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1 Abbreviation used: HCA II, human carbonic anhydra
The visible absorption of crystals of Co(II)–substituted human carbonic anhydrase II (Co(II)–HCA II) were
measured over a pH range of 6.0–11.0 giving an estimate of pKa 8.4 for the ionization of the metal-bound
water in the crystal. This is higher by about 1.2 pKa units than the pKa near 7.2 for Co(II)–CA II in solution.
This effect is attributed to a nonspecific ionic strength effect of 1.4 M citrate in the precipitant solution
used in the crystal growth. A pKa of 8.3 for the aqueous ligand of the cobalt was measured for Co(II)–
HCA II in solution containing 0.8 M citrate. Citrate is not an inhibitor of the catalytic activity of Co(II)–
HCA II and was not observed in crystal structures. The X-ray structures at 1.5–1.6 Å resolution of
Co(II)–HCA II were determined for crystals prepared at pH 6.0, 8.5 and 11.0 and revealed no conforma-
tional changes of amino-acid side chains as a result of the use of citrate. However, the studies of
Co(II)–HCA II did reveal a change in metal coordination from tetrahedral at pH 11 to a coordination con-
sistent with a mixed population of both tetrahedral and penta-coordinate at pH 8.5 to an octahedral
geometry characteristic of the oxidized enzyme Co(III)–HCA II at pH 6.0.

� 2010 Elsevier Inc. All rights reserved.
Introduction Co(II)–HCA II shows minimal changes in amino-acid backbone con-
Intense discussion has been given to the similarity and differ-
ences between crystal and solution structures in understanding
enzyme properties and catalytic mechanisms [1,2]. We report here
a specific example in which different sample conditions results in
different properties for solution and crystal states of carbonic
anhydrase II (HCA II)1. HCA II relies on a zinc-bound hydroxide to
catalyze the hydration of carbon dioxide forming bicarbonate and
a proton. The active-site zinc can be removed with chelators and re-
placed with a variety of metal ions (Co, Mn, Ni, Cu, Fe, Cd) [3,4].
However, the cobalt–substituted enzyme (Co(II)–HCA II) is the only
derivative with catalytic activity comparable to the native zinc-con-
taining enzyme [5].

The zinc in the native enzyme is tetrahedrally coordinated by
three first-shell amino acid ligands (His94, His96 and His119)
and a single solvent molecule (Fig. 1). The crystal structure of
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formation as a result of the metal substitution [6,7]. The cobalt ion,
like the zinc, is coordinated by the same three first-shell histidine
ligands although the number and orientation of the solvent ligands
are pH dependent. Hakansson et al. previously solved crystal struc-
tures of Co(II)–HCA II at pH values of 6.0 and 7.8 [7]. They found
sulfate, an inhibitor of CA, from the crystallization precipitant solu-
tion was bound to Co(II) in the structure at pH 6.0 displacing the
metal bound solvent with geometry about the cobalt approxi-
mately penta-coordinate, whilst Co(II) at pH 7.8 was reported to
be in tetrahedral coordination.

An advantage of the study of Co(II)–HCA II is that its visible
absorption spectrum is very sensitive to pH. Specifically, the spec-
tra fit a two-state model in which the low pH and high pH forms
are related to changes in coordination about the cobalt and
changes in the protonation state of the aqueous ligand of the cobalt
[3,4]. The data indicate an equilibrium between high and low pH
forms, and the spectral changes parallel changes in catalytic activ-
ity [5]. More detailed solution studies show the titration curve is
complex consistent with a smaller influence of other ionizable
groups near the active site [4,8]. The visible spectrum of Co(II)–
CA observed at high pH shows much stronger absorbance at
640 nm (e � 300 M�1 cm�1) than that at low pH (e � 50 M�1 cm�1).
The optical spectra of inhibited complexes of CA suggest that the
high pH form is associated with a near tetrahedral coordination
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Fig. 1. The active site of Zn(II)–HCA II. The amino acids lining the hydrophilic side of
the active site are represented as sticks (yellow: carbon; red: oxygen; blue:
nitrogen). The waters are represented as red spheres and the network of possible
hydrogen bonds are depicted as red dashes. The Zn(II) is represented as a gray
sphere. Figure made using PyMOL (DeLano Scientific). (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of
this article.)
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about the cobalt, and the low pH form is a five-coordinate structure
[9].

