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Abstract The approach of CO2 to a series of active site model complexes of human carbonic anhydrase II
(HCAII) and its catalytic hydration to bicarbonate anion have been investigated using semiempirical
MO theory (AM1). The results show that direct nucleophilic attack of zinc-bound hydroxide to the
substrate carbon occurs in each model system. Further rearrangement of the bicarbonate complex thus
formed via a rotation-like movement of the bicarbonate ligand can only be found in active site model
systems that include at least one additional water molecule. Further refinement of the model complex
by adding a methanol molecule to mimic Thr-199 makes this process almost activationless. The forma-
tion of the final bicarbonate complex by an internal (intramolecular) proton transfer is only possible in
the simplest of all model systems, namely {[Im3Zn(OH)]+·CO2}. The energy of activation for this
process, however, is 36.8 kcal·mol–1 and thus too high for enzymatic catalysis. Therefore, we conclude
that within the limitations of the model systems presented and the level of theory employed, the overall
mechanism for the formation of the bicarbonate complex comprises an initial direct nucleophilic attack
of zinc-bound hydroxide to carbon dioxide followed by a rotation-like rearrangement of the bicarbo-
nate ligand via a penta-coordinate Zn2+ transition state structure, including the participation of an extra
active site water molecule.
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Introduction

The human carbonic anhydrases (HCAs) are a family of at
least seven known genetically-distinct enzymes (HCAI -
HCAVII), whose essential physiological function is to cata-
lyse the hydration of CO2 and its reverse, the dehydration of
HCO3

– (equation 1). [1-3] The former (forward) reaction
dominates above pH 7, whereas the latter (backward) reac-
tion is favoured below pH 7. [1-3]

H2O  +  CO2 H+ + CO3
– (1)

HCAs, of which three isoenzymes have maximal turnover
numbers at 25oC of 105 (HCAI), 106 (HCAII), and 104

(HCAIII), comprise one of the most efficient groups of en-
zymes. [1,4] The nature of their active sites is highly con-
served among all active isoenzymes and is of great interest.
[1-3,5] The active site of HCAII has a catalytically required
Zn2+ ion bound at the bottom of a 15 Å deep solvent-exposed
cavity. The metal ion is coordinated in a slightly distorted
tetrahedral geometry by three N atoms of His-94, -96 and
-119 and by a water (pH<7) or a hydroxide (pH>7). [1-3,6]
Further key features of the active site cavity that appear to be
important in the enzymatic catalysis are hydrogen bonds be-
tween zinc-bound ligands and Thr-199, between Thr-199 and

Glu-106, and among a group of up to eight water molecules.
[1-3,6-8] This latter hydrogen bond network has been pro-
posed to operate as a proton shuttle towards the bulk solution
involving the neighbouring His-64. [1,8]

The most widely accepted catalytic mechanism for the
enzymatic activity of carbonic anhydrase, first proposed by
Davis and Coleman, [9] is generally considered to comprise
three distinct mechanistic steps. First, deprotonation of the
zinc-bound water yields the catalytically active zinc-hydroxo
species. His-64 and active site water molecules are thought
to act as a proton shuttle in order to release the proton to the
bulk solution. [1,8] Second, the hydration of CO2 leads to the
formation of a zinc-bicarbonate species. Two alternative
mechanisms have been proposed to explain the details of the
formation of the final bicarbonate complex (Scheme 1).
[2,3,10] In the first mechanism, following the direct nucle-
ophilic attack of zinc-bound hydroxide onto the carbon diox-
ide substrate, there is an internal proton transfer between two
oxygens of the bicarbonate ligand (the Lipscomb-mechanism),
[3,10] whereas the second mechanism proposes a rotation-
like movement of the bicarbonate ligand, yielding the de-
sired bicarbonate complex (the Lindskog-mechanism). [2] The
third step in the overall catalysis of HCAII involves the sub-
stitution of bicarbonate by water, which yields the starting
zinc-aqua species. The loss of bicarbonate is thought to be
mediated by active site water. [8]
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Scheme 1Two alternative
pathways for the formation of
the bicarbonate complex. In-
ternal proton transfer (a) ac-
cording to Lipscomb [3,10]
and rotation-like rearrange-
ment (b) proposed by
Lindskog [2]
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In this study, we focus on the second step of the catalytic
cycle, namely the formation of the bicarbonate complex and
hence the preferred binding mode of the bicarbonate ligand.
In doing so, we follow the work of Dewar et al., [8] which we
consider to be an important contribution to our understand-
ing of the mechanism of bicarbonate formation in HCAII-
catalysis. [1-3,8,10-18] First we focus on the reaction (i.e
approach of CO2 and subsequent rearrangement within the
coordination sphere of Zn2+) between the simplest model
complex [Zn(Im)3OH]+ (Im = Imidazole) and carbon diox-
ide. Second, in order to analyse the role of active site water
in the formation of the bicarbonate complex, we extend our
model by one additional water molecule. Further modifica-
tion of the active site model considers catalytically impor-
tant side chain models, such as methanol for Thr-199. The
effect of these additional residues in active site models on
the overall reaction mechanism will be discussed and differ-
ences in the energetic and structural details will be high-
lighted.

