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’ INTRODUCTION

Carbonic anhydrase (CA) is a widely occurring metalloen-
zyme found in animals, plants, certain bacteria, and viruses.1�3

The physiological function of this enzyme is to catalyze the
reversible hydration of CO2, producing HCO3

� and H3O
+ as

well as the reverse reaction.4 Most of the forms of human CA
contain in the active site an essential zinc ion, Zn2+, to which
either a water molecule or the corresponding hydroxide base is
bound.5 The catalytic cycle of CA (or E� enzyme) is considered
to involve two main steps:6

EZnOH� + CO2 h EZnHCO3
�h

H2O
EZnOH2 + HCO3

�

ð1Þ
and

EZnOH2 + B h EZnOH� + BH+ ð2Þ
where B represents the imidazole residue of a nearby histidine
side chain (His64) which carries the proton to aqueous
solution.2,7�13 This proton transfer is believed to be the rate-
limiting step of the catalytic cycle and is conventionally treated as
a reaction in aqueous solution. As His64 is located about 7 Å
away from Zn it has been suggested that the proton is transferred

to the base via a network of hydrogen-bonded water molecules.
This hypothesis has motivated a number of studies of the role of
water in the active site.14�18 The analysis of pH-dependent
kinetic reaction profiles led to the conclusion that the pKa value
of Zn-bound water in human CA II varies between 6 and 7,2,6

similar to that of the imidazole residue of His64. A smaller value
was found in the case of the isozyme III.19,20 By contrast,
[Zn(OH2)6]

2+ exhibits in aqueous solution a pKa value of 9.
21

This wide acidity range has initiated an intensive search for
molecular species feasible to mimic the acid�base properties of
Zn-bound water in CA.21�25 Indeed, several model systems have
been observed that exhibit in aqueous solution a pKa between 6
and 7. Thus, the enzyme apparently increases the proton donor
ability of Zn-bound water.

However, the question arises whether the rules that govern
acid�base properties in water are maintained in the active sites of
enzymes. In contrast to aqueous solution, zinc-bound water in CA
is mainly surrounded by the protein matrix with just a few water
molecules inside the active site.7,26 In such cases, the proton-
donating abilities may depend on the local environment.26,27 To
our knowledge, the intrinsic proton-donating ability of Zn-bound
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ABSTRACT: Using liquid-state NMR spectroscopy we have
estimated the proton-donating ability of Zn-bound water in
organometallic complexes designed as models for the active site
of the metalloenzyme carbonic anhydrase (CA). This ability is
important for the understanding of the enzyme reaction me-
chanism. The desired information was obtained by 1H and 15N
NMR at 180 K of solutions of [TpPh,MeZnOH] [1, TpPh,Me =
tris(2-methyl-4-phenylpyrazolyl)hydroborate] in CD2Cl2, in
the absence and presence of the proton donors (C6F5)3BOH2

[aquatris(pentafluorophenyl)boron] and Col-H+ (2,4,6-trimethylpyridine-H+). Col-H+ forms a strong OHN hydrogen bond with
1, where the proton is located closer to nitrogen than to oxygen. (C6F5)3BOH2, which exhibits a pKa value of 1 in water, also forms a
strong hydrogen bond with 1, where the proton is shifted slightly across the hydrogen-bond center toward the Zn-bound oxygen.
Finally, a complex between Col and (C6F5)3BOH2 was identified, exhibiting a zwitterionic OHN hydrogen bond, where H is
entirely shifted to nitrogen. The comparison with complexes of Col with carboxylic acids studied previously suggests that,
surprisingly, the Zn-bound water exhibits in an aprotic environment a similar proton-donating ability as a carboxylic acid
characterized in water by a pKa of 2.2 ( 0.6. This value is much smaller than the value of 9 found for [Zn(OH2)6]

2+ in water and
those between 5 and 8 reported for different forms of CA. Implications for the biological function of CA are discussed.
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water in a suitablemodel environment has not yet been established
experimentally. Evidence has been obtained in the case of aspartate
aminotransferase that acid�base interactions in the active site are
better modeled using polar organic solvents rather than using
aqueous solutions.28 Thus, to contribute to our understanding of
the proton-donating ability of the zinc-bound water in the active
site ofCAwe undertook the presentNMR study of organometallic
model systems at 180 K in the presence of acids using CD2Cl2 as
solvent, which exhibits at this temperature a dielectric constant of
about 16.29,30

