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Abstract The appoach of CQto a series of aivie site model compkes of human carbonic bydrase I
(HCAII) and its catalytic hydition to bicarbonate anionabe been rivestigated using semiempirical
MO theoy (AM1). The results sbw that directnucleophilic attack of zinc-bound hydroxide to the
substete carbon ocas in e@h model system. Further rearrangement of the bicarbonate eothps
formed via arotation-like novement of the bicarbonate ligand canyobe found in adte site model
systems that include at least one additionagiewmolecule. Frtherrefinement of the model complex
by adding a methanol molecule to mafiihr-199 mé&es this process almost ietionless Theforma-
tion of thefinal bicarbonate comet by an internal (imamolecular) proton transfer is only possible in
the simplest of all model systems, namely {{In(OH)]*-CQ,}. The enegy of actvation for this
process, bwever, is 36.8 kcal-mat and thus too high for enzymatic catalydikerefoe, we conclude
that within the limitations of the model systems presented anevéleof theory employedhe overall
mechanismfor the formation of the bicarbonate comptomprises an initial direct oleophilic attak

of zinc-bound hydmxide to carbon dixide followed by a rotation-like rearrangement of the bicarbo-
nate ligawml via a penta-coordinate Zhtransition state structerincluding the peicipation of anextra
acive site vater molecule.
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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
The human carbonic anhydrases (HCAs) are a family Ofirﬁolving the neighbouring His-64. [1,8]

least seven known genetically-distinct enzymes (HCAI - The most widely accepted catalytic mechanism for the

HCAVII), whosg essential ph'yS|oIog|caI function is to' cat%nzymatic activity of carbonic anhydrase, first proposed by

lyse the hydration of C{and its reverse, the dehydration ofyayis and Coleman, [9] is generally considered to comprise
HCO;™ (equation 1). [1-3] The foner (forward) reaction three distinct mechanistic steps. First, deprotonation of the
dominates above pH 7, whereas the latter (backward) regage-hound water yields the catalytically active zinc-hydroxo

Introduction

tion is favoured below pH 7. [1-3] species. His-64 and active site water molecules are thought
to act as a proton shuttle in order to release the proton to the
H,O + CO H* + COy (1) bulk solution. [1,8] Second, the hydration of {J€ads to the

formation of a zinc-bicarbonatgpecies. Twalternative

HCAs. of which three isoenzvmes have maximal turn Vmechanisms have been proposed to explain the details of the
b, 10 (H A?/I esosa € maxima UGO fdrmation of the final bicarbonate complex (Scheme 1).
numbers at 2% o (HCAI), 1 (H(.:A”)' and 1 2,3,10] In the first mechanism, following the direct nucle-
(HCAIIT), comprise one of th? most eff|.C|en.t groups of e yphilic attack of zinc-bound hydroxide onto the carbon diox-
zymes. [1,4] The nature gheir active sites is highly €ON"i4e substrate, there is an internal proton transfer between two

served among all active isoenzymes and is of great inter S : : : -
. ) X . gens of the bicarbonate ligand (the Lipscomb-mechanism),
[1-3,5] The active site of HCAII has a catalytically require 0] whereas the second mechanism proposes a rotation-

anf ion bound at the b.ottom of'a 15 A.deep §0Ivent-_expo movement of the bicarbonate ligand, yielding the de-
cavity. The metal ion is coordinated in a slightly distort red bicarbonate complex (the Lindskog-mechanism). [2] The

tetrahedral geometry by three N atoms of His-94, -96 d step in the overall catalysis of HCAII involves the sub-

-119 and by a water (pH<7) or a hydroxide (pH>7). [1-3, %}i;t;gtion of bicarbonate by water, which yields the starting

