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The metalloenzyme carbonic anhydrase (CA) is an attractive choice for a research-based bioinorganic
laboratory course. In this project the interaction of cobalt bovine carbonic anhydrase Il (CoBCAIll) with
acetazolamide and methazolamide and the reaction of apoenzyme with cobalt(ll) complexes of acetazol-
amide and methazolamide is studied by UV-visible spectroscopy. Prior to this spectroscopic study students
are given native BCAII, and they prepare apoBCAIl and CoBCAlIl. A major aim is to provide experience in
handling metalloproteins and in the study of metal complexes-protein interactions.
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The ubiquitous enzyme carbonic anhydrase (CA)' is
present in Archaea, prokaryotes, and eukaryotes. The
comparison of sequences and crystal structures of the
mammalian and plant enzymes demonstrates that they
evolved independently, and the mammalian and plant en-
zymes have been designated the a- and B-class, respec-
tively. An additional independently evolved y-class was
reported in 1994 for which phylogenetic analyses predict
an ancient origin [1]. In higher vertebrates, including hu-
mans, 14 different CA isozymes have been described up to
now. They are involved in the crucial physiological pro-
cesses connected with respiration and transport of CO,/
bicarbonate, pH homeostasis, electrolyte secretion, and
biosynthetic reactions such as lipogenesis, gluconeogen-
esis, and ureagenesis among others. In addition to the
physiological reaction, the reversible hydration of carbon
dioxide to bicarbonate, CAs also catalyze a variety of
reactions such as aldehyde hydration and hydrolysis of
carboxylic acid esters [2].

Human carbonic anhydrase Il (HCAII) is a zinc enzyme
predominantly found in red blood cells where it catalyzes
the reaction [3, 4]:
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" The abbreviations used are: CA, carbonic anhydrase; CoB-
CAll, cobalt bovine carbonic anhydrase Il; HCAIl, human carbonic
anhydrase ll; H,acm, acetazolamide; Hmacm, methazolamide;
Hacm™, monodeprotonated form of Hyacm; acm?®~, dideproto-
nated form of H,acm.
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CO, + H,0 <> HCO; + H*

With a turnover rate of 10%/s at pH 9, 25 °C, it is one of the
fastest enzymes known. The structure of HCAIl has been
refined at 2.0-A resolution [5]. The active site cavity of HCAII
has a conical shape. It is about 15 A wide in entrance and
penetrates about 15 A into the middle of the molecule. The
zinc ion, at the bottom of the cavity, is ligated to three histidyl
residues (His-94, His-96, and His-114), and the fourth ligand
is a water molecule (water 263). The zinc coordination is
almost tetrahedral (see Fig. 1). CA has been widely investi-
gated spectroscopically (using Co(ll)-substituted enzyme),
kinetically, and by x-ray crystallography. The research on CA
includes the use of inhibitors of this enzyme.

Sulfonamides represent an important class of biologi-
cally active compounds with at least five different classes
of pharmacological agents. The sulfonamides are well
known inhibitors of zinc carbonic anhydrase enzyme and
have many applications including use as diuretics, anti-
glaucoma agents, and anti-epileptic drugs among others
[6]. Among the large number of sulfonamides, acetazol-
amide (H,acm) and its derivative, methazolamide,
(Hmacm) (Scheme 1) are used extensively.
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It is known that the inhibition activity of sulfonamides is
due to the coordination of the deprotonated sulfonamido
group to the Zn(ll) instead of the water molecule. The
crystal structure of HCAIl complex with H,acm [7] shows
that the Zn(ll) ion is linked to the nitrogen atom of the
deprotonated sulfonamido of acetazolamide and to three
histidyl nitrogen atoms from the three histidine residues.

Our research group has synthesized and characterized
numerous metal complexes of sulfonamides, particularly
with H,acm and Hmacm [8, 9]. H,acm presents a diverse
coordination behavior as ligand. It can act in a mono-
deprotonated form (Hacm ™) linking the metal ion through the
nitrogen atom of the deprotonated sulfonamido group or
through the thiadiazole nitrogen atom contiguous to the
deprotonated acetamido moiety. Moreover, acetazolamide
in its dideprotonated form (acm?~) can behave as a biden-
tate ligand coordinating through both sulfonamido and thia-
diazole nitrogen donor atoms. In the [Zn(Hacm),(NHj),]
and [Co(Hacm),(NH;),] complexes acetazolamide pre-
sents a coordination behavior similar to that exhibited in
the CA-acetazolamide complex [8].

Methazolamide only can interact with the metal ions
through the nitrogen atom of the deprotonated sulfon-
amido group. The [Zn(macm),(NH,),] compound (Fig. 2) [9]
can be considered the best simple structural model of the
inhibition of zinc CA by methazolamide.