Variousmodel systems have been proposed tomimic the active
site of CA. Among them are macrocyclic aliphatic polyamine
complexes with Zn2+ designed by Kimura et al.25 for studies in
aqueous solution. These complexes carry a positive charge as
Zn in CA. The present study was devoted to neutral tris-
(pyrazolyl)hydroborate zinc hydroxide complexes of the type
[TpR1,R2ZnOH] designed byVahrenkamp andTrofimenko.31�34

The advantage of these complexes is that they are soluble in some
polar organic solvents, which seems to better mimic the electro-
static properties of enzymic acid sites than aqueous solutions.28 As
these complexes are not soluble in water, their pKa values could
not be measured directly but only estimated to be smaller than
7.32,33,21 Two complexes, 1 with R1 = phenyl and R2 = methyl,
[TpPh,MeZnOH] (Scheme 1), and 2 with R1 = tert-butyl and R2 =
methyl, [Tpt-Bu,MeZnOH], have been mainly studied, but these
studies were complicated by the following. In the case of 2, the
characteristic hydroxide signal could be observed at�0.06 ppm,31

but this was due to the presence of the bulky substituents which
also hindered the interaction of [ZnOH] with proton donors.
Such an interaction was present in the case of 1, but the hydroxide
signal could not be observed because of fast proton exchange with
residual water. Here we choose to study 1, as we wanted to study
specifically this interaction. The proton exchange problem of 1

was solved in this study by performing NMR experiments at
180 K, where the amount of residual water was reduced and
proton exchange was slower than at room temperature.

In order to find a suitable system which could mimic the
acid�base properties of His64 in CA we searched among 15N-
enriched pyridine derivatives which have been frequently used to
study hydrogen bonding by NMR.35�37 One of the most studied
derivatives is 2,4,6-trimethylpyridine (collidine, Scheme 1), for
which correlations between hydrogen bond geometries and NMR
parameters have been established.37,38 Its protonated form exhibits
a pKa value of 7.4,

39 which is very similar to the value of 7.35 found
for 4-methylimidazole-H+.40 We anticipated that collidinium
could form a hydrogen-bonded complex 3 with 1 using a suitable
counteranion such as the noncoordinating anion tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate B[C6H3(CF3)2]4

� (BArF�,
Scheme 1).41,42 The structure of the resulting acid�base complex
is depicted in Scheme 2, whose 1H and 15N NMR parameters we
studied here in order to obtain information about the relative
proton-donating abilities. We also explored the use of the less
acidic 4-(N,N-dimethylamino)pyridinium (DMAP-H+) but found
that the latter forms a covalent Zn�N bond.

For comparison, we also studied complex 4, formed by 1 with
tris(perfluorophenyl)boron ([(C6F5)3BOH2] � [BOH2]). The
latter is the only known strong acid (pKa = 0.939) that is able
to stabilize [Tpt-Bu,MeZnOH2]

+.43 According to its X-ray crystal-
lographic structure, the resulting complex contains a short OHO
hydrogen bond exhibiting an O 3 3 3O distance of 2.480(3) Å.43

The treatment of 2 with common strong HX acids (X� = Cl�,
Br�, p-TsO�) leads to either a destruction of 2 or an irreversible
conversion of [Tpt-Bu,MeZnOH] to [Tpt-Bu,MeZnX]. 4 can be
considered as a model of the transition state of proton transfer
from the Zn-bound water molecule to an adjacent water mole-
cule. Finally, Scheme 2 also depicts the structure of complex 5

Scheme 1. Organometallic CA Active Site Model 1 and Col-H+ BArF�

Scheme 2. Hydrogen-Bonded Complexes 3�5
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studied here in order to elucidate the relative proton-donating
power of [(C6F5)3BOH2] and collidinium.

This paper is organized as follows. After the Experimental
Section, the results of our NMR studies of 1, 3, 4 and 5 in aprotic
polar solution will be described and then discussed with respect
to the proton-donating ability of the Zn-bound water in CA.