Further ke_y features of th'e active sjte cavity that appear t -agua species. The loss of bicarbonate is thought to be
important in the enzymatic catalysis are hydrogen bonds ~diated by active site water. [8]

tween zinc-bound ligands and Thr-199, between Thr-199 an

Scheme 1Two alternative o)
pathways for the formation of /
the bicarbonate complex. In- H C
ternal proton transfer (a) ac- \O/ \O
cording to Lipscomb [3,10] |

and rotation-like rearrange- 2+
ment (b) proposed by - Zn
Lindskog [2] dis 4 his
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In this study, we focus on the second step of the catalyien shown elsewhere [8,19,20] that this simplification is
cycle, namely the formation of the bicarbonate complex ajudtified. In addition the RMSD value of 1.09 A obtained by
hence the preferred binding mode of the bicarbonate ligasdperimposing the AM1-optimised geometry of the,Anj?*

In doing so, we follow the work of Dewar et al., [8] which wenodel complex on the corresponding structure taken from
consider to be an important contribution to our understaritde X-ray structure of HCAIl (Scheme 2) [21] further sup-
ing of the mechanism of bicarbonate formation in HCAIports the use of this complex as active site model for HCAII.
catalysis. [1-3,8,10-18] First we focus on the reaction (i.e Therefore, all active site models consist at least of an
approach of CQand subsequent rearrangement within ttien ,ZnOHJ*-core fragment, which binds the C@ubstrate.
coordination sphere of 2) between the simplest modeFurther, modified model systems include active site water
complex [Zn(ImYOH]* (Im = Imidazole) and carbon diox-and a methanol to mimic the influence of the Thr-199 side
ide. Second, in order to analyse the role of active site wathain. Theactive site models studied are thus:

in the formation of the bicarbonate complex, we extend d{fim ,ZnOH]-CQO,}*, {[Im ;ZnOH]-H,0-CO,}*, and

model by one additional water molecule. Further modificgim ,ZnOH]-H,0-CH,0H-CO,} *.

tion of the active site model considers catalytically impor-

tant side chain models, such as methanol forIB8r The

effect of these additional residues in active site models @omputational details

the overall reaction mechanism will be discussed and differ-

ences in the energetic and structural details will be highM1 [22] calculations were performed on SGI Indigo2
lighted. 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 NSO1A [26] or non-linear
least squares (NLLSQ) methods. [27] Suitable starting ge-
ometries for transition state optimisations were obtained by

In order to be able to define the roles of active site water a%%e' or two-dimensional searches with fixed geometrical

. ) - parameters using the reaction coordinate method with ap-
T e e 2023 ot eometrcal vrabes a reaction cooranats. (20
model uses imidazoles instead of the histidine ligands. It ha{l%statlonary points found were characterised by _dlagonall-

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 ymmetry).

Methodology

Active site model systems

Results and discussion

In general, we will indicate the distance between, @ad

the active site model by means of two structural parameters,
denoted r(C©Zn) and r(C0OZn) (Tabe 1). The first repre-
sents the shortest distance between @@gen and Zf and

thus indicates whether or not €@ prone to coordinate di-
rectly to the metal centre of the active site model complexes.
The second measures the distance betweenc@®on and
zinc-bound hydroxide oxygen and therefore the overall
progress of the CQOapproach 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 abbtewid 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-

- . . - )
Scheme 20ptlmlsed_actlve site model [&n]>* (CPK col lexes are indeed connected by the proposed transition state
ours) and active site taken from X-ray structure (re tructures. [30]

Brookhaven Database ID: 12CA). The RMSD value with re-
spect to the heavy atoms is 1.09 A
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Table 1 Selected structural parameters r(€@n) and 3.66 A and 1.80 A, respectively, indicating that @@es not
r(C-0zn) given in [A]. For a description of these bond digenetrate the first coordination sphere o¥Zm nucleophilic
tances refer to the text. Heats of formatith in [kcal-mot!]  attack by the hydroxide oxygen, as also found for CPA and

obtained using the AM1-hamiltonian LADH. [20] Passing through the transition state struc2di®
yields the precursor bicarbonate comple®, which is 3.9
S ) ; "
Structure  r(CO-Zn) r(C-OZn) AH, kcal-mot! lower in energy than the preceding transition state

structure. Interestingly, the C@earranges slightly in order
to make two hydrogen bonds, each of them now being be-

