hydrogen atoms 
of the ammonia groups, for which the STO-3G basis set [54] was used. This basis 
set has been choosen because, at this level of theory, the ammonia and the 
imidazole group transfer a similar amount of charge to the Zn H. Energies were 
recalculated with two different basis sets which included diffuse functions (basis II) 
and both diffuse and polarization functions (basis III). Basis II was basis I with an 
extra diffuse sp function [55] for O and C atoms of HzO and HCO;- groups. Basis 
III was for Zn atom, a (14s, llp, 6d)/[5s, 4p, 3d] contraction of Wachters [56] 
basis set for transition metals, including a 3d diffuse function following the Hay's 
series [57] with a 0.1539 exponent and, one term Gaussian fit to a STO 4f [58] as 
a polarization function with a 5.2 STO exponent [59]. For HzO, OH- and HCO;- 
groups, Basis III was also a double-~ quality basis set for valence shells [60] with 
an sp diffuse function [55] and a d polarization function [61] for O and C atoms. 
For NH3 groups, basis III was basis I with an extra d polarization function [61] 
for N atoms. 

As it has been mentioned in the introduction, the environmental effect due to 
the rest of the protein has been taken into account. In the proteinic environment 
many differents effects influence the process. For instance, one can consider the 
presence of steric constraints, specific interactions like hydrogen bonds, electro- 
static interactions due to the permanent charge distribution, polarization of the 
protein creating a reaction electric field, etc. In this work, we have only considered 
the polarization effect using the continuum model due to Tomasi et al. [62-64]. In 
this model the environment is represented by a continuous polarizable dielectric 
with permitivity ~ and the solute is placed inside a cavity accurately defined by its 
own geometry [65]. Dielectric polarization due to the solute is simulated by the 
creation of a system of virtual charges on the cavity surface. The charge distribu- 
tion on the surface polarizes in turn the charge distribution in the solute, this 
process being iterated until self-consistency in the solute electron density is 
achieved. In this way, the feedback effect of the environment on the solute is taken 
into account. The electrostatic contribution to the solvation free energy is found as 
the difference between the energies computed with the continuum model and . 
without it less one-half the interaction energy between the charge distribution of 
the solute and the reaction field potential [-63]. Moreover, the cavitation free 
energy is calculated with Pierotti's equation [66]. The optimized geometries in the 
gas phase (~ = 1.00) obtained with basis I were used throughout. Only recently, the 
analytical gradients for this continuum model of the environment have been 
reported, but the code for the optimization is not available yet [64b]. Theoretical 
studies of solvent effects [67, 68] on the tautomeric equilibrium of heterocycles 
have shown that molecular geometries change slightly with the relative permitivity 
of the medium. The main effect of the solvent reaction field is on the relative 
energies of the tautomers. Due to computational limitations, calculations which 
included environmental effects were carried out with basis I. In this work the study 
of surrounding medium effects has been performed using two different values of the 
dielectric constant, one corresponding to a n-hexane solution with a low dielectric 
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constant (e = 1.88), and the other corresponding to a water solution with a large 
dielectric constant (e = 78.36). Given that reorientation of proteinic residues and 
water molecules at the active site is partially blocked, it seems that a low dielectric 
constant to model the environment should be used. However, a proteinic environ- 
ment differs from a solvent, because in a protein there is a permanent electric field 
which has to be taken into account. Therefore, a continuum model like that used in 
this paper which was developed for solvents must be corrected in some way to 
account correctly for an enzymatic environmental effect. A large value of a dielec- 
tric constant will create a reaction field which accounts much better for the real 
electric field acting on the chemical system. 

All calculations presented in this paper were carried out with the help of the 
GAUSSIAN 86 [69] and MONSTERGAUSS [70] programs. The surrounding 
medium effect was studied with a FORTRAN subroutine written by Tomasi and 
co-workers as incorporated in the MONSTERGAUSS program. 

Results and discussion 

Presentation of the results obtained is split into four sections. First, we analyse the 
thermodynamics of the HCO3-/H20 global exchange; second, we study the differ- 
ent (NH3)3Znn(HCO~-)(H20) pentacoordinate species and thermodynamics of 
the formation and dissociation processes; third, we discuss the formation mecha- 
nism of the five-coordinated systems; and fourth, we investigated the possible 
formation of the (NH3)3znn(HCOf)(OH-)  species prior to H C O f  release. 