The aim of this study is to take advantage of the visible spectra
of Co(II)–HCA II to compare in solution and in crystals the ioniza-
tion state of the active site, that is the pKa of the cobalt-bound
water. The visible absorption spectra of crystals of Co(II)–HCA II
as well as the crystal structures at pH values of 6.0, 8.5 and 11.0
are reported. These are compared with solution properties of
Co(II)–HCA II including catalytic activity and pKa of the catalysis.
Whereas many studies in the literature are consistent with a pKa
near 7 for the protolysis of the metal-bound water in HCA II
[4,5,10,11], the crystals of Co(II)–HCA II show a spectroscopic pKa

of 8.4. This difference is attributed to an ionic strength effect
caused by the presence of a high concentration of citrate ions in
forming crystals. Understanding this difference in pKa between
crystal and solution forms of carbonic anhydrase has implications
in interpreting pH dependent changes in crystal structures of car-
bonic anhydrase, such as the pH dependent orientation of the pro-
ton shuttle residue His64 [12,13], and the observation from
neutron diffraction of a metal-bound water molecule in HCA II
[14].
Materials and methods

Expression and preparation of HCA II

The plasmid encoding HCA II was transformed into Escherichia
coli BL21 cells through standard procedures and the transformed
cells were expressed at 37 �C in LB medium containing 100 lg/ml
ampicillin. HCA II production was induced by the addition of iso-
propyl thiogalactoside to a final concentration of 1 mM at an
OD600 of 0.6. The cells were harvested 4 h after induction. The cell
pellets were lysed and holo-HCA II was purified through affinity
chromatography [15].

The zinc was removed from holo-HCA II by chelation at 20 �C
using 100 mM pyridine-2,6-dicarboxylic acid and 25 mM MOPS
at pH 7.0. After 8 h the enzyme was buffer exchanged against
50 mM Tris at pH 7.8 to remove the metal and chelating agent.
The loss of enzyme activity of the apo-enzyme was verified
through 18O exchange [16]. The enzyme activity was revived
through the addition of 1 mM ZnCl2, attributing the loss of activity
to the absence of zinc rather than to the denaturation of the
enzyme.

Preparation of Co(II)–HCA II crystals

Crystals of apo-HCA II were obtained through the hanging drop
vapor diffusion method. Ten microliters drops of 5 ll of protein
and 5 ll precipitant were equilibrated against 1 ml precipitant
solution (1.4 M sodium citrate; 100 mM Tris–HCl; pH 9.0) at room
temperature (�20 �C). The apo-HCA II crystals were transferred
into soaking solutions of cobalt salt (100 mM CoCl2; 1.4 M sodium
citrate; 50 mM Tris–Cl; 50 mM 3-(cyclohexylamino)propanesul-
fonic acid (CAPS)) with pH values of 6.0, 8.5 and 11.0, respectively.
The crystals were incubated for 2–3 days to let the Co(II) ion infuse
into the active site. Each crystal was then individually sealed in a
quartz capillary tube (outer diameter: 1.0 mm; wall thickness:
0.01 mm) with a small quantity of soaking solution at one end to
maintain the vapor pressure and prevent crystal dehydration.

Optical measurements

The UV/VIS transmittance of crystals in the capillaries was mea-
sured using a Zeiss MPM 800 microscope photometer at room tem-
perature (RT) using a beam spot of dimensions less than
100 � 100 lm2. Due to the refractive index of the round capillary
tubes and of the crystals, refraction can change the beam path,
resulting in a portion of the beam missing the detector. To mini-
mize this refraction, the tubes were placed such that the surface
of the capillary tube was normal to the beam path.