’EXPERIMENTAL SECTION

Compounds. CD2Cl2 (99.6% D) was purchased from Eurisotop
GmbH, Germany. All other chemicals were purchased from Sigma-
Aldrich and were used without additional purification.

15N-labeled pyridine, 4-methylpyridine, 2,4,6-trimethylpyridine
(hereafter Col), and 4-(N,N-dimethylamino)pyridine (hereafter DMAP)
were synthesized as described previously.44�46 [TpPh,MeZnOH]was a gift
of H. Vahrenkamp (Freiburg, Germany). It was synthesized and
characterized by 1H NMR as described previously by Ruf et al.32

[(C6F5)3BOH2] was prepared as follows. A 1.0 μL portion of
H2O (0.056 mmol) was added into a solution of (C6F5)3B (28 mg,
0.055 mmol) in pentane (6 mL). The mixture was stirred for 2 h and
then filtered. The precipitate was washed two times with pentane (5mL)
and dried under vacuum over 30 min, giving [(C6F5)3BOH2] as a white
solid (21.4 mg, 73% yield). IR data (KBr, cm�1): νOH = 3510 (m),
3396 (br).

15N-labeled ColH+ BArF� was prepared as follows. Na+BArF� was
synthesized according to the procedure reported by Brookhart et al.41

andmodified by Gr€undemann.47 A 5 μL portion of 15N-labeled collidine
(38 mmol) and 3.5 mL of 37% water solution of HCl (41.8 mmol) were
dissolved in 2 mL of water and stirred for 15 min. Then 37.0 mg of
Na+ BArF� (41.8 mmol) was added. The mixture was vigorously stirred
over several hours, forming the yellowish-white flakes of 15N-labeled
ColH+ BArF�. The precipitate was filtrated, washed with water, and
dried under vacuum overnight.
NMR Spectroscopy. NMR spectra were recorded on a Bruker

AMX-500 instrument operating at 11.7 T. An Eurothermic variable
temperature unit was used to adjust temperatures with an accuracy
of (1 K. 1H NMR chemical shifts were referenced relative to CH2Cl2,
δ (1H) = 5.3 ppm. The 15N chemical shifts of DMAP and of Col with
respect to solid 15NH4Cl are 236 and 268 ppm, respectively.48,37

’RESULTS

1HNMR Spectroscopy. In Figure 1 are depicted the 1H NMR
spectra of 1 dissolved in CD2Cl2. At room temperature only
signals of nonexchangeable protons are observed as traces of
water in CD2Cl2 promote intermolecular proton exchange. At
180 K, water precipitates from CD2Cl2 and an additional signal
appears at�0.5 ppm. This signal corresponds to a single proton
as revealed by signal integration. A similar signal was observed for
2 in CD2Cl2 at room temperature at�0.06 ppm.31 These signals
arise from the proton of Zn-bound hydroxide. The addition of
pyridine, DMAP, or Col to the solution of 1 does not affect the
signal at �0.5 ppm.
By contrast, the signal at�0.5 ppm disappears when pyridine-

H+ BF4
�, 4-methylpyridine-H+ BF4

�, DMAP-H+ BF4
�, or Col-

H+ BF4
� is added to the solution of 1 in CD2Cl2. However, no

other signals appear in the 1H NMR spectra down to 180 K,
which could be assigned to mobile protons. Presumably, these
protons are involved in an intermolecular exchange. It was not
possible to freeze out this exchange by performing NMR experi-
ments at lower temperatures using a CDF3/CDF2Cl mixture
which is liquid down to 100 K30 because of solubility problems.
The situation is different when ColH+ BArF� labeled to about

70% with 15N is added to the solution of 1 in CD2Cl2. As
depicted in Figure 2a, new signals at 18.4 and 4.7 ppm are present
at 180 K. The low-field signal H-2 is split into a doublet by scalar
coupling with the 15N nucleus of Col, exhibiting a coupling
constant of |1J(1H,15N)| = 75 Hz. Because of the incomplete 15N
labeling, a small central peak is present in the spectrum. This peak
corresponds to the protons bound to the nonlabeled Col. We
assign this signal to an O 3 3 3H�N hydrogen bond formed by
collidinium with the Zn-bound hydroxide group, i.e., to the
formation of 3. The signal at 4.7 ppm is typical for small water

Figure 1. 1H NMR spectra of [TpPh,MeZnOH] dissolved in CD2Cl2 at
290 K (a) and 180 K (b). S denotes the solvent.

