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ABSTRACT: This paper examines the functional mechanism of thioxolone, a compound recently identified
as a weak inhibitor of human carbonic anhydrase II by Iyer et al. (2006) J. Biomol. Screening 11, 782-791.
Thioxolone lacks sulfonamide, sulfamate, or hydroxamate functional groups that are typically found in
therapeutic carbonic anhydrase (CA) inhibitors, such as acetazolamide. Analytical chemistry and
biochemical methods were used to investigate the fate of thioxolone upon binding to CA II, including
Michaelis–Menten kinetics of 4-nitrophenyl acetate esterase cleavage, liquid chromatography–mass
spectrometry (LC-MS), oxygen-18 isotope exchange studies, and X-ray crystallography. Thioxolone is
proposed to be a prodrug inhibitor that is cleaved via a CA II zinc-hydroxide mechanism known to catalyze
the hydrolysis of esters. When thioxolone binds in the active site of CA II, it is cleaved and forms
4-mercaptobenzene-1,3-diol via the intermediate S-(2,4-thiophenyl)hydrogen thiocarbonate. The esterase
cleavage product binds to the zinc active site via the thiol group and is therefore the active CA inhibitor,
while the intermediate is located at the rim of the active-site cavity. The time-dependence of this inhibition
reaction was investigated in detail. Because this type of prodrug inhibitor mechanism depends on cleavage
of ester bonds, this class of inhibitors may have advantages over sulfonamides in determining isozyme
specificity. A preliminary structure–activity relationship study with a series of structural analogues of
thioxolone yielded similar estimates of inhibition constants for most compounds, although two compounds
with bromine groups at the C1 carbon of thioxolone were not inhibitory, suggesting a possible steric
effect.

Carbonic anhydrase (CA)1 enzymes (EC 4.2.1.1) catalyze
the reversible hydration of carbon dioxide to form bicarbon-
ate and release a proton: CO2 + H2Oa HCO3

- + H+. CAs

use a two-step “ping-pong” mechanism (2–5) that typically
involves a zinc ion cofactor functioning as a Lewis acid to
ionize a water molecule, although other metal ion cofactors
are known (6–8). CAs are found in most eukaryotic and
many microbial organisms (9, 10). There are currently five
known CA structural families, the structurally characterized
R-, �-, and γ-classes and the more recently discovered δ-
and �-classes (2, 7, 8, 11–15). The zinc-dependent R-class
CAs are the most clinically relevant family, with at least 14
known isoforms expressed in mammalian tissues (11, 16–18).
First isolated and characterized in 1933 (19, 20), CA II is
the most thoroughly characterized and fastest member of the
R-class CA family, exhibiting near diffusion-limited ki-
netics (3, 5, 21). Mammalian R-CAs have important physi-
ological functions including pH control, bicarbonate me-
tabolism, and regulation of intracellular osmotic pressure
(22). Consequently, a number of R-class CA isozymes, for
example, CA II and CA IV, are the intended targets of drugs
that function as CA inhibitors. CA inhibitors are commonly
used as diuretics for the treatment of symptoms of
hypertension (23, 24), as antiglaucoma drugs (23, 25), and
for the treatment of high altitude sickness, gastric and
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duodenal ulcers, epilepsy, memory function, and oste-
oporosis (18, 23, 25, 26). The CA IX and CA XII isozymes
are also being investigated as potential targets of sulfonamide
compoundsforthetreatmentofcertaintypesofcancers(16,23,27).
Other uses being explored include treatment of osteoporosis
and as a diagnostic tool in magnetic resonance imaging
(MRI) and photon emission tomography (PET) (25). Fur-
thermore, other R-class CA isozymes that may be therapeuti-
cally targeted by CA inhibitors are found in the prokaryotic
mammalian pathogens Neisseria gonorrheae, (28–30) Heli-
cobacter pylori (31–33), and the eukaryotic malarial parasite
Plasmodium falciparum (34–36).