Thermodynamics of the HCO~ / H20 exchange 

Once the EZnn(HC03)  species has been formed, the next step in the CA cata- 
lytic cycle is the regeneration of the Eznn(H20) species. If one chooses the 
(NH3)3ZnU(H20) complex as a model for the CA active site, this process can be 
formulated as 

(NH3)3Znn(HCO3) + H20~(NH3)3Znn(H20)  + HCO~-. (2) 

For this reaction, the in vacuo energy gap between products and reactants at the 
SCF level is 205.4, 192.7 and 202.9 kcal/mol for basis I, II and III, respectively. 
Jacob et al. [-71] reported earlier 184 kcal/mol for the same process using an 
extended basis set, whereas Liang and Lipscomb [40] found 169 kcal/mol with 
the PRDDO method. However, this energy gap is too large to account for the 
maximum experimentally allowed value of 10 kcal/mol in CA, previously men- 
tioned. On this basis, it is not possible to understand how the HCO~ anion can be 
exchanged. Furthermore, inclusion of correlation energy at the MP2 level [72] 
(MP2/basis I / /HF/bas i s  I) does not change too much the result obtained at the 
SCF level, because it yields an energy gap of 205.3 kcal/mol, thus showing that the 
effect of correlation energy is not essential in this process. We must remark that this 
reaction can be regarded as a charge separation process where reactants having 
a global charge of + 1 form two products having global charges of + 2 and - 1. 
Therefore, surrounding medium effects should be especially important, being 
stabilized to a much larger extent the products than the reactants. 

Environmental effects calculated with e = 1.88 reduce the endothermicity of 
reaction (2) to 112.9 kcal/mol. This value is further decreased to 11.3 kcal/mol 
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Table 1. S~vati~nfreeenergies(AG~°~v)andtheirc~mp~nents(~Ge~andG°av)f~ra~stati~naryp~ints 
found in the study of the HCO3/H20 exchange. All these values have been obtained with the basis set I, 
in two different environments of e = 1.88 and 78.36. Energies are given in kcal/mol 

e = 1.88 e = 78.36 

A Gol G~.v A G~ol~ A Go1 Gc.v A G~ol~ 

(NHa)3ZnII(HCO~-) - 33.2 11.3 - 21.9 - 73.4 18.8 - 54.6 
(NH3)aZnn(H20) - 91.9 10.1 - 81.8 - 195.6 16.7 - 178.9 
(NHa)3Znn(H20)oq(HCOg-)ax weba a - -  31.5 12.1 - 19.4 - 69.5 20.1 - 49.4 
(NH3)3Znn(H20)ax(HCO~)oq wabe" - 31:4 12.0 - 19.4 - 69.5 20.0 - 49.5 
(NHa)3Znn(H20),q(HCO~),q webe a - 32.1 11.9 - 20.2 - 71.6 19.8 - 51.8 
(NH3)3Znn(OH-)oq(HCO3),q hebe a - 11.3 11.6 0.3 - 28.1 19.4 - 8.7 
H20 - 3.0 3.7 0.7 - 7.6 5.5 - 2.1 
HCO~- - 36.9 5.1 - 31.8 - 79.9 8.0 - 71.9 

a w stands for water molecule, b for bicarbonate anion and h for hydroxyl anion, e stands for equatorial 
site and a for axial site in a tbp structure 

when a dielectr ic  cons tan t  of 78.36 is used. The  la t ter  value is close to tha t  expected 
exper imenta l ly .  These  values  have been ob ta ined  from the so lva t ion  free energies of 
the  different species tha t  in tervene in reac t ion  (2), which are  col lected in Table  1. 
The  values of this tab le  reveal  that ,  as expected,  the s tabi l izing effect of  the  sur- 
r o u n d i n g  m e d i u m  is m o r e  i m p o r t a n t  in the products ,  especial ly in the case of the 
doub ly  cha rged  (NH3)3 ZnII (H20)  complex.  

This  p re l imina r  t h e r m o d y n a m i c a l  s tudy  has conf i rmed tha t  in t roduc t ion  of  
env i ronmen ta l  effects, even with a s imple con t inuum model ,  is essential  to ob ta in  
results  closer  to experience.  

(NH3 )3 zrtlI(HC03 ) (n20)  species 

This sect ion is s t ruc tured  as follows: first, the geometr ies  of the op t imized  
(NHa)3ZnI I (HCO~)  ( H 2 0 )  complexes  are  repor ted;  and  second, relat ive energies of 
the zinc p e n t a c o o r d i n a t e d  complexes  ob ta ined  and  b ind ing  energies of HCO~- to 
the (NHa)aZnn(H2  O) are  examined.  