Figure 2. Partial 1H NMR spectra at 180 K of 3 (a), 4 (b), and 5 (c)
dissolved in CD2Cl2.
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clusters.49 Therefore, this signal is assigned to residual water
interacting or exchanging protons with H-1 of the [ZnOH]
group. Note that extreme line broadening arising from inter-
mediate proton exchange rates could lead to a missing signal
component of H-1. Would it be possible to perform the
measurements at lower temperatures, the residual water mol-
ecules freeze out and allow one to determine the intrinsic
chemical shift of H-1 precisely, probably around �0.5 ppm.
In order to establish the relative proton-donating ability of Zn-

bound water toward a strong oxygen acid, low-temperature 1H
NMR spectra of a CD2Cl2 solution of 1 in the presence of
(C6F5)3BOH2 were measured. A typical spectrum is depicted in
Figure 2b. Three signals are observed at 180 K, indicating the
formation of complex 4. A singlet at 17.6 ppm is assigned to the
bridging proton H-2 of the OHO hydrogen bond. The broad
signal at 4.6 ppm is again tentatively attributed to the “outer”
protons involved in an interaction and/or exchange with
residual water.
Finally, in order to establish the relative proton-donating

power of ColH+ and of (C6F5)3BOH2, a
1H spectrum of a 1:1

mixture of both compounds in CD2Cl2 at 180 K was obtained as
depicted in Figure 2c, where ColH+ was labeled to about 70%
with 15N. A broad signal is observed at 14.6 ppm, exhibiting a line
width of about 300 Hz, which is larger than the expected value of
about 90 Hz for |1J(1H,15N)|.27 This signal is assigned to the
OHN hydrogen bond of the complex [(C6F5)3BOH2Col] 5,
where the hydrogen-bonded proton must be involved in a
moderately fast exchange with another proton exhibiting a
different chemical shift. This could be H-3, which on the other

hand will exchange with residual water and hence its signal is lost
in the baseline. Note that H-3 is not shielded by bulky phenyl
groups as it is in the case of 4.

15N NMR Spectroscopy.No signals were detected in the 15N
NMR spectra of equimolar solutions of 1 and 15N-enriched
pyridinium, collidinium, or 4-methylpyridinium salts using BF4

�

as counteranion in CD2Cl2 at 180 K. The reason is presumably
signal broadening by intermolecular hydrogen-bond exchange.
In a non-1H-decoupled 15N NMR spectrum of an equimolar

solution of 1 and 15N-enriched DMAP-H+ BF4
� a singlet was

observed at 180 K, as depicted in Figure 3a. The signal is shifted
to�80 ppm with respect to the neutral DMAP. It is unlikely that
this shift is caused by a hydrogen bond or protonation because
the corresponding 1H spectrum of the same sample does not
contain any signal typical for the mobile proton. Moreover, the
observed 15N signal does not exhibit any scalar coupling with the
bound proton. Therefore, the observed signal is assigned to
DMAP, which has formed a covalent bond to Zn, that is, to the
species [Zn-DMAP] (Figure 3a). Complexes of this type have
been reported in the past.50,51

By contrast, the 15N NMR spectrum of an equimolar solution
of 1 and ColH+ BArF� depicted in Figure 3b exhibits at 180 K a
doublet with a coupling constant of |1J(1H,15N)| = 75Hz, shifted
by�87 ppm to high field from the signal of the neutral Col. The
coupling constant is the same as in the 1H NMR spectrum in
Figure 2a. It supports the formation of 3 according to Scheme 2.
Both the chemical shift and the coupling constant values52�54

indicate that the proton is located closer to nitrogen than to
oxygen, and that it is involved in a strong hydrogen bond.
The 15N spectrum of 5 at 180 K is depicted in Figure 3c. A

broad doublet shifted to �104 ppm as compared to the neutral
Col is observed, exhibiting a coupling constant of |1J(1H,15N)| =
90 Hz, which is masked in the 1H NMR spectrum. This finding
indicates that the dynamic exchange in which the proton is
involved only modulates the 1H chemical shift, but not the 15N
one. Similar effects have been described previously.42,55 The
value of the coupling constant indicates a smaller N 3 3 3H
distance in 5 as compared to 3. Thus, the structure of 5
corresponds to Col-H+