Known R-CA inhibitors include various anions, imidazole,
phenol, hydroxyurea, carboxylates, organic phosphates and
phosphonates, and various sulfonamide compounds (R-
C-SO2NH2) (4, 11, 25). The first organic CA inhibitor
discovered was sulfanilamide, a sulfonamide compound (37)
and variations on the sulfonamide structure have yielded
additional CA inhibitors, for example, sulfamates (R-OSO2-
NH2), hydroxysulfonamides (R-SO2NH(OH)), and hydrox-
amates (R-CO-NH-OH) (11, 17, 38, 39). To date, therapeutic
CA inhibitors have been based on sulfonamide, sulfamate,
and hydroxamate functional groups that coordinate to the
active site zinc ion (17, 23, 39–41). Effective intraocular
pressure reduction in the treatment of glaucoma requires large
doses of sulfonamide drugs. These drugs often have poor
specificity for the targeted isozyme, resulting in a wide array
of undesirable side effects including altered taste, malaise,
fatigue, depression, and anorexia (42–45). Furthermore, a
significant fraction of the human population has demonstrated
an allergic reaction toward some sulfonamide-based
drugs (46–48). Thus, the discovery of new classes of non-
sulfonamide CA inhibitors, potentially with more controlled
specificity for different CA isozymes, could lead to the
development of useful alternatives to existing drugs.

We recently performed a screening study of a model
library of 960 structurally diverse, biologically active
compounds against human CA II, using a well-known
esterase assay with 4-nitrophenyl acetate (4-NPA) (1, 49-52).
This screen yielded a number of CA inhibitors, including
thioxolone (6-hydroxy-1,3-benzoxathiol-2-one), a biologi-
cally active compound not previously described as a CA
inhibitor (compound 1, Table 1). As reviewed by Byres and
Cox (53), thioxolone has been classified as an antiseborrheic
agent (54) and has been used in the treatment of skin
conditions such as acne (55) and dandruff. Some hair-care
products such as shampoos have incorporated thioxolone into
their formulation as an antiseborrheic agent (54). Other
reported medically useful properties include cytostatic, (56)
antipsoriatic, antibacterial, and antimycotic activity; (54)
some toxicity issues involving contact dermatitis have also
been reported for this compound (57). The thioxolone
structure is somewhat polar, with an XlogP value of 1.3,
and has one hydrogen bond donor (a hydroxyl group) on
one end and three hydrogen bond acceptors, including a
carbonyl group on the other end, allowing for the formation
of extensive hydrogen bonds (53). This structure lacks
sulfonamide, sulfamate, or related functional groups that are
typically a key structural feature of known CA inhibitors
(39). Thus, it potentially represents a new class of lead

compounds for further exploration and development as a non-
sulfonamide therapeutic CA inhibitor.

The preliminary characterization of thioxolone inhibition
indicated that it was a relatively weak CA II inhibitor, relative
to some therapeutic sulfonamide inhibitors, both in a kinetic
esterase assay with the substrate 4-NPA and in a competitive
binding assay with the fluorescent probe, dansylamide.
Thioxolone (compound 1, Table 1) yielded an IC50 value of
1.8 µM and a Kd value of 33 µM vs an IC50 value of 0.31
µM and a Kd value of 20 nM for acetazolamide (compound
2), a therapeutic CA inhibitor (1). The mechanism of CA II
inhibition was not immediately obvious from the thioxolone
structure. Phenol is a well-known CA inhibitor, (58, 59) and
the C6 hydroxyl group of thioxolone could function in a
phenol-like manner in binding to the zinc ion. The five-
membered ring of thioxolone also contains both ester and
thioester groups, which could mimic the transition state for
the CA-catalyzed esterase reaction. Furthermore, either or
both of the ester and thioester bonds could function as
substrates for the well-known nonphysiological esterase
activity of CA II, (49, 50) which involves a zinc-hydroxide
mechanism (49–52, 60–62). Here, we describe a detailed
initial investigation of the thioxolone inhibition mechanism,
with the aim of gaining a more detailed understanding
of this novel class of CA inhibitor, and present a set of
structure–activity relationship (SAR) data for a number of
structural analogues.