Methodology

Active site model systems

In order to be able to define the roles of active site water and
side chains exactly, we started with the smallest possible
model that mimics the HCAII active site realistically. This
model uses imidazoles instead of the histidine ligands. It has

been shown elsewhere [8,19,20] that this simplification is
justified. In addition the RMSD value of 1.09 Å obtained by
superimposing the AM1-optimised geometry of the [Im3Zn]2+

model complex on the corresponding structure taken from
the X-ray structure of HCAII (Scheme 2) [21] further sup-
ports the use of this complex as active site model for HCAII.

Therefore, all active site models consist at least of an
[Im3ZnOH]+-core fragment, which binds the CO2 substrate.
Further, modified model systems include active site water
and a methanol to mimic the influence of the Thr-199 side
chain. The active site models studied are thus:
{[Im 3ZnOH]·CO2}

+, {[Im 3ZnOH]·H2O·CO2}
+, and

{[Im 3ZnOH]·H2O·CH3OH·CO2}
+.

Computational details

AM1 [22] calculations were performed on SGI Indigo2
workstations and on a SGI Power Challenge using the semi-
empirical program package VAMP 7.0. [23] All calculations
used the standard AM1 parameters for C, H, O, N, [22] and
Zn. [24] Optimisations of minima were performed using the
default EF algorithm, [25] whereas transition state
optimisations either used Powell’s NS01A [26] or non-linear
least squares (NLLSQ) methods. [27] Suitable starting ge-
ometries for transition state optimisations were obtained by
one- or two-dimensional searches with fixed geometrical
parameters using the reaction coordinate method with ap-
propriate geometrical variables as reaction coordinates. [28]
All stationary points found were characterised by diagonali-
sation of the AM1-calculated force-constant matrix and ad-
ditionally verified by intrinsic reaction coordinate calcula-
tions (IRC). [29] All geometries were optimised fully with
no symmetry constraints (i.e. in C1 symmetry).

Results and discussion

In general, we will indicate the distance between CO2 and
the active site model by means of two structural parameters,
denoted r(CO...Zn) and r(C...OZn) (Table 1). The first repre-
sents the shortest distance between CO2 oxygen and Zn2+ and
thus indicates whether or not CO2 is prone to coordinate di-
rectly to the metal centre of the active site model complexes.
The second measures the distance between CO2 carbon and
zinc-bound hydroxide oxygen and therefore the overall
progress of the CO2 approach to the active site model com-
plex. Transition state structures shown in Figures 1-3 are ab-
breviated according to the number of the structure of their
respective reactant complex and the abbreviation “TS”. Vid-
eos 1-3 are animations of each reaction sequence shown in
Figures 1-3, respectively. The individual structures for these
videos were taken directly from the IRC calculations per-
formed in order to verify that the reactant and product com-
plexes are indeed connected by the proposed transition state
structures. [30]