The proposed laboratory project for students in the last
year of the bioinorganic area consists of:

1. Preparation of apoBCAIIl through dialysis using pyr-
idine-2,6-dicarboxylic acid as chelating agent.

2. Preparation of CoBCAIl by metalation of apoBCAll
with Co(ll).

3. Spectroscopic study of the CoBCAIl at different pH
values.

4. Spectroscopic study of the interaction between CoB-
CAll and Hyacm and between CoBCAIl and Hmacm.

5. Spectroscopic study of the interaction between
apoBCAIll and [Co(Hacm),(NHz),] and between
ApoBCAIl and [Co(macm),(NHy),].

Finally, conclusions deduced from the spectroscopic stud-
ies will be summarized.
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Fic. 2. Crystal structure of [Zn(macm),(NH;),].

MATERIALS AND METHODS

Equipment and Reagents—Bovine carbonic anhydrase Il, ac-
etazolamide, and methazolamide were from Sigma. All the other
chemicals were AR grade and were supplied by Sigma. The
laboratory equipment used in this class includes the following: a
balance, a centrifuge, Eppendorf tubes, dialysis membrane, mi-
cropipettes, beakers, volumetric flasks, and UV quartz cuvettes.
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Electronic spectra in the UV-visible region were recorded on a
Shimadzu UV-240 double beam spectrophotometer.

Demetalation of ZnBCAIl—A solution of 0.3 g of ZnBCAll in 20
ml of 0.2 m KH,PO, buffer containing 50 mm pyridine-2,6-dicar-
boxylic acid at pH = 6.9 was transferred into a dialysis membrane
kept in a large vessel that contained 800 ml of 0.2 m KH,PO,
buffer and 50 mwm pyridine-2,6-dicarboxylic acid at pH = 6.9.
Dialysis was performed with slow stirring at 4 °C. Dialysis was
continued under these conditions for 3 days with two changes
of buffer per day. Then the enzyme was dialyzed against 5 mm
HEPES containing 100 mm NaCl at pH = 6.9 for 2 days with two
changes of buffer per day followed by additional dialysis
against 5 mm HEPES (pH = 6.9) for another 2 days with
changes every 2-3 h. Partial denaturation of the enzyme was
observed after dialysis. The suspension was centrifuged, and
the supernatant containing apoBCAIl was collected and kept at
4 °C.

Apoenzyme Concentration—The apoenzyme concentration
was determined spectrophotometrically at 280 nm (e = 4 x 10*
M~ ecm™"). Samples for determining the apoenzyme concentra-
tion were prepared by diluting 40 ul of the apoBCAIl solution in 1
ml of 5 mm HEPES buffer at pH = 6.9 (adjusted with NaOH).

Cobalt(ll) Metalation of AboBCAIl—The stoichiometric ratio be-
tween Co(ll) and apoBCAIl required to prepare CoBCAIl was
determined by spectrophotometric titrations of the freshly pre-
pared apoBCAll in 5 mm HEPES at pH = 7.4 with a 0.01 m CoCl,
aqueous solution. A few microliters of the Co(ll) solution were
added to 1 ml of apoBCAIl to give increasing apoBCAII-Co(ll)
molar ratios (see Fig. 3). The spectra of apoBCAII-Co were cor-
rected for dilution after each addition of the titrant. Absorbance
increased gradually until the equivalence point, which corre-
sponds to an apoBCAII-Co(ll) stoichiometric ratio of 1:1. Succes-
sive additions of Co(ll) did not modify the spectrum. From this
equivalence point, the volume of the Co(ll) solution needed to
metalate the total amount of apoenzyme obtained after dialysis
was determined. About 90-95% of the calculated volume was
then added to the apoenzyme solution to avoid an excess of the
metal ion. Addition of Co(ll) must be carried out very slowly and
with continuous stirring. Finally, the enzyme presented a pink
color, typical of CoBCAIl.
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Fic. 4. Spectra of CoBCAIl solutions at different pH values
(7.4, 7.6, 7.9, 8.3, and 8.8).

Preparation of [Co(Hacm),(NH),]—2.20 g of H,acm were
added with stirring to a hot ethanolic solution (200 ml) of 1072 m
CoCl,-6H,0. Then 9 ml of concentrated ammonia (11 m) was
added dropwise. Immediately the solution became violet, and a
solid of the same color was obtained. The product was filtered,
washed with EtOH, and dried until a constant weight was reached
[8].

Preparation of [Co(macm),(NH3),J—To a solution of
CoCl,*6H,0 (1072 m) and methazolamide (5 X 10~ mol) in 100 ml
of hot ethanol, 0.6 ml of concentrated ammonia was added
dropwise with continuous stirring. The resulting violet precipitate
was collected by filtration, washed with ethanol, and dried until a
constant weight was reached [9].