For the analysis, it was important to show that any amount of
light lost due to refraction was independent of frequency. First,
the transmittance of empty capillary tubes was measured and
found to be constant in frequency (non-dispersive). Then the trans-
mittance of crystals contained in capillaries was corrected using
the transmittance of the empty capillary tube. These results
showed that the transmittance at longer wavelengths
(k > 800 nm) was close to 1 which suggested that the amount of
light lost to refraction was minimal (<3%). As a further check, the
transmittance of the crystals was measured for different orienta-
tions of the crystal and capillary tube, and it was confirmed that
the frequencies of the transmission dips (associated with absorp-
tion peaks) were independent of the orientation of the capillary
in the beam. Therefore it was concluded that the placement of
crystals in capillary tubes did not introduce a frequency-dependent
error and did not affect the positions and relative intensities of the
absorbance peaks.

The absorbance (A) is dependent on the thickness (d) of the
crystals and the extinction coefficient (a) characteristic of the
material and is defined as A = ad. The absolute extinction coeffi-
cients of different crystals could not be compared due to the vari-
ation in thickness and shapes of the crystals used. Therefore, the
reported extinction coefficients are given in arbitrary units. At low-
er wavelengths, the visible spectra observed were dominated by
nonspecific loss of transmission due to light scattering. To subtract
this background, the absorption data for each crystal were first fit-
ted to a Lorentzian oscillator model for interband transitions [17].
Then, the high frequency oscillators (k < 400 nm; t > 25000 cm�1)
were subtracted from the original data.

X-ray data collection

X-ray diffraction data sets of Co(II)–HCA II crystals at pH values
6.0, 8.5 and 11.0 were collected in-house at RT using an R-AXIS IV++



Fig. 2. The pH profiles for the extinction coefficients (a.u. is arbitrary units) of
crystals of Co(II)–HCA II (dimensions approximately 0.2 � 0.2 � 0.2 mm3) mounted
in quartz capillary tubes (outer diameter 1.0 mm, wall thickness 0.01 mm). The UV/
VIS transmittance was measured using a Zeiss MPM 800 microscope photometer at
room temperature using a beam spot of dimensions less than 100 � 100 lm2. The
extinction coefficient of each crystal was scaled to be unity at the isosbestic point at
565 nm.
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image plate system with Osmic mirrors and a Rigaku RU-H3R Cu
rotating anode (k = 1.5418 Å) operating at 50 kV and 100 mA. The
image plate-crystal distance was set at 80 mm. The oscillation
steps were 1� with a 7 min exposure per image. X-ray data process-
ing and scaling was performed using HKL2000 [18].

All three data sets were solved and refined using SHELX97 [19].
The data were phased using the wild type HCA II coordinates (PDB
Accession Code: 2CBA) [6], with all the solvent, and the Zn(II) ac-
tive site metal ion removed to avoid model bias. Five percent of un-
ique reflections were randomly selected to serve the purpose of
Rfree calculations. The model refinement using SHELXL97 pro-
ceeded initially with the data set from 20.0 to 2.0 Å resolution.
The protein model was visualized and refined using the molecular
graphics program COOT [20]. Subsequent cycles of refinement in-
cluded the incorporation of cobalt, solvent and dual conformers
of side chains. The protein geometry was defined by the default
constraints of conjugate-least squares (CGLS) mode in SHELXL97.
Each round of CGLS comprised of 15 cycles of refinement. 2Fo–Fc

and Fo–Fc maps were manually inspected after each successive
round of CGLS for further fine-tuning of the model and the incorpo-
ration of solvent molecules. Thereafter, the refinement of the struc-
tures of Co(II)–HCA II was scaled up to respective maximum
resolutions. Table 1 provides the final data collection and refine-
ment statistics for the structures determined at pH 6.0, 8.5 and
11. The atomic coordinates for Co(II)–HCA II at pH 6.0, 8.5 and
pH 11.0 have been deposited with the Protein Data Bank as entries
3KOI, 3KOK, and 3KON, respectively.