CG, - - -79.9 tween one carbon dioxide oxygen and one imidazole hydro-
H,O - - -59.3 gen. The carbon dioxide oxygens are still too far away from
CH,OH - - -57.1 the zinc centre for direct coordiian. This is indicated by

1 - - 242.2 r(CO-Zn) values of 3.63 A and 3.92 A, respectively. The
2 4.21 2.37 161.2 (C-0zn) contact, calculated to be 1.49 A is, however, sur-
2TS 3.66 1.80 165.4 prisingly short but in line with the results reported ear-
3 3.63, 3.92 1.49 161.5 lier.[8,20]

3TS 3.62, 3.92 1.39 198.3 Further search for suitable mechanisms for the reaction of
4 4.44 2.43 160.2 CO, with 1 yielded an alternative pathway (Figure 1b), which
4TS 3.89, 4.00 1.79 164.9 differs from the first in its CQorientation on approachirig

5 3.18 1.30 140.3 The van der Waals complekthus formedshows only one
5TS 3.25 1.30 147.1 hydrogen bond between a Cxygen and imidazole hydro-

6 3.28 1.29 140.2 gen. The gin in energy for this step is 2.1 kcal mpmak-

7 4.39 2.39 93.0 ing complex4 more stable tha2 by 1.0 kcal-mot despite
7TS 3.81 1.86 96.3 the fact that only one hydrogen bond is formed. This, how-
8 3.36 1.45 89.0 ever, implies that the repulsive interaction of one imidazole
8TS 2.94 1.44 89.4 hydrogen and the zinc-bound hydroxide hydrogen in struc-
8TS2 3.82, 3.78 131 1103 ture 2 cannot be compensated completely by two hydrogen
9 2.10 1.38 77.9 bonds. Thus, only one hydrogen bond between thed2®

9TS 211 1.37 78.1 gen and an imidazole hydrogen is formed with the zinc-bound
10 211 1.36 75.6 hydroxide hydrogen now located between two hydrogens of
11 4.39 2.34 311 two imidazole liginds. Ther(CO-Zn) distance is 4.44 A,
117s 3.81 1.83 34.3 whereas r(€0Zn) is 2.43 A. Further approach of Cleads

12 3.30 1.46 28.1 to transition statéTS, in which the CQis reoriented. Now
127S 3.15 1.45 28.2 two hydrogen bonds (between each ,GBygen and one

13 211 1.38 15.9 imidazole) are formed. The distances of the two, 6ygens

are 3.89 A and 4.00 A, indicating that there is no tendency
for direct CQ coordination to Z#f. The r(C-OZn) bond
length is shortened to 1.79 A in this transition state. The en-
ergy of activation on going frodto 3 is +4.7 kcal-mot and
Fhus only 0.5 kcal-mol higher than for the analogous step
ﬁ{}gwn in Figure 1a. The owdl reaction energy for the for-
é\tion of3 according to Figure 1b was calculated to be 1.3
cal-mot! and is thus more endothermic by 1.0 kcal-tol
than the alternative reaction shown in Figliee Again, the

The {[ImZnOHJ*-CQ} active site model complex

Approach of CO, Optimised geometries and relative ene
gies, selected structural data and calculated heats of for
tion of the complexes used for modelling the approach of
CO, substrate to the active site model comdlexe shown

in Figure 1 and Table lgspectively. The optimised geom_precursorbicarbonate compleg is found on following the

f hich i fectly i ith I : . . ;
ggzsostrf;(t:}?ens%er)vorlfed Ey%%r]gg 3[/8”12615;%(}),;2 %antN Egﬁc? reaction coordinate furthelRC calculations show tha is

lengths of 2.1 A and a Zn-O distance of 1.97 A. In generg\ddej_?éhe common product yielded by transition stifes
two alternative energetically almost equivalent pathways W@r'é '

found for the reaction between Cé@nd1l. In the first mecha- Binding Mode of HCO,~ In principle, starting from thre-

nism (Figure 1a) the initial van der Waals-com@®éas C . .
Ioosel(y k?ound t()i by two hydrogen bonds betvFvﬂeen ongca?_ursor bicarbonate compleg, two mechanisms, those pro-