3 3 3 [(C6F5)3BOH]
�.27

’DISCUSSION

In this section, we will first discuss the NMR parameters and
hence hydrogen-bond properties of the model systems of
Schemes 1 and 2 reported in the previous section and relate
them to the hydrogen-bond geometries. Then, we will estimate
the acidity of the Zn-bound water involved in a direct hydrogen
bond to the added bases. Finally, potential implications of our
findings for the function of carbonic anhydrase will be discussed.
Structures of Carbonic Anhydrase Model Systems in an

Aprotic PolarMedium. For Zn-bound hydroxide as a part of the
free base 1 (Scheme 1), dissolved in dichloromethane, we found
a 1H chemical shift of �0.5 ppm at 180 K (Figure 1b). At room
temperature no signal could be observed (Figure 1a). We assign
this observation to the presence of proton exchange with residual
water at room temperature, which precipitates as ice at low
temperatures. The chemical shift value of �0.5 ppm compares
well with the value of�0.06 ppm found previously for 2.32 Here,
residual water does not catalyze proton exchange with hydroxide,
an observation which we attribute to the large bulky substituents
which could hinder the hydroxide-water interaction.

Figure 3. 15N NMR spectra at 180 K of [TpPh,MeZn�DMAP(15N)]+

(a), 3 (b), and 5 (c) dissolved in CD2Cl2. The chemical shifts are
referenced to DMAP (a) and Col (b, c) in CD2Cl2 (set as 0 ppm).
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The hydroxide chemical shifts of 1 and 2 compare well with
those of 0.2 ppm found for hydroxyl groups in hydroxyapatite.56

This demonstrates that Zn-bound hydroxide exhibits similar base
properties as free hydroxide. As the latter, the Zn-bound hydro-
xide then also constitutes an efficient proton acceptor whose
ability to form hydrogen bonds with proton donors was explored
in the present study.
We were able to identify complex 3 depicted in Scheme 2. The

question was whether this complex corresponds to (i) Zn-bound
hydroxide forming a hydrogen bond to collidinium, (ii) Zn-
bound water hydrogen bonded to collidine, or (iii) a situation
where the two bases share a proton. This complex was of special
interest, because collidine exhibits a similar basicity as the
imidazole residue of histidine. In the beginning of our study we
used collidinium tetrafluoroborate as acid added to 1 but did not
obtain satisfactory results. Only when we replaced BF4

� by the
noncoordinating counteranion BArF� were we able to observe
complex 3. The reason is that BArF� does not form hydrogen
bonds with proton donors and does not affect the structure of
hydrogen-bonded cations in polar organic solution.42,57 BF4

�

also cannot compete with most other proton acceptors for the
formation of hydrogen-bonded complexes with added acids.
However, it has been experimentally proved that BF4

� remark-
ably affects the position of the mobile proton of hydrogen-
bonded cations.42 This can facilitate intermolecular hydrogen-
bond exchange and prevent the observation of mobile protons by
NMR. By contrast, NMR parameters of complex 3 can be
identified and correlated with the hydrogen-bond geometries
using the NMR hydrogen-bond correlations of collidine com-
plexes with various carboxylic acids established previously,
mainly based on dipolar 2H�15N interactions.37 A comparison
of the δ(1H), δ(15N) and 1J(1H,15N) values obtained for 3 with

data reported previously38 allows us—assuming a linear hydro-
gen bond—to estimate for 3 an average O 3 3 3N distance of
about 2.5 Å and average O 3 3 3H andH�Ndistances of about 1.4
and 1.1 Å. Thus, complex 3 exhibits a zwitterionic OHN
hydrogen bond of the type O�

3 3 3H�N+. Using a recent
correlation for OHOhydrogen bonds,49 we estimate for 4 almost
the same hydrogen-bond geometry, i.e., an average O 3 3 3O
distance of 2.5 Å and average O�H and H 3 3 3O distances of
1.1 Å and 1.4 Å. The different 1H chemical shift arises from the
different properties of N and of O. Later, we will discuss whether
the proton is located neater to Zn or to boron.
Acidity of the Zn-Bound Water Hydrogen Bonded to a

Model Base in an Aprotic Polar Medium.The finding that H is
closer to N than to O in complex 3 indicates that the acidity of
Zn-bound water is larger than that of collidinium or that collidine
is more basic than Zn-bound hydroxide, under the circumstance
that both partners form a direct hydrogen bond in an aprotic
polar medium. As some of us have argued in a number of papers
in the last years, the discussion of hydrogen-bond geometries
constitutes the best way to characterize acid�base properties of
hydrogen-bonded complexes.30,58�61

The use of pKa values that refer to an equilibrium between the
separate hydrated acids and bases is, therefore, difficult to apply
to situations with a direct acid�base contact in the absence of
bulk water, as is often the case for active sites of enzymes.We can,
however, ask the question which of the many carboxylic acids
exhibiting a wide range of pKa values would form with collidine
under similar conditions a hydrogen bond of a similar geometry
as the Zn-bound water.
For that purpose we have plotted in Figure 4 the 1H chemical

shifts of various complexes of collidine with carboxylic acids AH
as a function of the pKa(AH) values of the acids in water, as well
as of the difference ΔpKa = pKa(AH) � pKa(ColH

+). The filled
circles refer to room temperature data of complexes in the
organic solid state37 and the open squares to complexes around
120 K dissolved in the aprotic polar freon mixture CDF3/
CDF2Cl.

38 Correlation lines are included as a guide for the
eye, where the solid curve represents the solid-state NMR data
and the dashed line the low-temperature liquid state data.
When AH is a weak acid, molecular complexes of the type

O�H 3 3 3N are formed, where H is located near oxygen. When
the acidity of AH is increased, the 1H NMR chemical shifts
increase because of hydrogen-bond contraction and shift of H
toward the hydrogen-bond center, as illustrated by the solid-state
data. A maximum chemical shift indicates the formation of a
compressed state with a shared proton Oδ�

3 3 3H 3 3 3N
δ+. A

further increase of the acidity leads to the zwitterionic form
O�

3 3 3H�N+, where the 1H chemical shift is again decreased
because the hydrogen bond is widened again. The maximum
chemical shift and hence the formation of the shared proton
occurs for the solid-state data at ΔpKa ≈ �4.5. This means that
the acidity of a neutral oxygen acid and of collidinium are
matched in the organic solid state only when the acid in water
is stronger by 4.5 pKa units as compared to collidinium in water.
The reason for this mismatch is the dielectric permittivity or

the constant ε of the environment. An increase of the local
electric fields induces a dipole moment in the hydrogen bond and
gives rise to the change of the hydrogen-bond geometries from
A�H 3 3 3B via Aδ�

3 3 3H 3 3 3B
δ+ to A�

3 3 3H�B+.30,58,60

Whereas for the organic solid state ε < 5, the CHF3/CHF2Cl
freon mixture exhibits an ε value of about 40 at 120 K.30

Therefore, the acidity mismatch is only around �2 in freon

Figure 4. The mobile proton chemical shift δ(1H) of collidine�acid
complexes in CDClF2/CDF3 mixture38 and in the organic solid state37

as a function of pKa(HA) of the acids and ΔpKa = pKa(HA) �
pKa(ColH

+).
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solution as illustrated by the dashed line in Figure 4. In other
words, if ε is increased, the effective acidity of the oxygen acid is
increased. Themismatch then disappears for water, where ε = 80.
Finally, we note that for strong acids zwitterionic complexes are
always obtained independent of the permittivity, as illustrated by
the overlap of the dashed and solid line on the left side of
Figure 4.
The data point of 5 [open triangle, pKa(AH) = 1, ΔpKa ≈