Catalysis

The rate of catalyzed hydration of CO2 was measured by the 18O
exchange method that has been used extensively to study this
reaction [16,21]. The method uses membrane inlet mass spectrom-
etry to determine the rate of depletion of 18O from CO2 as this iso-
tope is exchanged into water where it is essentially infinitely
diluted by H2

16O. In this study, the method was used to measure
activity in the presence of large concentrations of sodium citrate.
Results

Visible absorption

Absorption spectra of crystals of Co(II)–HCA II are shown in
Fig. 2. The peak at 640 nm is a major pH-dependent absorbance
for Co(II)–substituted CA II. Although there is considerable scatter
in these spectra, the absorbance at 565 nm appears to correspond
to the isosbestic point that is observed at this wavelength in solu-
Table 1
Data-collection and refinement statistics of crystal structures of Co(II)–HCA

Unit cell dimensions, a, b, c (Å), b (�)
Resolution (Å)
# of unique reflections
Completeness (%)
Redundancy
Rsymm

a

I/r(I)
Rcryst

b/Rfree
c

Ramachandran statistics (%) Favored, additionally, and generously
allowed regions

# of protein/solvent atoms
Average B factors(Å2) main/side chain

Co/solvent

Values in parentheses refer to the highest resolution bin. aRsymm = R|I � h
same manner as Rcryst, except that it uses 5% of the reflection data omitt
tion phase, having an identical absorbance for a high pH and a low
pH form of Co(II)–substituted CA II [3–5]. Due to the differing sizes
and volumes of the crystals, a direct comparison between the
extinction coefficients was not possible. However, the data could
be normalized to the isobestic point at 565 nm (Fig. 2). Fig. 3 shows
that the ratio of extinction coefficients e640/e565 could be fitted to a
single ionization, for crystalline Co(II)–HCA II prepared from preci-
pitant solutions containing 1.4 M citrate, for Co(II)–HCA II in solu-
tion containing 0.8 M sodium citrate, and for Co(II)–HCA II in
solution containing 20 mM potassium sulfate, but no citrate, as
measured by Taylor et al. [22].
II at pH 6.0, 8.5 and 11.

pH 6.0 pH 8.5 pH 11.0

42.8,41.7,72.9,104.6 42.6,41.8,72.8,104.6 42.7,41.7,72.8,104.6
50–1.6 (1.65–1.60) 50–1.5 (1.55–1.50) 50–1.5 (1.55–1.50)
29472 (3021) 36608 (3472) 38235 (3815)
92.4(90.5) 95.8 (91.8) 97.9 (98.1)
2.4 (2.0) 3.5 (2.8) 3.3 (3.1)
8.0 (43.0)
16.0 (5.0)

7.4 (44.0)
28.0 (4.0)

6.5 (32.0)
20.0 (6.0)

18.9/21.5 19.4/22.7 20.1/23.5
88, 11.5, 0.5 88, 11.5, 0.5 88, 11.5, 0.5

2048/138 2068/223 2068/212
11.7/17.4
5.0/21.0

15.9/21.0
8.8/30.2

14.2/18.8
6.6/26.0

Ii|/RhIi � 100. bRcryst = R |Fo|–|Fc|/R|Fobs| � 100. cRfree is calculated in
ed from refinement.



Fig. 3. The pH dependence of the ratio of extinction coefficients e640/e565 for Co(II)–
HCA II using (red) the data of Fig. 2 for crystalline enzyme; (black) solutions of
Co(II)–HCA II containing 0.8 M sodium citrate, 25 mM Tris and 25 mM 2-(N-
cyclohexylamino)ethanesulfonic acid (Ches); and (blue) the data of Taylor et al. [22]
for Co(II)–HCA II in solution containing 20 mM potassium sulfate. The absorbance at
640 nm is a major, pH-dependent band, and the absorbance at approximately
565 nm is an isosbestic point for two forms of Co(II)–substituted CA II, one with a
water molecule coordinated to the metal and one with hydroxide. The solid lines
are fits to a single ionization with values of pKa of 8.4 ± 0.1 for the crystalline
enzyme; 8.3 ± 0.1 for solubilized enzyme in 0.8 M citrate; and 7.2 ± 0.1 for the
solubilized enzyme in the absence of citrate.