Scheme 2Optimised active site model [Im3Zn]2+ (CPK col-
ours) and active site taken from X-ray structure (red,
Brookhaven Database ID: 12CA). The RMSD value with re-
spect to the heavy atoms is 1.09 Å
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Table 1 Selected structural parameters r(CO...Zn) and
r(C...OZn) given in [Å]. For a description of these bond dis-
tances refer to the text. Heats of formation ∆Hf in [kcal·mol-1]
obtained using the AM1-hamiltonian

Structure r(CO ...Zn) r(C ...OZn) ∆∆∆∆∆Hf

CO2 – – -79.9
H2O – – -59.3
CH3OH – – -57.1
1 – – 242.2
2 4.21 2.37 161.2
2TS 3.66 1.80 165.4
3 3.63, 3.92 1.49 161.5
3TS 3.62, 3.92 1.39 198.3
4 4.44 2.43 160.2
4TS 3.89, 4.00 1.79 164.9
5 3.18 1.30 140.3
5TS 3.25 1.30 147.1
6 3.28 1.29 140.2
7 4.39 2.39 93.0
7TS 3.81 1.86 96.3
8 3.36 1.45 89.0
8TS 2.94 1.44 89.4
8TS2 3.82, 3.78 1.31 110.3
9 2.10 1.38 77.9
9TS 2.11 1.37 78.1
10 2.11 1.36 75.6
11 4.39 2.34 31.1
11TS 3.81 1.83 34.3
12 3.30 1.46 28.1
12TS 3.15 1.45 28.2
13 2.11 1.38 15.9

The {[Im3ZnOH]+·CO2} active site model complex

Approach of CO2 Optimised geometries and relative ener-
gies, selected structural data and calculated heats of forma-
tion of the complexes used for modelling the approach of the
CO2 substrate to the active site model complex 1 are shown
in Figure 1 and Table 1, respectively. The optimised geom-
etry of reactant 1, which is perfectly in accord with analo-
gous structures reported by others, [8,12,13] shows Zn-N bond
lengths of 2.1 Å and a Zn-O distance of 1.97 Å. In general,
two alternative energetically almost equivalent pathways were
found for the reaction between CO2 and 1. In the first mecha-
nism (Figure 1a) the initial van der Waals-complex 2 has CO2
loosely bound to 1 by two hydrogen bonds between one car-
bon dioxide oxygen and two imidazole hydrogens. The gain
in energy on going from 1 to 2 is 1.1 kcal·mol–1. For van der
Waals-complex 2, the r(CO...Zn) and r(C...OZn) bond distances
were calculated to be 4.21 Å and 2.37 Å, respectively. Fur-
ther approach of the CO2 substrate leads to the transition state
structure 2TS, which is 4.2 kcal·mol–1 higher in energy than
2. The r(CO...Zn) and r(C...OZn) distances are shortened to

3.66 Å and 1.80 Å, respectively, indicating that CO2 does not
penetrate the first coordination sphere of Zn2+ on nucleophilic
attack by the hydroxide oxygen, as also found for CPA and
LADH. [20] Passing through the transition state structure 2TS
yields the precursor bicarbonate complex 3, which is 3.9
kcal·mol–1 lower in energy than the preceding transition state
structure. Interestingly, the CO2 rearranges slightly in order
to make two hydrogen bonds, each of them now being be-
tween one carbon dioxide oxygen and one imidazole hydro-
gen. The carbon dioxide oxygens are still too far away from
the zinc centre for direct coordination. This is indicated by
r(CO...Zn) values of 3.63 Å and 3.92 Å, respectively. The
(C...OZn) contact, calculated to be 1.49 Å is, however, sur-
prisingly short but in line with the results reported ear-
lier.[8,20]