Optimized geometries. The  aim of this sect ion is to explore  the possible  fo rma t ion  
of a s table  p e n t a c o o r d i n a t e  complex  when an incoming  water  molecule  binds  to 
the p r o d u c t  ( N H a ) 3 z n n ( H C O 3 ) .  In  this geomet ry  op t imiza t ion  process,  we have 
a l lowed the var iables  defining the coo rd ina t i on  a b o u t  the zinc a tom to vary  freely. 
This  means  that ,  s ta r t ing  from a given geometry ,  the op t imized  final complex  m a y  
have  any poss ib le  s tructure,  e.g., t r igonal  b ipy ramida l  (tbp), square  p y r a m i d  (sp), an  
a r r angemen t  hal fway between these two possibil i t ies,  or  even a t e t rahedra l  struc- 
ture with loss of  a l igand.  Since a n u m b e r  of poss ible  min ima  in the hypersur-  
face exists, the  final resul t  will be very dependen t  on the geomet ry  of the s tar t ing 
po in t  and  the op t imiza t ion  m e t h o d  employed .  In  o rder  to examine  the poss ible  
( N H 3 ) 3 Z n n ( H C O 3 ) ( H 2 0 )  p e n t a c o o r d i n a t e  complexes,  we have per formed  our  
geometr ica l  op t imiza t ions  s tar t ing from different points:  first, the (NH3)3Zn  n 
(HCO3)ax(H20)eq complex  (hereafter n a m e d  weba because  of the loca t ion  of the  
wate r  and  b i c a r b o n a t e  l igands)  r epor t ed  earl ier  by  o ther  au thors  1-18, 42]; second, 
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Fig. 1. Optimized structure of 
(NH3)3ZnN(HCO~)ax(H20)eq complex 

the (NH3)3Znll(HCO3)eq(H20)ax complex (hereafter named wabe); third, the 
(NH3)3Znn(HCO~),q(H20)oq complex (hereafter named webe); and, finally, the 
(NH3)3ZnlI(HCO~)~x(HaO)ax complex (hereafter named waba). 

Figure 1 shows the most important geometric parameters obtained in the 
optimization of complex weba. In this complex, water and bicarbonate are equato- 
rial and axial ligands, respectively, giving rise to a quite distorted tbp arrangement. 
The value of the axial angle N,x ~ff01 is 158.4 °, while those of the equatorial angles 
are 115.7 ° (Neq 1 Z~eq2 )  , 114.2 ° (N~q 2Z'ffO4), and 129.4 ° (O4Z'n-Neql). As rational- 
ized earlier by Rossi and Hoffmann [73], the Zn-N axial bonds are longer than the 
equatorial ones. Interestingly, there is an intramolecular hydrogen bond between 
the O1 atom and one of the hydrogens of water accounting, partially, for the 
distortion from the ideal tbp geometry. 

The optimized geometrical parameters of complex wabe are given in Fig. 2. This 
complex also presents a quite distorted tbp geometry. In this pentacoordinate 
complex, the axial angle N a x ~ 4  is 166.3 °, whereas the equatorial angles 
Neq 1Z~eq2,  Neq2 Z~O 1, and O1Z'nYeq 1, a r e  119.1 °, 114.9 °, and 123.3 °, respective- 
ly. Comparing with complex weba there is also an intramolecular hydrogen bond 
between the O1 atom and one of the hydrogens of water, although the O1-H bond 
length is now 0.1 A longer. Thus, the O1-H hydrogen bond in this complex is 
weaker than in complex weba. The Mayer bond orders [74] for these two hydrogen 
bonds, which are 0.091 and 0.072 for the complexes weba and wabe, respectively, 
reinforce this conclusion. As pointed out previously by Rossi and Hoffmann [73] 
for d 1 o ML5 tbp complexes, an axial ligand transfers less charge to the central atom 
than an equatorial ligand does. For this reason, the bicarbonate ligand of complex 
wabe has transferred 0.0t8 electrons more than that of complex weba has. There- 
fore, O1 of complex weba is more negative than O1 of complex wabe ( - 0.886 vs. 
-- 0.876). Likewise, the hydrogen of water forming the intramolecular hydrogen 
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2.13 .:8.4 

wabe 

Fig. 2. Optimized structure of 
(NH3)3Zn n(HcOf)oq(HzO)aX 
complex 

bond is more positive in complex weba than in complex wabe (0.504 vs. 0.483), thus 
explaining the stronger O1-H hydrogen bond obtained for complex weba. 

The most important geometrical parameters of complex webe are presented 
in Fig. 3. This complex has a quite regular tbp arrangement, with an axial angle 
NaxlZn'~Nax2 of 179.6 °, andAequatorial angles of 118.7 ° (O4Z~O1), 119.4 ° 
(O1ZnNeq), and 121.8 ° (NeqZnO4), which add up to 359.9 °. No intramolecular 
hydrogen bond is detected in this structure. 