Study of the Interaction between CoBCAIl and Acetazolamide
and Methazolamide—The binding of acetazolamide and metha-
zolamide to CoBCAIl was studied by spectrophotometric titra-
tions in 5 mm buffer at pH = 8.5. A few microliters of 2.5 X 102
M sulfonamide solution were added to 1 ml of CoBCAIl solution
(1.1 X 10* ™) to give CoBCAll-sulfonamide mixtures at molar
ratios of 1:0.5, 1:1.0, 1:1.5, and 1:2. Spectra of enzyme-sulfon-
amide solutions were taken after each addition of sulfonamide
and were corrected for dilution.

Study of the Interaction between ApoBCAIl and the Cobalt
Complexes—The interaction of [Co(Hacm),(NH;),] and [Co-
(macm),(NH,),] to apoBCAIl was studied by spectrophotometric
titrations in 5 mm buffer at pH = 8.5. A few microliters of 2.5 X
1073 m complex solutions in DMSO were added to 1 ml of
CoBCAII solution (1.6 X 10™* m) to form CoBCAIll-complex mix-
tures at molar ratio of 1:0.5, 1:1.0, 1:1.5, and 1:2. Difference
spectra of apoenzyme-complex versus complex were taken after
correction for dilution after each addition of complex.

RESULTS AND DISCUSSION

The visible spectra of CoBCAIl at the pH range from 7.4
to 8.8 (Fig. 4) with maxima at 515, 550, 620, and 640 nm
are characteristic of a tetrahedral environment around
Cof(ll) [10]. The transitions observed in these spectra cor-
respond to the following two species involved in the acid-
base equilibrium for CoBCAIl at this pH range):
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Fic. 5. Spectra of apoBCAIlI-Co(ll) 1:1 and CoBCAIl-H,acm
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Fic. 6. Spectra of CoBCAIll-H,acm at 1:0.5, 1:1, 1:1.5, and 1:2
molar ratios.

The interaction of the CoBCAIl with H,acm and Hmacm
at different enzyme:sulfonamide ratios and at pH = 8.5
has been studied spectrophotometrically.

Fig. 5 shows the spectra of apoBCAII-Co(ll) 1:1 and
CoBCAll-Hyacm 1:1. The high intensity of the d-d bands in
both spectra is indicative of Co(ll) in a tetrahedral environ-
ment. This arrangement of the Co(ll) in CoBCAIl and in
CoBCAll-Hacm suggests that one Hacm™ anion substi-
tutes for the OH™ anion in the active form of the CoBCAlI
enzyme. Consequently, when acetazolamide interacts with
the enzyme, it losses its catalytic activity.

Fig. 6 presents the spectra of CoBCAIll-H,acm mixtures
at enzyme:sulfonamide ratios of 1:0.5, 1:1.0, 1:1.5, and
1:2. The spectrum of CoBCAll-H,acm 1:0.5 is similar to
that of CoBCAll (see Fig. 3). The other spectra are different
from that of CoBCAIl. The fact that CoBCAII-H,acm ratios
less than 1:1 give similar spectra to that of CoBCAIl to-
gether with the fact that CoBCAIlI-H,acm 1:1 presents a
different spectra to that of CoBCAIll indicates that the
formation of the CoBCAIll-Hacm complex requires at least
a molar ratio of 1:1. The spectra show that CoBCAIIl binds
only one acetazolamide because ratios higher than 1:1
have similar optical densities.
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Fic. 7. Spectra of CoBCAll-Hmacm at 1:0.5, 1:1, 1:1.5, and
1:2 molar ratios.
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Fic. 8. Spectra of apoBCAIll-[Co(Hacm),(NH,),] at 1:0.5, 1:1,
1:1.5, and 1:2 molar ratios.

Fig. 7 shows the spectra of CoBCAIll-Hmacm mixtures
at enzyme:sulfonamide ratios of 1:0.5, 1:1.0, 1:1.5, and
1:2. From these spectra similar conclusions to those above
indicated for CoBCAll-acetazolamide can be inferred. The
similar behavior exhibited by acetazolamide and metha-
zolamide toward CoBCAIl is due to both sulfonamides
binding to the Co(ll) ion through the nitrogen atom of the
sulfonamidate group. The optical density of the maximum
at A = 572 nm in the spectrum of CoBCAll-acetazolamide
1:1 and in the spectrum of CoBCAIll-methazolamide 1:1
has a similar value. This suggests that the interaction
between CoBCAIll and Hmacm is the same as that found
between CoBCAIll and H,acm.