Further search for suitable mechanisms for the reaction of
CO2 with 1 yielded an alternative pathway (Figure 1b), which
differs from the first in its CO2 orientation on approaching 1.
The van der Waals complex 4 thus formed shows only one
hydrogen bond between a CO2 oxygen and imidazole hydro-
gen. The gain in energy for this step is 2.1 kcal mol–1, mak-
ing complex 4 more stable than 2 by 1.0 kcal·mol–1 despite
the fact that only one hydrogen bond is formed. This, how-
ever, implies that the repulsive interaction of one imidazole
hydrogen and the zinc-bound hydroxide hydrogen in struc-
ture 2 cannot be compensated completely by two hydrogen
bonds. Thus, only one hydrogen bond between the CO2 oxy-
gen and an imidazole hydrogen is formed with the zinc-bound
hydroxide hydrogen now located between two hydrogens of
two imidazole ligands. The r(CO...Zn) distance is 4.44 Å,
whereas r(C...OZn) is 2.43 Å. Further approach of CO2 leads
to transition state 4TS, in which the CO2 is reoriented. Now
two hydrogen bonds (between each CO2 oxygen and one
imidazole) are formed. The distances of the two CO2 oxygens
are 3.89 Å and 4.00 Å, indicating that there is no tendency
for direct CO2 coordination to Zn2+. The r(C...OZn) bond
length is shortened to 1.79 Å in this transition state. The en-
ergy of activation on going from 4 to 3 is +4.7 kcal·mol–1 and
thus only 0.5 kcal·mol–1 higher than for the analogous step
shown in Figure 1a. The overall reaction energy for the for-
mation of 3 according to Figure 1b was calculated to be 1.3
kcal·mol–1 and is thus more endothermic by 1.0 kcal·mol–1

than the alternative reaction shown in Figure 1a. Again, the
precursor bicarbonate complex 3 is found on following the
reaction coordinate further. IRC calculations show that 3 is
indeed the common product yielded by transition states 2TS
and 4TS.

Binding Mode of HCO3
– In principle, starting from the pre-

cursor bicarbonate complex 3, two mechanisms, those pro-
posed by Lipscomb (internal proton transfer) [3,10] and
Lindskog (bicarbonate rotation), [2] have been suggested for
the formation of the final bicarbonate complex. In the final
catalytic step of HCAII, the bicarbonate complex undergoes
substitution by water in order to release the HCO3

–ligand. In
the first mechanism, bicarbonate acts as a monodentate lig-
and and the internal proton transfer occurs without a change
in the coordination number of Zn2+. This mechanism could
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be reproduced within our simplified model system. Figure 2
and Table 1 summarise the resulting energetic and structural
details for a Lipscomb-like mechanism. The transition state
3TS for internal proton transfer is 36.8 kcal·mol–1 higher in
energy than the preceding complex 3. Both r(CO...Zn) bond
lengths of 3TS are equal to the equivalent distances in 3,

implying that the proton transfer does not affect the coordi-
nation geometry of Zn2+ and thus ruling out any tendency of
CO2 to act as a bidentate ligand in this model system. The
total energy of activation is used solely for the transfer of the
proton from the zinc bound HCO3

– oxygen to the carbon
bound HCO3

– oxygen. Passing this transition state along the

+
-1.1 -2.1 

-3.4 

+4.7+4.2

-3.9

1

4
2

4TS2TS

3

(a) (b)

Figure 1 Approach of CO2 to the active site model complex
[Im3ZnOH]+. Relative energies are given in [kcal·mol-1]. For
selected structural data and heats of formation see Table 1.

Two possible reaction paths are shown: CO2 initially having
two (a) or one (b) hydrogen bonds to imidazole hydrogens
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reaction coordinate yields complex 5, which is more stable
than the preceding transition state by 58.0 kcal·mol–1. Fur-
ther rotation around the C–O bond of the bicarbonate ligand
first leads to transition state 5TS and finally to the most sta-
ble isomer of the bicarbonate complex 6. The energy of acti-
vation for this “isomerisation” was calculated to be 6.8
kcal·mol–1, with a reaction energy of –0.1 kcal·mol–1. Al-
though the overall mechanism seems reasonable from a theo-
retical point of view, the calculated energy of activation for
the internal proton transfer is too high for an enzymatic reac-
tion. In spite of the results reported elsewhere [8], no evi-
dence for a transition state structure simulating the second,
Lindskog-like mechanism, characterised by a five-fold coor-
dinated Zn2+ centre in the transition state structure, could be
found. Although transition state optimisations aimed at such
a structure initially tended to yield a five-fold coordinated
Zn2+ complex, they invariably led to complexes of type 3 and
5. This behaviour is even more pronounced when tight con-
vergence criteria for energies and gradients are used. There-
fore, we conclude that within this model system and the limi-
tations of the level of theory used, the existence of a Lindskog-
like transition state structure seems unlikely and that this

active site model complex is not sophisticated enough to yield
reasonable energies of activation for the final bicarbonate
complex, which is formed via an internal proton transfer. The
complete reaction sequence - Figure 1a followed by the in-
ternal proton-transfer in Figure 2 - is animated in Video 1.