S L . posed by Lipscomb (internal proton transfer) [3,10] and
ibnognolelfgx;d:no;(c))/i%znfr%rrlg ttc\)/vg ilsmlldf zkgﬁ.m/g:o I?orT \?aengdaér: Lindskog (bicarbonate rotation), [2] have been suggested for
Waals-comple®, the r(COZn) and H(GOZn) bbnd distances the formation of the final bicarbonate complex. In the final
were calculated to be 4.21 A and 2.37 A, respectively. Fﬁﬁgﬁﬁizf%)?fmg;ﬂlﬁ g:glet;l(t:grrbecl)ggi E[:r?gplex t;rédelz:]goes
ther approach of the CQubstrate leads to the transition sta%’e first mechanism. bicarbonate acts as a mléﬁoghno deﬁtate lia-
structure2TS, which is 4.2 kcal-mot higher in energy than ' 9

2. The r(COZn) and r(GOZn) distances are shortened tgnd and the internal proton transfer occurs without a change
' in the coordination number of Zn This mechanism could
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Figure 1 Approach of CQto the active site model complexXiwo possible reaction paths are shown: Gitially having
[Im,ZnOH]*. Relative energies are given in [kcal-riolFor two (a) or one (b) hydrogen bonds to imidazole hydrogens
selected structural data and heats of formation see Table 1.

be reproduced within our simplified model system. Figureiplying that the proton transfer does not affect the coordi-
and Table lsummarise the resulting energetic and structurstion geometry of Z and thus ruling out any tendency of
details for a Lipscomb-like meanism. Theransition state CO, to act as a bidentate ligand in this model system. The
3TS for internal proton transfer is 36.8 kcal-mdiigher in total energy of activation is used solely for the transfer of the
energy than the preceding compl&xBoth r(CO-Zn) bond proton from the zinc bound HCOoxygen to the carbon
lengths of 3TS are equal to the equivalent distances3jn bound HCQ- oxygen. Passing this transition state along the



360 J. Mol. Model.1998,4

-58.0

Figure 2 Internal proton-transfer calculated using AM1 and tight convergence criteria for energies and gradients. Relative
energies are given in [kcal-mgl and selected structural parameters and heats of formation are summarised in Table 1

reaction coordinate yields compl&x which is more stable active site model complex is not sophisticated enough to yield
than the preceding transition state by 58.0 kcatimBlr- reasonable energies of activation for the final bicarbonate
ther rotation around the C-O bond of the bicarbonate ligacmmplex, which is formedia an internal proton transfer. The
first leads to transition sta&TS and finally to the most sta- complete reaction sequence - Figure l1a followed by the in-
ble isomer of the bicarbonate comp&xThe energy of acti- ternal proton-transfer in Figure 2 - is antedin Mdeo 1.

vation forthis “isomerisation” was calculated to be 6.8

kcal-mot?, with a reaction energy of —0.1 kcal-niolAl-

though the overall mechanism seems reasonable from a thidee {[Im,ZnOHJ*-H,O-CQ} active site model complex

retical point of view, the calculated energy of activation for

the internal proton transfer is too high for an enzymatic reddie shortcomings of the model system {{EnOHJ*-CO,}

tion. In spite of the results reported elsewhere [8], no eghow the necessity of further improvements of the active site
dence for a transition state structure simulating the secomdgdel. It was therefore extended by an additional so-called
Lindskog-like mechanism, characterised by a five-fold codtdeep” water molecule. The effect on the overall mechanism,
dinated ZA* centre in the transition state structure, could he. on the approach of G@ the active site and the forma-
found. Although transition state optimisations aimed at sugbin of the final bicarbonate complex is shown in Figure 3.
a structure initially tended to yield a five-fold coordinate8elected structural parameters and heats of formation are
Zn?* complex, they invariably led to complexes of tyj@nd summaised in Tablel. As ithe first model system, there is