Starting the optimization from complex (NH3)3ZnII(HCO3),x(HzO)a, with 
bicarbonate and water as axial ligands, a free ammonia molecule is released, and 
the distorted tetrahedral (NH3)2Znn(HCO3)(H20) complex is formed. Therefore, 
a pentacoordinate complex having axial bicarbonate and water is not a minimum 
in the full potential energy hypersurface. As shown earlier by Rossi and Hoffmann 
[73], strong a-donors stabilize a tbp when located in equatorial sites. In contrast, 
this geometry is unfavoured when a-donors are placed in axial sites. Therefore, the 
presence of bicarbonate and water in axial positions explains the breaking of the 
initial tbp geometry. In spite of this fact, complex weba with bicarbonate in an axial 
site of the tbp is a minimum because of the strong intramolecular hydrogen bond 
formed which stabilizes the tbp structure. The pentacoordinated structure with a 
water molecule found by Kraus and Garmer [42] was similar to this weba com- 
plex and also presented a hydrogen bond which stabilized the tbp structure. 

Interestingly, the Zn-O ~ Mayer bond order changes from 0.584 in the tetrahed- 
ral complex (NH3)3ZnII(HCO3) to 0.392, 0.455, and 0.500 in the pentacoordinate 
complexes weba, wabe, and webe, respectively. Therefore, the binding of a water 
molecule as a fifth ligand increases the Zn-O1 distance (which is 1.844 A in the 
(NH3)3ZnII(HCO3) complex) and reduces the bicarbonate bond strength, as 
pointed out previously by some authors [35, 45, 75]. This fact is especially remark- 
able in complex weba, where the bicarbonate ligand occupies an axial site of the tbp 
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( H )  125.3 ~ff~ 2z)061 

wehe 

Fig. 3. Optimized structure of (NHa)3ZnIl(HCO3)eq(H20)eq complex 

because, as it is well known, for d ~° ML5 tbp complexes a-donors form stronger 
bonds when they are located in equatorial positions [73]. 

Energetics. Three different pentacoordinate complexes with water and bicar- 
bonate ligands in the coordination sphere of Zn n have been found as stable species. 
All these pentacoordinate Zn n species found in our study feature a trigonal 
bipyramidal arrangement. Previous theoretical calculations reported the same 
result for similar Zn n complexes [18, 42, 75a, 76] An indication of their stabilities 
can be gained from the binding energies of a water molecule to the 
(NH3)3 ZnII(HCO3 ) complex. These energies, which correspond to reaction (3), are 
gathered in Tables 2 and 3: 

(NH3)3Zn'I(HC03) + H20~(NH3)3ZnI '(HCO3)(HzO).  (3) 

In Table 2, one can see the well-known overestimation of the binding energy when 
it is computed with small basis sets (basis I). While the water binding energy for 
webe is corrected when basis II (basis I plus diffuse functions) is used, for weba and 
wabe complexes the main change is obtained when polarization functions are also 
included (basis III). It can be due to the intramolecular hydrogen bond that weba 
and wabe complexes present. To estimate the hydrogen bond energy between 
HCO~- anion and H20  molecule, the formation energy of the HCO3"HzO cluster 
was computed with basis I-III. These hydrogen bond energies were 20.7, 18.5 and 
12.9 kcal/mol for basis I, II and III, respectively. One can see that the strength of 
the hydrogen bond is largely overestimated when polarization functions are not 
included. Our best results give webe and wabe species as the most stable ones. It 
agrees with the fact that strong a-donors in d ~° ML5 complexes prefer equatorial 
positions of the tbp 1-73]. In spite of the improvement of the basis sets being 
correlated with a decrease in the water binding energy, these energies are still 
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Table 2. Binding energies (in kcal/mol) of a water molecule 
to the (NH3)3 znn(HCO~) complex, for three different basis 
sets 

Basis I Basis II Basis III 

weba - 26.5 - 21.4 - 6.4 
wabe - 26.4 - 20.9 - 10.4 
webe - 22.3 - 14.2 - 13.1 

M. Sola et al. 

Table 3. Binding energies (in kcal/mol) of a water molecule 
to the (NH3)3znn(HCOg -) complex, for three different 
values of the dielectric constant 

= 1.00 e = 1.88 e = 78.36 

weba - 26.5 - 24.8 - 19.2 
wabe - 26.4 - 24.7 - 19.2 
webe - 22.3 - 21.4 - 17.4 

important  to assure the existence of the pentacoordinate complexes. This is 
specially valid for the webe structure. 

In Table 3, the water binding energies for three different values of dielectric 
constants are presented. As found previously [75a], the water binding energy 
decreases by the environmental effect due to the smaller charge transfer from 
ligands to the Zn atom. This lowering is more important  for weba and wabe 
complexes because they have an intramolecular hydrogen bond. In a polar me- 
dium, the energy of such bonds decreases. From all these results, complex webe 
emerges as the most  probably intermediate in the H C O 3 / H z O  interconversion 
process. 