EXPERIMENTAL PROCEDURES

Enzyme Expression and Purification. The CA II expression
plasmid, pACA, was a generous gift from Dr. Carol Fierke,
University of Michigan. Bacterial expression and purification
of CA II on a SP Sepharose Fast Flow (Amersham Bio-
sciences/GE Healthcare, Piscataway, NJ) cation exchange
column were performed as described previously (1).
SDS-PAGE analysis indicated that the CA II had greater
than 95% purity. The enzyme concentration was determined
using a molar absorptivity of 5.4 × 104 M-1 cm-1.

Table 1: Structures and IC50 Values for Inhibition of Human Carbonic
Anhydrase II by Acetazolamide and Thioxolone Analogues

a IC50 values for inhibition of 4-NPA esterase kinetic rate, determined
by absorbance measurements at 348 nm. b Error range for fitted IC50

value was defined as a 95% confidence interval. c Inhibitor constants (Ki

values) for these compounds were determined using 18O-exchange
activity studies. d IC50 data from ref 1. Error range for fit IC50 value was
defined as a 95% confidence interval. e No data. No IC50 data was
determined for this compound using the 4-NPA esterase assay.
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Materials. Pure analytical grade thioxolone (99% purity)
and other chemicals and solvents were obtained from Sigma-
Aldrich (St. Louis, MO), unless otherwise noted. The
thioxolone hydrolysis product (compound 3) was prepared
by acid hydrolysis of thioxolone (Supporting Information).
A set of 13 structural analogues of thioxolone, compounds
6–18 (Table 1) were obtained from Specs (Delft, Nether-
lands). Three other thioxolone analogues, compounds 19–21
(Table 1), were synthesized using thioxolone as a starting
compound (Supporting Information).

Carbonic Anhydrase 4-NPA Esterase Inhibition Studies.
The CA II esterase activity with 4-NPA as the substrate (49)
has provided a reliable CA II activity assay that does not
require the use of dissolved CO2. The CA-catalyzed hy-
drolysis of 4-NPA results in the generation of a yellow
4-nitrophenolate anion with an isosbestic point at 348 nm
that is readily detected with a spectrophotometer (63). IC50

values were determined using a 4-NPA esterase assay in 96-
well microplates as previously described, (1) using 100 µL
of assay solution containing 1 µM purified CA II in 50 mM,
pH 7.5 MOPS, 33 mM Na2SO4, 1.0 mM EDTA buffer. The
EDTA was added to minimize the background rate of
solvent-catalyzed hydrolysis of the substrate. Thioxolone,
4-mercaptobenzene-1,3-diol, and other structural analogues
were dissolved to a final concentration of 10 mM in 100%
DMSO and were serially diluted 1:2 with pure DMSO in
Costar 3365 round-bottom 96-well polypropylene plates
(Corning, Lowell, MA). A volume of 1 µL of each compound
was then transferred into the assay solution, using a CCS
Packard PlateTrak robotic liquid handling system (Perki-
nElmer, Shelton, CT). The IC50 assays were determined in
quadruplicate. Compounds were allowed to equilibrate with
the enzyme for 15 min at room temperature. On each plate,
the CA II inhibitor, acetazolamide (10 µM final concentra-
tion), was included as a positive control (100% inhibition)
and 100% DMSO was included as a negative control (0%
inhibition). The reaction was initiated by addition of 10 µL
of 5.5 mM 4-NPA solution in 100% DMSO, with a
Multidrop dispenser (MTX Laboratory Systems, Vienna,
VA), and data collection was started. The absorbance of each
well was measured at 348 nm every 15 s for 5 min with a
SpectraMax Plus384 microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA), running SoftMax Pro software
(version 4.8). The initial velocities, determined by the
SoftMax Pro software, were normalized to a scale of 0% to
100% inhibition with an MS Excel spreadsheet, using the
controls on each plate. This data were then fit using the
GraphPad Prism (Version 4.03) graphing software to deter-
mine the IC50 values for each compound.