Fig. 4. The active sites of Co(II)–HCA II soaked at (A) pH 11.0; (B) pH 8.5; and (C) pH
6.0. His 64, the proton shuttle residue, was observed in dual inward and outward
conformations in the crystal structures. The ordered water structure in the active-
site cavity (W1, W2, W3a and W3b) was the same as that observed for the Zn(II)-
containing enzyme. All electron density shown is represented by blue as a 1.5r-
weighted 2Fo–Fc Fourier map. The angles and distances of the first shell cobalt
ligation are given in Table 2 and Fig. 5. Figure made using PyMOL (DeLano
Scientific).
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Fig. 3 shows that the spectroscopic pKa of the crystalline en-
zyme prepared in 1.4 M citrate (pKa 8.4 ± 0.1) and the solubilized
enzyme in 0.8 M citrate (pKa 8.3 ± 0.1) are shifted to a higher value
by about 1.2 pKa units compared with this enzyme in solution in
the absence of citrate (pKa 7.2 ± 0.1). Many labs have measured this
pKa to be near 7.0 for Co(II)–CA II in the absence of citrate and at
lower ionic strength [3,22,23]. This shift to a more basic pKa in
the presence of citrate is not due to a specific binding site for cit-
rate at the metal in the active site of the enzyme, as there is no evi-
dence of this from the crystal structures, and citrate does not
inhibit this enzyme (see below).

Crystal structures of Co(II)–HCA II

The crystal structures of Co(II)–HCA II at near 1.5 Å resolution
were solved and refined using standard procedures; the final
refinement statistics are given in Table 1. No significant changes
were observed in the protein backbone and side chains due to
the substitution of Zn(II) with Co(II) for crystals soaked at pH 6.0,
8.5 and 11.0. The polypeptide backbone of Zn(II)–HCA II (PDB id:
2ili [13]) and the solved Co(II)–HCA II structures were identical,
within the resolution limits of the structures, with a Ca RMSD less
than 0.2 Å. The main observation for this study is that there was no
evidence of citrate bound in the active site or on the surface of
Co(II)–HCA II. The proton shuttle residue His64 in Co(II)–HCA II
was observed in both inward and outward conformations [12] with
near equal population of each for all three pH values.

Unlike Zn(II)–HCA II for which there appears to be a single sol-
vent ligand over a range of pH [13,24], significant changes in the
coordination number as a function of pH were observed in the first
shell of the metal ion in Co(II)–HCA II crystals. The coordination
around the cobalt for crystals soaked at pH 11.0 was tetrahedral
with three histidine ligands and one solvent molecule (Figs. 4A
and 5A; Table 2A). This coordination was identical to that of the
tetrahedral coordination of zinc in the native enzyme. The Co(II)–
HCA II at pH 11.0 was also similar to the Zn(II)–HCA II in the loca-
tions of the second-shell ligands (Dw and W1) and the extended
hydrogen bonded water network (W2, W3a and W3b) beyond
the second shell (Figs. 1 and 4A).

When the pH of the crystal soaking solution was decreased to
8.5, the coordination around the Co(II) ion appeared to shift from
a tetra-coordinated to a coordination resembling more a penta-
coordinated species (Figs. 4B and 5B). The electron density maps
revealed first-shell solvent ligands that exhibited a volume too
large to account for a single solvent molecule but not large enough
for two discrete solvent molecules. The structure therefore was re-
fined assuming 50% occupancy for the tetra- and penta-coordi-
nated Co(II) species (Figs. 4B and 5B; Table 2B). The tetra-
coordinated species is identical to the tetrahedral geometry of
the native Zn(II)-containing enzyme, while the penta-coordinated
species is a square pyramidal geometry (Fig. 5B).



Fig. 5. Cobalt ligand geometry of Co(II)–HCA II soaked at (A) tetrahedral, pH 11.0;
(B) pentagonal pH 8.5; and (C) octahedral pH 6.0. Distances (Å) are as depicted.
Angles are given in Table 2. Figure made using PyMOL (DeLano Scientific).
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Upon further decreasing the pH to 6.0, the cobalt ion assumed a
hexa-coordinated ligation (Figs. 4C and 5C; Table 2C). The deep
water Dw and W1 from the second ligand shell moved into the first
ligand shell. These three first-ligand solvent molecules along with
the histidine residues are best described as octahedral geometry
(Fig. 5C).
Catalysis