Now, we consider the thermodynamics for the dissociation of the five-coor- 
dinated species. Tables 4 and 5 assemble the dissociation energy of the different 
pentacoordinate (NH3)3ZnII(HCO3)(HzO) species into the H C O 3  anion and 
(NH3)3Znn(H2 O) for both three different basis sets and three different dielectric 
constants of the surrounding medium. This process corresponds to 

(NH3)3Znn(HCO~-)(H20)~-(NH3)3Zn~I(H20) + HCO~-. (4) 

The dissociation energies of the pentacoordinate (NH3)3Znn(HCO3)(H20)  
species in the H C O 3  anion and (NH3)3znn(H20)  collected in Table 4 reveal 
the intrinsic difficulty to release this anion. This dissociation energy decreases when 
the basis sets are augmented, but it is still too high. A dissociation energy for weba 
complex into H C O 3  and (NH3)3Znn(HzO) of 209.3 kcal/mol agrees very well with 
the value found by Kraus  et al. (210.0 kcal/mol) [42]. The most  appealing aspect of 
the energies shown in Table 5 is the important  reduction of the dissociation energy 
of the pentacoordinate species into H C O 3  and (NH3)3ZnII(H20) upon the in- 
crease of the dielectric constant value. This point can be easily interpreted from the 
values of Table 1 which collects the solvation free energies (A Gsolv) and their 
components  (A Go1 and Gear) for all the stationary points found in the study of step 
(4) of CA mechanism. As mentioned above, the final products of H C O 3  release, 
which are (NH3)3 znn(H20)  and H C O 3 ,  have the larger A G~olv. Therefore, they are 
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Table 4. Dissociation energies of the optimized 
(NHa)3ZnlI(HCO3) (H20) complexes into HCO3 and 
(NH3)3Znn(H20) (in kcal/mol) for the three different basis 
sets 

Basis I Basis II Basis III 

weba 231.9 214.1 209.3 
wabe 231.8 213.5 213.3 
webe 227.7 206.6 216.1 

Table 5. Dissociation energies of the optimized 
(NH3)3ZnU(HCO3) (H20) complexes into HCO3 and 
(NH3)3ZnH(H20) (in kcal/mol) for the three different values 
of the dielectric constant 

= 1.00 e = 1.88 ~ = 78.36 

weba 231.9 137.7 30.5 
wabe 231.8 137.6 30.5 
webe 227.7 134.3 28.7 

the species which stabilized most owing to the surrounding medium, thus explaining 
the important decrease of the HCO~ binding energy which facilitates the release of 
HCO3.  Thus, as suggested earlier 1-18, 35, 71] medium effects become essential to 
understand the HCO~ release in CA mechanism. Nonetheless, the dissociation 
energies of the pentacoordinated complexes in (NH3)3znn(H20) and HCO3 in 
a medium of e = 78.36 are still too large to account for experimental data. 

Formation mechanism of the pentacoordinated species. 

The main discussion of the pentacoordinated species formation is to know the 
relative stability of the five-coordinated complexes with respect to the four-coor- 
dinated ones (forming the first shell) with a H 2 0  molecule in a second shell. The 
second-shell H 2 0  molecule can form hydrogen bonds either to the NH3 or HCO3 
groups. We only present here complexes which have the H 2 0  molecule bonded 
with the HC O3  anion. Complexes with the H 2 0  making hydrogen bonds with the 
ammonia groups are meaningless because ammonia is used as a model 
of the imidazol group present in the proteinic residue. Fig. 4a, b show complexes 
formed when a H 2 0  molecule in the second shell interacts with the 
(NH3)3Zn~I(HCO~ -) complex. These two structures have been characterized as 
a minima on the potential energy surface by numerical second derivatives in 
internal coordinates. Figure 4a shows a complex which will give the wabe structure 
(hereafter named pro-wabe) and Fig. 4b shows a complex which will give weba 
species (hereafter named pro-weba). The wabe and pro-weba complexes show 
a bidentate bicarbonate ligand. Previous studies [75b, c] at the same level of theory 
show a monodentate bicarbonate ligand when the second shell water molecule was 
not considered, then the bidentate character of the HCO3 anion can be due to the 
presence of the second-shell H 2 0  molecule. Isoelectron density contour maps of 
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Fig. 4. Optimized structure of (NH3)3ZnlI(HCO~-)(HaO)2na~h¢II complexes 
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Table 6. Energies of the intermediates pro-wabe a n d  pro- 
weba (in kcal/mol) with respect to the optimized pentacoor- 
dinate wabe and weba complexes, respectively, for three 
different values of the dielectric constant 