Michaelis–Menten Enzyme Kinetic Studies. A limiting
concentration of enzyme was titrated against increasing
concentrations of inhibitors. CA II was diluted with 50 mM
pH 7.5 MOPS buffer, 33 mM Na2SO4, 1 mM EDTA, and
0.01% Triton X-100 in 1.5 mL disposable polystyrene
cuvettes (Bio-Rad, Hercules, CA) and also in flat-bottom 96-
well plates (Costar 3370), followed by addition of thioxolone
(10 mM stock solution in 100% DMSO) to give a final
enzyme assay concentration of 1 µM. The enzyme and
thioxolone mixture was allowed to equilibrate for 15 min at
room temperature, followed by addition of the 4-NPA
substrate. The hydrolysis rate of 4-NPA was monitored by
absorbance readings at 348 nm (A348) with a Spectramax384

spectrophotometer in the kinetic data acquisition mode.
Absorbance readings were collected every 9 s for 5 min,
and initial data in the range of 5 to 30 s from each run were
used to calculate the initial velocity, V0. For the preincubation
time studies, the enzyme and thioxolone mixture was allowed
to equilibrate for one of seven different time periods (0 s, 1
min, 5 min, 10 min, 20 min, or 30 min), followed by rapid
addition of the 4-NPA substrate with a pipettor. The
hydrolysis rate of 4-NPA was then monitored by absorbance
readings at 348 nm (A348), with a SpectraMax Plus384

spectrophotometer in the kinetic data acquisition mode.
Absorbance readings were collected every 2 s for an interval
of 5 min, and initial data in the range of 5 to 30 s from each
run were used to calculate the initial velocity, V0. The ∆ε348

value used to calculate the 4-nitrophenolate ion product
concentration at the isosbestic point was 5.0–103 M-1

cm-1 (64, 65). The initial substrate concentration of 4-NPA
was varied from 90 µM to 1.5 mM. As reviewed previ-
ously (60, 62), the solubility of the 4-NPA ester substrate is
well below its KM value for wild-type CA II, making it
difficult to independently determine kcat and KM via a fit of
the Michaelis–Menten equation. Instead, an apparent second
order rate constant, k′ ()kcat/KM), was calculated from initial
slopes corrected for the background rate of hydrolysis, using
the equation V0 ) k′[E0][S0] (62, 66).

The time-dependent inhibition of CA II by thioxolone
was investigated in greater detail by measuring initial rates
of 4-NPA esterase hydrolysis after preincubation of the
enzyme with thioxolone for varying times (0 s, 1 min, 5
min, 10 min, 20 min, or 30 min), at five different
concentrations of inhibitor (10, 20, 50, 75, and 100 µM
thioxolone) and with 750 µM 4-NPA initial concentration.
Absorbance readings were again collected every 2 s for
an interval of 5 min, and the initial data in the range of 5
to 30 s from each run were used to calculate the initial
velocity, V0. The apparent second order rate constant, k′
() kcat/KM), was again calculated from initial slopes
corrected for the background rate of hydrolysis, using the
equation V0 ) k′[E0][S0]. Then these k′ values were used
in a nonlinear regression analysis for a single phase
exponential decay model, (y ) y0 exp(-kt) + ymin, using
GraphPad Prism 4.03) to determine the half-life of 4-NPA
inhibition and the exponential decay constant. The intrinsic
inactivation rate of thioxolone, kinact was determined by
nonlinear fitting of time-dependent data as a function of
thioxolone concentration via the following equation: kobs

) kinact[I]/(KI + [I]), where kobs is the exponential decay
constant, kinact is the intrinsic inactivation rate constant
for thioxolone, [I] is the thioxolone concentration, and KI

is the equilibrium constant for thioxolone (67, 68) (Table
4).

Oxygen-18 Isotope Exchange Kinetic Inhibition Studies.
Inhibition constants (Ki values) of thioxolone (compound 1),
4-mercaptobenzene-1,3-diol (compound 3), and 2-hydrox-
ythiophenol (compound 4) were determined by measurement
of the inhibition of the 18O-exchange activity between CO2

and water via mass spectrometry, as reviewed else-
where (69, 70). Experiments were carried out at 25 °C in
solutions buffered at pH 7.4 with 0.1 M Hepes. The total
concentration of all species of CO2 was 10 mM, and the
enzyme concentration was 7.3 nM. Inhibitor concentrations
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ranged up to 800 µM and were analyzed by the method of
Henderson for tight binding inhibitors (71).