The 18O exchange method was used to measure the rate of
hydration of CO2 catalyzed by human Co(II)–HCA II. This method
is based on the depletion of 18O from CO2 caused by repeated
hydration–dehydration cycles as measured by membrane inlet
mass spectrometry [21]. This rate of catalyzed hydration was not
changed within experimental error when citrate up to 1.3 M was
added incrementally to solutions containing Co(II)–HCA II (data
not shown). Solutions were maintained at pH 7.6 using 0.1 M
Hepes buffer at room temperature. The total concentration of all
species of CO2 was 25 mM.
Discussion

With the accumulation of considerable kinetic and crystallo-
graphic information on the carbonic anhydrases, it becomes useful
to compare active-site properties in solution and in crystalline
states. For example, catalysis by HCA II is very pH dependent
[25]; it is necessary to compare crystal structures and kinetic data
under similar conditions. We have approached this by placing co-
balt at the active site of HCA II and using its visible spectrum as
a reporter both in solution and in crystals. Here we point out a sig-
nificant difference in the pKa of the cobalt-bound water in crystal
versus solution phase. The result we emphasize is that the spectro-
scopic pKa of 8.4 for Co(II)–HCA II in the crystal is considerably lar-
ger than the often measured pKa near 7.0 in solution (Fig. 3).

We suggest this difference in pKa values is due to the significant
differences in ionic strength. In this study, citrate was used in the
crystallization precipitant solutions because it does not bind in
the active site of Co(II)–HCA II, unlike sulfate. We know this be-
cause no ordered anion is observed in the crystal structures
(Fig. 4), and citrate was shown not to inhibit catalytic activity. In
contrast, sulfate was avoided in precipitant solutions, as previous
studies of HCA II [26] and Co(II)–HCA II [7] using sulfate resulted
in sulfate bound in the active site, which impairs analysis of struc-
ture–function data and the role of ordered water in the active-site
cavity. We also attempted to find other anions that might be useful
in crystallization, however many including malate, oxalate, and
glutamate were excluded because they were also all found to be
inhibitors of carbonic anhydrase. It is unusual to find an anion that
at high concentrations is not an inhibitor of HCA II. The lack of inhi-
bition by citrate is likely due to its intensely negative charge as a
trianion; the active site of HCA II near the zinc is narrow and lack-
ing in sufficient positive charge to stabilize a complex with citrate.

The precipitant solution in the current studies contained 1.4 M
citrate; this is an ionic strength of 4.8 M. Of course, this does not
necessarily reflect the citrate content of the crystals. The visible
spectrum of the solution form of Co(II)–HCA II in 0.8 M sodium cit-
rate was fit to a pKa of 8.3 (Fig. 3), nearly identical to the pKa ob-
tained from the crystal. By this measure the crystal behaves as if
it has the equivalent of 0.8 M citrate. The solution data (Fig. 3)
show a pKa of 7.2 at an ionic strength of 0.06 M due to potassium
sulfate.

Despite decades of study on the carbonic anhydrases, there is
very little examination of the influence of ionic strength on the
properties of the active site such as the pKa of the aqueous ligand
of the metal. This is mainly because of the difficulty in finding an-
ions that do not bind or interact in a manner that perturbs struc-
tural or catalytic properties. Jacob et al. [27] measuring the
solvent relaxation of protons of an extensively dialyzed sample
of Co(II)–bovine CA II, found a pKa as low as 5.2 at very low ionic
strength. This pKa was observed to be 6.4 in Na2SO4 at an ionic
strength of 0.3 M. The effect of sulfate is in part a contribution to
the ionic strength of solution and in part specific binding of sulfate
at the active site as measured by inhibition of catalysis [28]. How-
ever, the data indicate and Jacob et al. conclude that the pKa of the
metal-bound water is highly dependent on ionic strength. This
conclusion was also reached by Pocker and Miao [29] who deter-
mined that the pKa of the zinc-bound water in bovine CA II in-



Table 2
Geometries of first shell ligands of cobalt in the Co(II)–HCA II crystals at (A) pH 11.0; (B) 8.5; and (C) 6.0.