e = 1.00 e = 1.88 e = 78.36 

pro-wabe 0.1 1.3 - 2.1 
pro-weba 0.3 1.2 0.1 

the pro-wabe and pro-weba structures confirm this conclusion showing a ring 
critical point between Zn-O1-C-O 3 atoms 1-77]. A related of complexes with 
bidentate ligands have also been found experimentally using X-ray diffraction by 
Liljas et al. [21]. However, although protons are not observable, the X-ray 
structure have been interpreted to indicate that a hydroxyl is bound to Zn. This 
X-ray interpretation clearly differs from geometries presented in Fig. 4. In Table 6, 
the relative energies of pro-wabe and pro-weba intermediates with respect to the 
wabe and weba complexes for the three dielectric constants are given. Both 
pro-weba and pro-wabe species have almost the same energy as the weba and wabe 
final complexes, even when the environment has been taken into account. 

Figure 5 shows the transition state for formation the wabe complex. This 
transition state shows migration of the H20 molecule from second shell to the first 
shell. In this transition state one of the Zn-O3 bond of bicarbonate has been 
broken and the Zn-O,  bond is being formed, in such a way that from transition 
state geometry, this mechanism can be described as being dissociative-associative. 
The energy barrier of this process is 4.5 kcal/mol for formation of wabe species. 
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Fig. 5. Optimized structure of the 
transition state of the formation of 
the wabe pentacoordinated complex 

This barriers is small and lesser than 10 kcal/mol, for this reason, formation of the 
five-coordinated species does not seem to be the limitant step of the whole 
HCO;-/H20 exchange process. The low energetic barrier of this transition state 
supports the formation of the pentacoordinated species in the HCO;-/H20 ex- 
change mechanism. In consequence, the possibility of a dissociative mechanism in 
which the HCO~ is released prior to the formation of the (NH3)3ZnI~(H20) 
complex has not been considered because the dissociation of the HCO~ from 
(NH3)3ZnII(HCO~ -) should have a larger barrier due to the dissociation in the 
bicarbonate anion and the (NH3)3 Zn I cation. 

(NH3 )3 ZI"III(HC03 ) (OH-) species 

Once water binds to the (NH3)3Zn~I(HCO~) species, there are different alterna- 
tives to regenerate the (NH3)3 Znn(OH-) active species. The first one, is the direct 
release of HCO~ to yield first the (NH3)3ZnII(HzO) complex, and then the 
(NH3)3Znn(OH -) complex through an intramolecular proton transfer to His64. 
The deprotonation is carried out first, through a two-water bridge [13] from 
EZn(HzO) to His64, and in a second step from this group to the buffer. As shown in 
a previous section (Tables 4 and 5) this process is unlikely due to the high energetic 
cost even in a surrounding medium of e = 78.36. Another possibility suggested first 
by Pullman [45b] and studied more recently by Merz et al. [18] with the AM1 
method, concerns the intramolecular proton transfer from water to HCO;- 
to yield the (NH3)3Znn(HzCO3)(OH-) species, where release of H2CO3 would be 
very easy. Any attempt made to optimize this complex has given negative results, 
as we have always obtained complexes weba or wabe. Kraus and Garmen [42] 
have found similar results. Therefore, one can conclude that complex 
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(NH3)3ZnlI(H2CO3)(OH - ) is not a true minimum on the potential energy hyper- 
surface, and thus is not a stable species. Besides, from an experimental point of 
view, H2CO3 has never been detected [41] during the CO2/HCO3 interconver- 
sion. Finally, another alternative suggested first by Liang and Lipscomb [40] deals 
with a previous deprotonation of water to give the (NH3)3ZnU(HCO3)(OH -) 
species before the release of HCO3. In this complex the posterior loss of the 
bicarbonate anion will be easier because Zn ~I complexes with two anions in the 
coordination sphere are quite unstable [75a, 78]. Further, release of HCO3 would 
directly furnish the (NH3)3Zn~I(OH -) catalytic active species. In this section all 
possible (NH3)3ZnII(HCO3) (OH-) complexes are analysed. 