Liquid Chromatography–Mass Spectroscopic Studies. Thio-
xolone cleavage in the presence and absence of CA II was
analyzed by liquid chromatography–mass spectrometry (LC-
MS). The CA II-thioxolone sample was prepared by first
mixing 5 µM thioxolone (final concentration) with 5 µM CA
II (final concentration) and 50 mM MOPS, pH 7.5, 33 mM
Na2SO4 and 1 mM EDTA buffer to bring the total volume
to 5 mL in a 15 mL round-bottom centrifuge tube. After
being mixed by vortexing briefly for 30 s, the reaction was
allowed to proceed at room temperature for 1 h. After 1 h,
the sample was pipetted into a 2 mL 10 kDa molecular
weight cut off (MWCO) Centriplus centrifugal dialysis
concentrator (Millipore, Bedford, MA) and centrifuged at
4500g until most of the sample had passed through (ap-
proximately 1 h). The purpose of this step was to remove
the CA II enzyme from any potential hydrolysis products.
A stock solution of 10 mM thioxolone in 100% DMSO was
diluted into 50 mM MOPS, pH 7.5, 33 mM Na2SO4, and 1
mM EDTA buffer to a final concentration of 5 µM (5 mL
total volume) to prepare the enzyme-free control sample.
Both samples were then adjusted to an approximate pH of 3
by dropwise addition of 1:10 diluted HCl (1.24 M), checking
the pH after every few drops with pH strips to ensure that
the pH was not too low. After the pH was adjusted, an equal
volume of HPLC-grade chloroform was added into the tube
and then vortexed vigorously for 1 min. After each tube had
been vortexed once, the tubes were vortexed a second time
to ensure complete mixing. The samples were then allowed
to settle, resulting in phase separation of the chloroform from
the aqueous layer. The aqueous layer was then removed with
a Pasteur pipet. After the aqueous layer was removed, the
tube was quickly vortexed for a few seconds and allowed to
settle, checking for the presence of the remaining aqueous
phase. This process was repeated for each sample. After all
of the aqueous layers were removed, the samples were
transferred to a clean small glass vial and were placed into
a vacuum desiccator to remove the chloroform. Following
complete removal of the chloroform, 1 mL of HPLC-grade
methanol was added to each vial and samples were vortexed
to resuspend the remaining residue. The samples were then
filtered through a 0.2 µM pore size filter and stored in 1.5
mL microcentrifuge tubes at 4 °C if not used immediately.

The resulting thioxolone hydrolysis samples were analyzed
on Shimadzu 2010A LC-MS instrument (Shimadzu Scientific
Instruments, Columbia, MD) equipped with a manual injec-
tor, LC pumps, a photo diode array (PDA) detector, and an
electrospray ionization (ESI) probe. All samples were
dissolved in methanol. Sample introduction was achieved
by direct manual injection of a 5 µL sample solution with
the methanol mobile phase pumped at an isocratic flow rate
of 0.6 L/min. Sample ionization was achieved by electrospray
ionization (ESI) in negative polarity mode with a 1 s event
scan time. Ionization parameters include a nebulizer gas flow
rate of 2.5 L/min, a detector voltage of 1.5 kV, and a curved
desolvation heater temperature of 250 °C.

X-ray Crystallographic Studies of CA II Complexed with
Thioxolone and 2-Hydroxythiophenol. The hanging-drop
vapor diffusion method was used to grow wild-type CA II
crystals at room temperature (72). The crystallization drops
for the crystals soaked with thioxolone (compound 1) were

prepared by mixing 8 µL of protein (∼10 mg mL-1 in 50
mM Tris-HCl pH 7.8) with 2 µL of precipitant solution (50
mM Tris-HCl pH 8.0, 2.6 M ammonium sulfate). The
crystallization drops for the crystals soaked with 2-hydroxy-
thiophenol (compound 4, Oakwood Laboratories, Oakwood
Village, OH) were prepared by mixing 9 µL of protein (∼10
mg mL-1 in 50 mM Tris-HCl pH 7.8) with 1 µL of
precipitant solution (50 mM Tris-HCl pH 9.0, 1.3 M sodium
citrate). Both conditions were equilibrated against 1 mL of
their respective precipitant solution. Useful crystals in the
ammonium sulfate condition appeared within 5 days, and
useful crystals in the sodium citrate condition appeared within
8 days.