The {[Im3ZnOH]+·H2O·CO2} active site model complex

The shortcomings of the model system {[Im3ZnOH]+·CO2}
show the necessity of further improvements of the active site
model. It was therefore extended by an additional so-called
“deep” water molecule. The effect on the overall mechanism,
i.e. on the approach of CO2 to the active site and the forma-
tion of the final bicarbonate complex is shown in Figure 3.
Selected structural parameters and heats of formation are
summarised in Table1. As in the first model system, there is
no evidence for direct coordination of CO2 to Zn2+. The in-
teraction of 1 with CO2 and H2O yields the van der Waals-
complex 7, which shows a well established hydrogen bond
pattern between the three reactants. Comparison with the
analogous steps in the first model system (Figure 1) reveals

+36.8

-58.0 

+6.8-6.9

3 3TS

55TS6

Figure 2 Internal proton-transfer calculated using AM1 and tight convergence criteria for energies and gradients. Relative
energies are given in [kcal·mol–1] and selected structural parameters and heats of formation are summarised in Table 1
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that the formation of 7 is more exothermic by 11.3 kcal·mol-1

than for 2, and 10.3 kcal·mol–1 compared to 4. Further ap-
proach of CO2 to the active site leads to the formation of
transition state structure 7TS, which gives the precursor bi-
carbonate complex 8. The energy of activation was calcu-
lated to be 3.3 kcal·mol–1 and is thus almost 1 kcal·mol–1

lower than for the equivalent reaction in the absence of a
water molecule (first model system). The reaction energy for
the formation of 8 is –4.0 kcal·mol–1. The calculated r(CO...Zn)
distance of 7TS is 3.81 Å, whereas it is 3.36 Å in 8, indicat-
ing that no direct coordination of CO2 oxygen to Zn2+ oc-
curs. The next step in the reaction sequence involves the re-

arrangement of the bicarbonate ligand, which was found to
occur by a rotation-like movement of HCO3

–, rather than an
internal proton-transfer. The energy of activation to reach tran-
sition state structure 8TS is only 0.4 kcal·mol–1. The r(CO...Zn)
distance, which indicates whether coordination of CO2 oxy-
gen to Zn2+ occurs, is 2.94 Å, so that rotation of the bicarbo-
nate ligand via a five-fold coordinated Zn2+-ion can occur in
principle. This is due to the active site water molecule, which
mediates and thus facilitates the rotation of the HCO3

– lig-
and by means of hydrogen bonds. Vibrational analysis of 8TS
gives one imaginary mode showing the movement of a CO2
oxygen to the metal centre. Passing this transition state fur-

+ +

+3.3 

-7.3

-12.4

+0.4

-2.5 

1 7

7TS88TS

+0.2 

9 9TS 10

-11.6

Figure 3 Formation of the bicarbonate complex via a five-fold transition state structure. Relative energies are given in
[kcal·mol–1]. Selected structural parameters and the heats of formation obtained for each complex are listed in Table 1
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ther along the reaction path leads to the first bicarbonate com-
plex 9, in which most of the hydrogen bond pattern is lost.
However, this reaction step is still exothermic with a gain in
energy of 11.6 kcal·mol–1. The former r(CO...Zn) distance is
now shortened to 2.10 Å, indicating a true chemical bond
between a CO2 oxygen and Zn2+. Further rearrangement of
the HCO3