�6.3] in Figure 4 was obtained here at 180 K using CD2Cl2 as
solvent, exhibiting at this temperature a dielectric permittivity of
ε ≈ 16.30 The data point is well-located both on the dashed and
the solid correlation curves. This means that (C6F5)3BOH2

behaves in a similar way as a very strong carboxylic acid. In other
words, when H is transferred to the base, the chemical constitu-
tion of the acid anion residue has a smaller influence on the 1H
chemical shifts as compared to proton shared and molecular
complexes.
Let us now come to the discussion of the acidity of Zn-bound

water in the model complex 3 in CD2Cl2 at 180 K. The chemical
shift obtained, δ(1H) = 18.4 ppm, referring to ε ≈ 16, is
symbolized in Figure 4 by a horizontal solid line. The solid line
for ε < 5 and the dashed line for ε≈ 40 represent then themargin
of error of the estimated acidity of the Zn-bound water. Thus, it
follows that 3 exhibits in an aprotic polar environment a proton-
donating ability similar to that of a carboxylic acid, which would
exhibit in water pKa = 2.2 ( 0.6 and ΔpKa ≈ �5.
As for (C6F5)3BOH2, the value ofΔpKa is�6.3, and it follows

that water bound to boron constitutes a stronger acid than water
bound to Zn. Thus, the hydrogen bond proton in 4 will be
located closer to the oxygen on Zn than to the oxygen on boron.
It follows that the proton-donating ability of Zn-bound water

is unexpectedly large in polar aprotic environment. Whereas the
pKa of protonated 1 in water/methanol/dichloromethane has
been tentatively estimated to be about 6.5,21,34 in a polar aprotic
environment its proton-donating ability is similar to that of a
carboxylic acid exhibiting in water a pKa value of 2.2.
Implications for the Catalytic Mechanism of Carbonic

Anhydrase. These results have direct implications in the study
of the structure and function of carbonic anhydrase (CA), as

described in the following. In order to address this issue, we
present a model of the catalytic mechanism of CA as currently
proposed.6,13 In Scheme 3a we have depicted a simplified
catalytic cycle of human carbonic anhydrase II (HCA II) in
which L represents histidine residues that are direct ligands of the
zinc. B represents the proton-accepting base, i.e., His64 in the
wild type. Note that there aremany studies using variants ofHCA
II in which the proton shuttle residue His64 is replaced by a
residue such as alanine that is incapable of proton transfer.11,12,62

According to this model, catalysis occurs in two separate and
distinct stages (a ping-pong mechanism). The first stage com-
prises the hydration of CO2, i.e., addition of CO2 to Zn-bound
hydroxide and the removal of HCO3

� accompanied by the
addition of water at the Zn. Pentacoordinated Zn complexes
are possible intermediates of this process.63 After this reaction
has occurred, the second stage of catalysis is the transport of a
proton from the active site to buffers in bulk solvent. A proton of
the Zn-bound water cannot directly be ejected into the water
phase at a rate sufficient to support the catalytic turnover of
106 s�1 64,65 but is transferred in a proton shuttle to the base
B.62,66 This proton transfer in the second stage of catalysis is the
rate-limiting event in the maximal velocity of catalysis and is the
step associated with substantial H/D kinetic isotope effects of
magnitude near 4.66 There is a pertinent conformational change
when the base B is the imidazole side chain of His64. In crystal
structures this side chain is observed in inward and outward
conformations, corresponding to whether the imidazole of
His64 is oriented toward or away from the Zn.67,68 In the outward
conformation, the protonated base of His64 comes into better
contact with the bulk solvent into which the proton is ejected.
In the first order, Kt of Scheme 3 is independent of pH, as in

this reaction no proton exchange with the solvent takes place. An
indirect dependence is possible, for example induced by proto-
nation�deprotonation processes of nearby amino acid side
chains which alter the local electrostatics. For example, Kt will
increase if an anion is created nearby the base B, thus minimizing
the Coulomb interaction. However, it is complicated to evaluate
Kt from experimental pKa values of Zn-bound water and His64
because it is difficult to differentiate the contributions of the
inward and outward conformations. This problem does not
occur in computational studies, as pKa values are derived from
free energy calculations. A correct choice of basis sets and
solvation models helps to reproduce the experimental values.69