Optimized geometries. All coordination possibilities about the zinc atom in com- 
plex (NH3)3ZnII(HCO3)(OH -)  have been studied. Only the pentacoordinate 
complex with both the hydroxyl and the bicarbonate anions occupying axial 
sites has been initially disregarded from the outcome of our previous study [75a] 
showing the unstability of the tbp d 1° ML5 complexes with two anions located 
in axial positions. Therefore, we have started optimizations from complex 
(NH3)aZnlI(HCO3)ax(OH-)eq (hereafter named heba for the positions of hydroxyl 
and bicarbonate anions in the coordination sphere), complex (NH3)3Zn II 
(HCO3)eq(OH- )ax (hereafter named habe), and complex (NH3)3Znn(HCO3)eq(OH-)eq 
(hereafter named hebe). It has been noticed that complexes heba and habe 
lose an ammonia ligand during the optimization process to yield the 
(NH3)2ZnII(HCO3)(OH-) tetrahedral complex, showing that the Zn II ion at the 
active site cannot accommodate two negative charges in its inner sphere [78] On 
the contrary, complex hebe, with hydroxyl and bicarbonate ligands occupying 
equatorial positions, is indeed a stable complex. The stability of this comlex can be 
easily interpreted from the Rossi and Hoffmann hypothesis [73] on the preferences 
of a-donors for equatorial sites in the tbp d 1° MLs complexes. 

Figure 6 shows the geometry of complex hebe, which has an almost regular tbp 
structure. The axial angle NaxZ'fiNax is 169.3 °, and the sum of the equatorial angles, 
of 102.7 ° ( N e q ~ l ) ,  135.5 ° (O1Z'ffO4), and 121.9 ° (O4Z'fi'N~q) is 360.1 °. The 
presence of the two anions in equatorial sites results in a large O~Z'fiD4 angle. The 
Zn-O1 and Zn-O4 bond lengths, together with their Mayer bond orders (0.399 
and 0.748, respectively), indicate that the hydroxyl anion binds more strongly to 
Zn I~ than bicarbonate does. This result has been already obtained experimentally 
by Kimura et al [33, 34] in a model for CA. 

Energetics. From an energetic point of view there are two features worth being 
remarked. First, as previously emphasized [75a, 78],Zn I~ pentacoordinate com- 
plexes with two anions in the coordination sphere are quite unstable, so formation 
of the (NH3)3ZnII(HCO3)(OH -) complex will facilitate the release of HCO3. 
Second, it is well known that binding of an anion originates an important increase 
in the deprotonation energies of the ligands in a complex [32-34, 75a, 79], so 
deprotonation of water in the (NH3)3ZnII(HCO3)(H2 O) complexes will be more 
difficult than in the (NH3)3ZnII(H20) species. In this section these two energetic 
aspects are analysed. 

The dissociation energies of HCO~ in complex hebe are 131.8, 114.4 and 
125.7 kcal/mol for basis sets I, II and III, respectively. A HCO3 dissociation energy 
of 105 kcal/mol for a pentacoordinate complex with hydroxyl anion has been 
reported by Kraus et al. [42]. However, this reported complex has the HCO3 in an 
axial site, which corresponds to an heba structure. Given that the axial ligands are 
less strongly bounded than the equatorial ones, this discrepancy is not surprising. 
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Fig. 6. Optimized structure of (NH3)3znn(HCO3)eq(OH_)eq complex 

Despite the HCO3 dissociation energy change for the different basis sets, this 
energy is always so big that this process will not take place in a medium of e = 1.00. 
The most important decrease in the HCO3 dissociation energy is due to the 
environment. The dissociation energy of HCO3 anion in complex hebe 
(131.8 kcal/mol in vacuum, e = 1.00) is reduced to 76.6 and 16.0 kcal/mol in 
surrounding media of e = 1.88, and e = 78.36, respectively. These values can be 
compared with those given in Table 5 for the (NH3)3Znn(HCO3)(H20) com- 
plexes. One can see that in the gas phase the energy required to extract HCO3 from 
complex hebe is 100.1 kcal/mol lower than from complex weba. Therefore, 
deprotonation of water facilitates the HCO3 release. This difference decreases 
with the increase of the dielectric constant. In particular, in a surrounding medium 
of e = 78.36 this discrepancy is only 14.5 kcal/mol. In this latter case, loss of 
the bicarbonate anion in complex hebe costs only 16.0 kcal/mol, which is closer to 
that expected from experimental data. 

In Tables 7 and 8 the deprotonation energies (DPE) for reaction (5) are 
presented for both three different basis sets and three different dielectric constants. 