Fig. 8 shows the spectra of solutions containing apoB-
CAll and [Co(Hacm),(NH;),] at different molar ratios of
1:0.5, 1:1, 1:1.5, and 1:2. The pattern of these spectra is
similar to that of CoBCAlI-H,acm (Fig. 6). It indicates that
the interaction of [Co(Hacm),(NH;),] with the apoenzyme
gives rise to the same arrangement around Co(ll) as that in
the interaction of CoBCAIl with acetazolamide. Therefore,
before linking the apoenzyme, the complex must dissoci-
ate partially leaving a Co(Hacm)™ entity that directly inter-
acts with apoBCAll:
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1:1.5, and 1:2 molar ratios.

[Co(Hacm),(NH3),] 2 Co(Hacm)™ + Hacm™ + 2 NH,4
apoBCAIll + Co(Hacm)" = CoBCAll-Hacm™

Moreover, a comparison of the spectrum of CoBCAll-
H,acm 1:1 with that of apoBCAIll-[Co(Hacm),(NH3),] 1:1
(Fig. 9) shows that the former has a higher optical density
than the latter. This fact seems to suggest that the forma-
tion of CoBCAll-Hacm™ takes place to a lesser extent
when the interaction is between the ApoBCAIl and the
Co(ll) complex.

The spectra for solutions containing apoBCAIl and
[Co(macm),(NHy),] at different molar ratios of 1:0.5, 1:1,
1:1.5 and 1:2 are shown in Fig. 10. The spectra are almost
coincident with those of CoBCAIl-Hmacm mixtures. As in
the previous study with the cobalt complex of acetazol-
amide, a direct interaction of a Co(macm)™ entity with the
apoBCAIl to give rise to the CoBCAIll-macm™ structure
can be inferred:

[Co(macm),(NH3),] 2 Co(macm)® + macm™ + 2 NH,
apoBCAll + Co(macm)* = CoBCAIl-macm™

As it has been found for the Co(ll)-acetazolamide complex,
the interaction of the [Co(macm),(NH3),] compound with
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the apoenzyme occurs to a lesser extent than the interac-
tion of CoBCAIl with methazolamide.

STUDENT BACKGROUNDS AND ACTIVITIES

The majority of the students taking this course are stu-
dents of bioinorganic chemistry in the last year of their
chemistry studies. Although they have taken other labora-
tory courses (inorganic, organic, and analytical laborato-
ries), for many this is the first time performing bioinorganic
chemistry, and they have little or no experience in tech-
niques regarding the handling of metalloproteins.

The students have to set up all the experiments and
make all the solutions required for these experiments. The
project can be carried out conveniently in laboratory
classes of 6 h each. The first stage was the preparation of
apoBCAIl by dialysis; this requires 7 days. This stage can be
combined with the preparation of the cobalt(ll) complexes
and with a bibliographic search from library sources. The
following stage is the metalation of apoBCAIl to obtain
CoBCAIl. This work can be carried out in one practical
session. The study of the interaction between CoBCAll
and acetazolamide can be performed in one practical ses-
sion. Another session will be devoted to the study of the
interaction between CoBCAIl and methazolamide. Finally,
the time requirements for the study of the interaction be-
tween the cobalt(ll) complexes and apoCAll are approxi-
mately two additional practical sessions. Additional class
periods of ~12 h (4 h each) are needed for data manipu-
lation, interpretation, and presentation of the results.

This laboratory project provides the students with expe-
rience in techniques regarding the handling of metallopro-
teins that students cannot easily obtain in the laboratory of
first courses. The ultimate goal is to use the students’
knowledge on coordination chemistry in the interpretation
of metal complexes-protein interactions.

CONCLUSIONS

In this laboratory project the students prepare the CoB-
CAll by metalation of apoBCAll. They perform a spectro-
scopic study of the interaction of CoBCAIl with acetazol-
amide and methazolamide, two potent inhibitors of CA
enzyme. From this study the students are able to deduce
that both sulfonamides interact with CoBCAll in the same
way through the nitrogen atom of the deprotonated sul-
fonamido group. Finally, a spectroscopic study of the
interaction of apoBCAIl with [Co(Hacm),(NH5),] and [Co-
(macm),(NH;),] complexes is carried out. From this exper-
iment the students can deduce that the interaction of
[Co(Hacm),(NHj),] or [Co(macm),(NHj),] with the apoen-
zyme leads to the formation of the same species as that of
the interaction of CoBCAIl with acetazolamide and metha-
zolamide, respectively. This conclusion is of special inter-
est because usually the metal sulfonamide complexes are
stronger inhibitors of carbonic anhydrase than the parent
sulfonamides [11].
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