(A) pH 11.0 Angle X–Co–Y (�)

His94 Ne2 His96 Ne2 His119 Nd1

CoOH/H2O 112 116 117
His94 Ne2 104 112
His96 Ne2 95

(B) pH 8.5 His94 Ne2 His96 Ne2 His119 Nd1 Alternate ligand 1 Alternate ligand 2

CoOH/H2O
(50% occupancy) 111 118 118
His94 Ne2 104 111 93 90
His96 Ne2 93 160 99
His119 Nd1 89 152
Alternate ligand 1 71

(C) pH 6.0 His94 Ne2 His96 Ne2 His119 Nd1 W1 Dw

CoOH/H2O 94 159 95 82 72
His94 Ne2 98 110 85 165
His96 Ne2 97 82 94
His119 Nd1 165 77
W1 87
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creased from 5.9 to 7.0 as the ionic strength of solution was raised
from zero to 0.1 M using sulfate.

We examined the crystal structures of Co(II)–HCA II obtained
from solutions containing 1.4 M citrate to determine if there are
structural changes compared with the many structures reported
for HCA II under a variety of conditions. These structures of
Co(II)–HCA II are similar in many aspects with structures deter-
mined previously [7,30]. The structure at pH 11.0, above the pKa

of the metal-bound water, showed tetrahedral coordination essen-
tially identical with the Zn(II)-containing native enzyme
[13,24,31], and is associated with the strong absorbance at
640 nm (Figs. 2 and 5A). The crystal structure at pH 8.5 was refined
as an intermediate between tetra- and penta-coordinated species
and its absorbance at 640 nm occupies a position between the
strong and weak absorbance of tetra- and penta-coordinated spe-
cies respectively (Fig. 2 and 5B). It is interesting to note that the
Co(II)–HCA II crystals at pH 8.5 (Fig. 4B) are near the pKa at the ac-
tive site of the crystalline enzyme and lie at an intermediate posi-
tion between tetra- and penta-coordinated species of Co(II) from
the standpoint of structure and visible spectra. Catalysis by
Co(II)–substituted CA II is consistent with a two-state model in
which only the high pH, tetrahedrally coordinated form is active
in the catalytic hydration of CO2 [5].

The crystal structure at pH 6.0 displays hexa-coordination
about the cobalt with metal-solvent ligand distances of less than
2.5 Å (Table 2C and Fig. 5C). The metal ligand distances have re-
laxed by �0.3 Å, suggesting a Co(III) state. There is no evidence
from previous studies of visible spectra or of crystal structures
for a hexa-coordinated species of Co(II)–substituted carbonic anhy-
drase [4,6,24,31]. On the contrary, the electronic spectra of the oxi-
dized form Co(III)–HCA II have been associated with octahedral
complexes [32,33]. In this respect the hexa-coordinate structure
at pH 6.0 suggests that the cobalt has been oxidized in our exper-
iments; this is not unexpected since the oxidation of Co(II) is more
rapid at low pH. Although the distances of the three solvent ligands
(CoOH�/H2O, W1 and Dw) observed at pH 6.0 were within the first
ligand shell, only the CoOH�/H2O and W1 were strongly bonded to
the metal with B-factors of 4.2 and 6.5 Å2 respectively. The deep
water Dw appears weakly associated to the metal exhibiting a B-
factor of 22.5 Å2.

These results have implications in the interpretation of struc-
tures of crystals prepared in solutions containing citrate. For exam-
ple, in the first structure of a carbonic anhydrase by neutron
diffraction, Fisher et al. [14] have prepared crystals of HCA II in pre-
cipitant solutions containing an initial concentration of 1.15 M so-
dium citrate at pH 9.0. The ionization state of the zinc-bound
solvent from the neutron diffraction study is more readily under-
stood by assuming that the presence of citrate has increased the
pKa by 1.2 U, as observed in Fig. 3, and by 0.5 to 0.7 U for the in-
crease in dissociation constant of normal acids when deuterated
[34]. This brings the estimated pKa at the metal in HCA II from 7
to near 9 and more readily explains the observed metal-bound
D2O in crystals equilibrated at pH 9.0. The conclusions of this cur-
rent study need also be considered in assessing the role of the pro-
ton shuttle His64 of HCA II which according to crystal structures
has a pH dependent conformational change [12,13,35].
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