– ligand via transition state 9TS yields the second,
final bicarbonate complex 10, which again shows hydrogen
bonds between two imidazole hydrogens and one bicarbo-
nate oxygen. The energy of activation for forming these hy-

drogen bonds is once more only 0.2 kcal·mol–1, whereas the
reaction energy on going from 9 to 10 is -2.3 kcal·mol–1.
Therefore the overall mechanism shown in Figure 3 repre-
sents a Lindskog-like formation of the bicarbonate complex
with the highest energy barrier of 3.3 kcal·mol–1 for the for-
mation of a precursor bicarbonate complex. The activation
energy for the rotation-like rearrangement of the bicarbonate
ligand mediated by “deep” water is only 0.4 kcal·mol–1, so
that this process is almost activationless. Thus, the addition
of just one water molecule to the first active site model com-

+ + +
-14.7

-6.2

-12.3

1 11

11TS

+3.0

+0.1

12TS 12

13

Figure 4 Formation of bicarbonate via rotation-like movement of the HCO3
- ligand. For selected structural data and heats

of formation see Table 1. An additional methanol molecule is used in order to mimic the influence of the Thr-199 side chain
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plex leads to a model system that from an energetic and struc-
tural point of view mimics enzymatic catalysis of HCAII rea-
sonably. Note, however, that the mobility of the water mol-
ecule in the real active centre is reduced significantly due to
a network of hydrogen bonds, and therefore its role as ”me-
diator” for such a rotation-like movement of the bicarbonate
ligand might be questionable. In order to estimate the mobil-
ity of the water molecule during this rearrangement an ani-
mation of the complete reaction sequence shown in Figure 3
is given in Video 2. From this, one can see that the position
of the water molecule is not influenced significantly during
the rotation-like movement and thus this ”deep” water mol-
ecule should indeed be able to mediate this reaction and - at
the same time – maintain a hydrogen bond network.

In order to simulate a Lipscomb-like mechanism within
this model system, a suitable transition state structure must
involve the active site water molecule acting as a proton shuttle
between the zinc-bound oxygen (H-donor) and “free” HCO3

–

oxygen (H-acceptor). However, a geometry for such a transi-
tion state that meets all the requirements mentioned above
could not be found. Instead, our energy surface scans for an
appropriate internal proton transfer invariably led to the tran-
sition state 8TS2.

Although an H3O
+ ion acts as a proton shuttle in this struc-

ture, it does not transfer the proton between zinc bound and
the “free” HCO3

– oxygens but rather between two “free”
oxygens. Therefore, 8TS2 is not a model for the conversion
of reactant 8 into product 9 by means of an internal proton
transfer. However, 8TS2 allows us to estimate the energy
barrier for an internal proton transfer within this model sys-
tem. The calculated heat of formation (Table 1) for transition
state 8TS2 is 110.3 kcal·mol–1, 20.9 kcal·mol–1 higher then
that for the alternative transition state 8TS, supporting a
Lindskog-like mechanism. Comparison with the energy bar-
rier of 0.4 kcal·mol–1 for the rotation-like movement of the
bicarbonate ligand, makes a Lipscomb–like mechanism un-
likely.

The {[Im3ZnOH]+·H2O·CH3OH·CO2} active site model
complex

In order to enhance the model system for HCAII further, a
model for the mechanistically important Thr-199 side chain
was added to the {[Im3ZnOH]+·H2O·CO2} active site model
complex in the form of a methanol molecule. Figure 4 sum-
marises the structures obtained for the interaction between
water, carbon dioxide, methanol and 1. The formation of van
der Waals–complex 11 leads to a gain in energy of –14.7
kcal·mol–1 and is therefore more exothermic than the second
model system (Figure 3) by 2.3 kcal·mol–1. This is due to a
more extensive hydrogen bond pattern, which now also in-
volves a hydrogen bond between an imidazole hydrogen and
methanol. The r(CO...Zn) distance was calculated to be 4.39
Å, whereas r(C...OZn) is 2.34 Å. Further approach of CO2 to
the active site complex {[Im3ZnOH]+·H2O·CH3OH}, yields
the transition state structure 11TS and finally results in the
formation of the precursor bicarbonate complex 12. The en-
ergy of activation on going from 11 to 12 was calculated to
be 3.0 kcal mol–1, whereas the total reaction energy is –3.2
kcal·mol–1. Compared to the analogous reaction from 7 to 8,
this reaction has a lower barrier by 0.3 kcal·mol–1, but is more
endothermic by 0.8 kcal·mol–1. The r(CO...Zn) and r(C...OZn)
distances in transition state 11TS were calculated to be 3.81
Å and 1.83 Å, respectively, thus showing again that there is
no tendency for direct CO2 coordination to the Zn2+ during
nucleophilic attack of zinc bound hydroxide on the CO2 car-
bon. Further rearrangement of the HCO3