Warshel et al.70 predicted a decrease of the free energy when H is
transferred in CA from Zn to histidine, whereas Elstner et al.15

found a near-degenerate reaction for the isolated model system
(His)3Zn

2+(H2O)3His.
What can our model studies described above contribute to our

understanding of the reactions catalyzed by carbonic anhydrase? In
Scheme 3b are summarized schematically our results, where we
observed a direct acid�base complex between Zn-bound water
and collidine B in an aprotic polar solution. Collidine exhibits in
water a similar basicity as a histidine imidazole side chain. We
observed similar OHN hydrogen-bond geometries for Zn-bound
water interacting with collidine as in related complexes with
carboxylic acids RCOOH exhibiting in water a pKa value of 2.2.
For acids with larger values the proton is shifted more to oxygen.
This means that in a polar nonaqueous environment the proton-
donor ability of Zn-bound water is larger than that of protonated
collidine or histidine. By contrast, the pKa values of Zn-bound
water2,6,19,20 in aqueous solution which are on the order of 7 are
similar to those of the imidazolium side chain of His64.

Scheme 3. (a) Simplified Catalytic Cycle of CA Reactions of
eqs 1 and 2 Derived from Silverman et al.6 and (b) Schematic
Hydrogen Bond Geometries of Model Complexes for CAa

a L represents organic nitrogen ligands. For further explanation, see
the text.

http://pubs.acs.org/action/showImage?doi=10.1021/ja203478j&iName=master.img-007.png&w=230&h=164
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Our results strongly suggest that a comparison of the pKa

values obtained in the water phase are not suitable to predict the
equilibrium constant of tautomerism in the proton shuttle
mechanism, especially in situations in which solvent in the
active site has been displaced and the environment is closer to
the nonaqueous polar conditions of our NMR results. This is
particularly applicable to studies using the variant of HCA II in
which His64 is replaced by Ala, and the proton transfer
mechanism is sustained using derivatives of imidazole and
pyridine.11,62 In such studies proton transfer may proceed, at
least in part, directly between the exogenous acceptor and the
zinc-bound water, as opposed to proton transfer through
intervening water bridges. In addition, concentrations of the
imidazole and pyridine derivatives near 10�50 mM required to
sustain proton transfer are likely to further displace water from
the active site. In such studies using Ala64, conclusions in
previous reports have been obtained based on the values of pKa

obtained in aqueous solution, and our results here show that
this may be inappropriate.
In the case of wild-type HCA II, the inward conformation of

His64 displaces at most one or two water molecules in the active-
site cavity, and a hydrogen-bonded chain of water molecules
intervenes between His64 and the zinc-bound water.68 In this
case, the active-site environment is at least partially solvated with
water and the active-site environment can be less like the
nonaqueous conditions of our NMR studies, although there is
an entire region of the cavity that is lined with hydrophobic
residues. As stated above, in the inward conformation the local
electrostatics may strongly modify the acid�base properties of
Zn-bound water.

’CONCLUSIONS

We have succeeded to observe by NMR hydrogen bonds of
Zn-bound water directly interacting with a nitrogen base in polar
aprotic solution and compared them with related carboxylic
acids. The NMR parameters provide information on the average
hydrogen-bond geometries. The nitrogen base used was colli-
dine, which exhibits similar base properties as histidine side
chains. In the Zn-bound water�collidine complex we observe
the proton near nitrogen. In order to produce a similar hydrogen-
bond geometry using a carboxylic acid we find that the latter must
exhibit at least a pKa value of 2.2 in water. As discussed in the
Introduction, our Zn model complexes do not carry a positive
charge like the Zn ion in the active site of carbonic anhydrase.
The presence of such a charge would then even increase further
the acidity of Zn-bound water and hence strengthen the present
conclusions.

Although our model systems are very different from the
structure of the proton shuttle of carbonic anhydrase, it is hard
to decide at the present stage of investigation if they are more or
less reliable than pKa considerations for predicting the relative
acid�base properties of Zn-bound water and histidine in the
inward conformation (Scheme 3a). This argument is supported
by the recent finding that acid�base hydrogen bonds in active
sites of enzymes behave like in polar aprotic solution rather than
in water.28 Future experimental and computational studies will
be necessary in order to further corroborate the results de-
scribed, but we hope that the difference of the acid�base
properties of the inward and the outward conformations of
carboanhydrase might obtain more experimental and computa-
tional attention than before.
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