5. This behaviour is even more pronounedten tight con- no evidence for direct coordination of C@ Zr#*. The in-
vergence criteria for energies and gradients are used. Thageaction of1 with CQO, and HO yields the vamler Waals-

fore, we conclude that within this model system and the lintiemplex7, which shows a well established hydrogen bond
tations of the level of theory used, the existence of a Lindskpattern between the three reactants. Comparison with the
like transition state structure seems unlikely and that tkisalogous steps in the first model system (Figure 1) reveals
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Figure 3 Formation of the bicarbonate compleia a five-fold transition state structure. Relative energies are given in
[kcal-motT]. Selected structural parameters and the heats of formation obtained for each complex are listed in Table 1

that the formation of is more exothermic by 11.3 kcal-mol arrangement of the bicarbonate ligand, which was found to
than for 2, and 10.3 kcal-mol compared to4. Further ap- occur by a rotation-like movement of HGOrather than an
proach of CQ to the active site leads to the formation dhternal proton-transfer. The energy of activation to reach tran-
transition state structuréTS, which gives theprecursorbi-  sition state structul@TSis only 0.4 kcal-mot. The r(CO-Zn)
carbonate comple8. The energy of activation was calcudistance, which indicates whether coordination of, ©&y-
lated to be 3.3 kcal-mdland is thus almost 1 kcal-mbl gen to Z&* occurs, is 2.94 A, so that rotation of the bicarbo-
lower than for the equivalent reaction in the absence ohate ligandvia a five-fold coordinated Z-ion can occur in
water molecule (first model system). The reaction energy foinciple. This is due to the active site water molecule, which
the formation 08 is —4.0 kcal-mot. The calculated r(C€&Zn) mediates and thus facilitates the rotation of the EtGig-
distance of7 TSis 3.81 A, whereas it is 3.36 A 8 indicat- and by means of hydrogen bonds. Vibrational analys3 &f

ing that no direct coordination of C@xygen to ZA* oc- gives one imaginary mode showing the movement of a CO
curs. The next step in the reaction sequence involves theosergen to the metal centre. Passing this transition state fur-
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13

Figure 4 Formation of bicarbonateia rotation-like movement of the HGQigand. 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