(NH3)3 ZnH(HCO3 ) (H20) + n 2 0  ~ (NH3)3 ZnII(HCO3)(OH- ) + H30 + (5) 

Despite the change in the DPE in the gas phase with the basis sets, the deprotona- 
tion process of the tetracoordinate complex (reaction 6) has a minor energetic cost 
than the deprotonation of the pentacoordinate ones. However, when 

(NH3)3ZnU(H2 O) + HzO ~ (NH3)3ZnII(OH - )  + H3 O+ (6) 

a medium of e = 78.36 is considered, the DPE of the tetracoordinate complex, 
following reaction (6), is raised to 40.3 kcal/mol, and the DPE of the, for instance, 
complex weba decreases to 51.0 kcal/mol. In the gas phase, the difference between 
the DPE of the tetracoordinate complex and that of, for instance, complex weha, 
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Table 7. Water deprotonation energies (in kcal/mol) for 
pentacoordinate weba, wabe, and webe complexes, for three 
different basis sets 

Basis I Basis II Basis III 

weba 84.5 84.9 79.3 
wabe 84.2 84.3 83.3 
webe 80.3 77.7 86.0 

Table 8. Water deprotonation energies (in kcal/mol) for 
pentacoordinate weba, wabe, and webe complexes in the gas 
phase and in surrounding media of e = 1.88 and e = 78.36 

= 1.00 e = 1.88 ~ = 78.36 

weba 84.5 68.7 51.0 
wabe 84.2 68.6 51.0 
webe 80.3 65.3 49.2 

is greater than 80 kcal/mol. However, in a surrounding medium of ~ = 78.36, the 
difference in the DPEs decreases to merely 10.7 kcal/mol. Therefore, it can be 
concluded that, in a surrounding medium of large dielectric constant, presence of 
a bicarbonate anion in the coordination sphere does not change very much the 
deprotonation energy of water. 

It  is worth noting that  there are two factors which counteract. On the one 
hand, deprotonat ion of water facilitates the release of HCO3;  on the other hand, 
presence of HCO~- in the coordination sphere makes deprotonation of water 
difficult. The importance of both factors is reduced with the increase in the 
dielectric constant. Notwithstanding, our results suggest that prior to bicarbonate 
release, it might be a deprotonation of the coordinated water in order to generate 
the (NH3) 3 ZnU(HCO3 ) ( O H - )  species. Two recent theoretical studies have found 
a similar result using a model for the description of the active site of the CA close to 
the model used in this work 140, 42]. 

Conclusions 

In this paper  the existence of stable pentacoordinate complexes in the H C O ~ / H 2 0  
exchange process in the (NH3)3ZnH(HCO3) complex has been analysed. Three 
different pentacoordinate tbp complexes with water and bicarbonate ligands in the 
coordination sphere of Zn u have been found. The binding energies are over- 
estimated with small basis sets, like basis I. However, the water binding energy with 
large basis sets, like basis III ,  is still big enough to assure the existence of 
a pentacoordinate complex as webe. Therefore, the possibility that the mechanism 
of the H C O 3 / H 2 0  exchange in CA could go through a pentacoordinated complex 
is reinforced. This point needs to be clarified with new experimental studies. The 
path to obtain the pentacoordinated complexes is the migration of a water 
molecule from the solvation second-shell to the first-shell. Either pro-wabe and 
pro-weba complexes or wabe or weba species have essentially the same energy then, 
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the energetic cost for the dissociation of bicarbonate will be very similar in any 
case. In the pentacoordinated complexes (wabe, weba and webe), direct release of 
the HCO~- anion is energetically difficult, even when surrounding medium effects 
are taken into account. This has led to examine two other feasible mechanisms of 
H C O 3 / H 2 0  exchange. 

In the first mechanism, it has been concluded that complex (NH3)3Zn ~I 
(H2CO3) (OH-) ,  obtained by means of an intramolecular proton transfer from 
water to bicarbonate, is not a true minimum in the potential energy hypersurface. 
From these results and from experimental data, the possibility of release of H2CO3 
instead of release of H C O 3  has been rejected. 

The alternative of proton transfer before release of H C O 3  has been also 
pondered. It  has been found that complex (NH3)3Zn~I(HCO3)(OH-)  is Stable 
only when two anionic ligands occupy equatorial positions in the tbp. From an 
energetic point of view there are two factors which counterbalance: first, de- 
protonat ion of water facilitates the H C O 3  release; second, presence of H C O 3  
anion makes more difficult deprotonation of water. From these two factors that 
counteract, it emerges that the difficulty in the deprotonation of water is compen- 
sated by the ease of bicarbonate release. Our  results show that considering the 
effect of the surrounding medium is essential in order to get a realistic description 
of the process. The alternative process in which the O H -  anion binds to the 
(NHs)3Znn(HCOs)  has been disregarded due to the high energetic cost of the 
desolvation energy of an O H -  anion. 

Our  simplified model for the description of the active site and the proteinic 
environment in CA, and the limitations of the level of calculations do not allow us 
to obtain a definitive answer to the mechanism of H C O 3 / H 2 0  exchange in the 
CA. Nevertheless, the question of a previous or simultaneous deprotonation of the 
Zn-bounded water molecule with respect to the bicarbonate release must not be 
disregarded. 
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