– ligand via a
Lindskog-like mechanism results in the formation of transi-
tion state 12TS, which is higher in energy than its precursor
bicarbonate complex 12 by only 0.1 kcal·mol–1. Although,
this small energy barrier is well beyond the accuracy of AM1,
it is the only transition state structure found for the forma-
tion of the final, energetically most stable bicarbonate com-
plex 13. Again, no evidence for an internal proton transfer
was found and attempts to localise an analogue to 8TS2, which
would at least allow the estimation of the energy of activa-
tion for such a process, invariably lead to 12 or 13. The over-
all reaction energy on going from 12 to 13 is calculated to be
–12.3 kcal·mol–1, making this the most exothermic bicarbo-
nate formation reaction found for all three model systems.
Therefore, we conclude that this model system is most rea-
sonable for simulating enzymatic catalysis of HCAII, and
that the overall mechanism for the formation of the bicarbo-
nate ion is best described as an initial nucleophilic attack of
CO2 by zinc bound hydroxide, followed by a Lindskog-like
rearrangement of the bicarbonate ligand.

Conclusions

Semiempirical AM1 calculations applied to selected active
site model systems for HCAII and their reaction with the
substrate CO2 show a strong dependence of the preferred
mechanism for the formation of a bicarbonate complex on
the size of the model used. On going from the
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{[Im 3ZnOH]+·CO2} active site model to the more sophisti-
cated model systems {[Im3ZnOH]+·H2O·CO2} and
{[Im 3ZnOH]+·H2O·CO2·CH3OH}, in which additional “deep”
water and Thr-199 side chain are considered, the change from
the Lipscomb-like mechanism (internal proton transfer) to-
wards a Lindskog-like (rotation-like) formation of the final
bicarbonate complex is observed. Beside the structural al-
terations shown by means of the selected structural param-
eters r(CO...Zn) and r(C...OZn), increasing the size of the model
gives a decrease in the calculated energy of activation. The
highest energy barrier for the overall internal proton transfer
mechanism is 36.8 kcal·mol–1, whereas an almost activation-
less mechanism was found for the rotation-like rearrange-
ment of the HCO3

– ligand. Although the model systems un-
der investigation differ in their mechanistic details for the
bicarbonate formation, they all agree in that the direct coor-
dination of CO2 oxygen to Zn2+ does not occur in the initial
reaction step. Thus, we conclude that within these model sys-
tems and the level of theory applied, a nucleophilic attack of
zinc bound hydroxide on CO2 carbon followed by a Lindskog-
like formation of the bicarbonate complex are preferred.

We are aware of the fact that the level of theory leads to
limitations in the prediction of the reaction mechanism of
HCAII and that neglecting a large part of the enzyme might
effect the obtained results. Thus, our further investigations of
this enzyme catalysis will involve density functional theo-
retical approaches based on the structures presented in this
paper and more complete active site models. However, the
calculated modes of action of HCAII, CPA [20a] and LADH
[20b] present a consistent picture of a general base-type
mechanism in monozinc enzymes, so that we do not expect
any surprises from further studies. Binuclear zinc and zinc/
calcium enzymes, [31] however, present an interesting ex-
tension of the type of studies presented here and may reveal
new mechanistic features. More extensive calculations in-
cluding solvent effects (SCRF and molecular dynamics) will
be used to investigate the overall stability, especially of the
proposed van der Waals complexes.
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Supplementary Material available statementThe reactions
shown in the various Figures are animated as Autodesk
Animations (*.flc) [30]. The Animation files are: Video1.flc,
which involves the reactions shown in Figures 1a and 2.
Video2.flc, which is an animation of the reaction shown in
Figure 3. Video3.flc is an animation of the reaction shown in
Figure 4.
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