ther along the reaction path leads to the first bicarbonate calregen bonds is once more only 0.2 kcal-tpalhereas the
plex 9, in which most of the hydrogen bond pattern is logeaction energy on going fro® to 10 is -2.3 kcal-mot.
However, this reaction step is still exothermic with a gain irherefore the overall mechanism shown in Figure 3 repre-
energy of 11.6 kcal-mdl The former r(C@Zn) distance is sents a Lindskog-like formation of the bicarbonate complex
now shortened to 2.10 A, indicating a true chemical bomdth the highest energy barrier of 3.3 kcal-thébr the for-
between a CQoxygen and Z#. Further rearrangement ofmation of aprecursorbicarbonate complex. The activation
the HCQ;~ ligand via transition stat®@TS yields the second, energy for the rotation-like rearrangement of the bicarbonate
final bicarbonate complek0O, which again shows hydrogenligand mediated by “deep” water is only 0.4 kcal-thabo
bonds between two imidazole hydrogens and one bicarliwat this process is almost activationless. Thus, the addition
nate oxygen. Thenergy of activation for forming these hy-of just one water molecule to the first active site model com-
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plex leads to a model system that from an energetic and stitiee {[Im,ZnOH]*-H,0-CH,OH-CQ} active site model
tural point of view mimics enzymatic catalysis of HCAIl reacomplex
sonably. Note, however, that the mobility of the water mol-
ecule in the real active centre is reduced significantly dueloorder to enhance the model system for HCAII further, a
a network of hydrogen bonds, and therefore its role as "nmeedel for the mechanistically imgant Thr199 side chain
diator” for such a rotation-like movement of the bicarbonaigas added to the {[IgZnOH]*H,0-CO,} active site model
ligand might be questionable. In order to estimate the molibmplex in the form of a methanol molecule. Figure 4 sum-
ity of the water molecule during this rearrangement an apiarises the structures obtained for the interaction between
mation of the complete reaction sequence shown in Figur@aer, carbon dioxide, methanol ahdThe formation of van
is given in Video 2. From this, one can see that the positiger Waals—complexL1 leads to a gain in energy of —14.7
of the water molecule is not influenced significantly duringcal-mot! and is therefore more exothermic than the second
the rotation-like movement and thus this "deep” water mahodel system (Figure 3) by 2.3 kcal-mdolThis is due to a
ecule should indeed be able to mediate this reaction andmete extensive hydrogen bond pattern, which now also in-
the same time — maintain a hydrogen bond network. volves a hydrogen bond between an imidazole hydrogen and
In order to simulate a Lipscomb-like mechanism withimethanol. The r(C@Zn) distance was calculated to be 4.39
this model system, a suitable transition state structure miistvhereas r(€OZzn) is 2.34 A. Further approach of C©
involve the active site water molecule acting as a proton shuttle active site complex {[IgZnOH]*-H,0-CH,OH}, yields
between the zinc-bound oxygen (H-donor) and “free” HCQthe transition state structutd TS and finally results in the
oxygen (H-acceptor). However, a geometry for such a tran@rmation of theprecursorbicarbonate complex2. The en-
tion state that meets all the requirements mentioned abemgy of activation on going frorfil to 12 was calculated to
could not be found. Instead, our energy surface scans fobarg.0 kcal mol, whereas the total reaction energy is —3.2
appropriate internal proton transfer invariably led to the trakeal-mot!. Compared to the analogous reaction fibto 8,
sition state8TS2. this reaction has a lower barrier by 0.3 kcalfblut is more
endothermic by 0.8 kcal-mél The r(COZn) and r(COZn)
distances in transition stald TS were calculated to be 3.81
A and 1.83 A, respectively, thus showing again that there is
no tendency for direct CQcoordination to the Z during
nucleophilic attack of zinc bound hydroxide on the,Car-
bon. Further rearrangement of the HEGgand via a
Lindskog-like mechanism results in the formation of transi-
tion statel2TS,which is higher in energy than ipgecursor
bicarbonate complet2 by only 0.1 kcal-mat. 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 analog8€3$@, which
would at least allow the estimation of the energy of activa-
tion for such a process, invariably leadl®or 13 The over-
all reaction energy on going frob2 to 13is calculated to be
) o —12.3 kcal-mot, making this the most exothermic bicarbo-
Although an HO" ion acts as a proton shuttle in this strugrate formation reaction found for all three model systems.
ture, it does not transfer the proton between zinc bound atdrefore, we conclude that this model system is most rea-
the “free” HCQ; oxygens but rather between two “freesonaple for simulating enzymatic catalysis of HCAIl, and
oxygens. ThereforeTS2 s not a model for the conversionhat the overall mechanism for the formation of the bicarbo-
of reactant8 into product9 by means of an internal protomate jon is best described as an initial nucleophilic attack of

transfer. However8TS2 allows us to estimate the energy:o, by zinc bound hydroxide, followed by a Lindskog-like
barrier for an internal proton transfer within this model sygsarrangement of the bicarbonate ligand.

tem. The calculated heat of formation (Table 1) for transition

state8TS2 is 110.3 kcal-mot, 20.9 kcal-mot higher then

that for the alternative transition ste@dS, supporting a -

Lindskog-like mechanismComparison with the energy barConclusions

rier of 0.4 kcal-mat for the rotation-like movement of the

bicarbonate ligand, makes a Lipscomb-like mechanism @emiempiical AM1 calculations applied to selected active

likely. site model systems for HCAIl and their reaction with the
substrate COshow 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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