CA II crystals obtained using ammonium sulfate as the
precipitant were incubated with 2 µL of thioxolone (20 mM
in 50% DMSO) at room temperature in 10 µL of stabilizing
solution for ∼24 h prior to data collection, whereas the CA
II crystal obtained using sodium citrate as the precipitant
was soaked with 2 µL of 2-hydroxythiophenol (20 mM in
50% DMSO) also at room temperature with 10 µL of
precipitant solution for ∼24 h prior to data collection.

Both X-ray diffraction data sets were collected to 1.6 Å
resolution at room temperature, using an R-AXIS IV++
image plate system with osmic mirrors and a Rigaku HU-
H3R Cu rotating anode operating at 50 kV and 100 mA.
The crystal-to-detector distance was set to 120 mm during
the data collection with a 1° oscillation angle with 8 min
exposures per image. X-ray data indexing was performed
using DENZO and scaled and reduced with SCALEPACK
(73). Both crystals were shown to be isomorphous to
previously grown CA II crystals and belonged to space group
P21 with mean unit cell dimensions: a ) 42.8 ( 0.1, b )
41.7 ( 0.1, c ) 73.0 ( 0.1 Å, and � ) 104.7 ( 0.1°. Details
of data collection and processing are given in Table 3.

The structures were phased using molecular replacement
methods with the software package, Crystallography and
NMR Systems (CNS) (74, 75). The structure of HCA II
(PDB accession code: 1TBT), with the solvent molecules
removed, was used as the search model (70). After one
cycle of rigid body refinement, annealing by heating to
3000 K with gradual cooling, geometry-restrained position
refinement, and temperature factor refinement, Fo - Fc

Fourier electron density omit maps were generated
(Figures 2 and 3). Using the computer-graphics program
Coot, (76) the residual density of these maps were
interpreted, and the positions of the complexed molecules
werebuilt.ThePRODRG(http://davapc1.bioch.dundee.ac.uk/
programs/prodrg/) server was used to build coordinate and
topology files for the molecules built (77).

A second cycle of CNS refinement, with the complexed
molecules built, resulted in an Rwork and Rfree of 0.183 and
0.285 for thioxolone soaked crystal, and 0.232 and 0.265
for the 2-hydroxythiophenol complex. Subsequently, the
refinements were continued using SHELXL97 in the con-
jugate-gradient least-squares mode (CGLS) with SHELXL
default restraints, (78) followed by manual remodel building
with the computer-graphics program COOT (76). The water
molecules were added for both structures. Refinement of the
structures continued until Rcryst and Rfree converged. The final
Rcryst and Rfree were 0.164 and 0.211, and 0.187 and 0.220
for the thioxolone and 2-hydroxythiophenol soaked crystals,
respectively. The occupancy for all atoms (including com-
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pounds 4-mercaptobenzene-1,3-diol, S-(2,4-thiophenyl)hy-
drogen thiocarbonate, 2-hydroxythiophenol, and solvent
molecules) were fixed at 1.0 during refinement. The
ligand-enzyme interactions were determined with
LIGPLOT, and the model geometries were analyzed by
PROCHECK (79, 80). All data-refinement and final model
statistics are given in Table 3.

The final, refined models and experimental data have been
deposited with the Protein Data Bank, with PDB accession
codes 20SF and 20SM for the CA II crystal soak with
thioxolone (complexed with 4-mercaptobenzene-1,3-diol
(compound 3) and S-(2,4-thiophenyl)hydrogen thiocarbonate)
and 2-hydroxythiophenol (compound 4), respectively.

RESULTS

Enzyme Kinetic Studies. Michaelis–Menten kinetics were
measured for the rate of 4-NPA ester hydrolysis by CA II
as a function of thioxolone concentration, to determine
possible mechanisms of inhibition. The upper limit of
substrate concentration (0.5 mM) was within the typical range
of 0.4 to 1.0 mM 4-NPA concentration used in CA activity
assays (1, 52, 65) and is far in excess of the enzyme
concentration (1 µM). The substrate concentration is well
below experimental estimates of KM for this enzyme–sub-
strate combination, which, because of the relatively low
solubility of 4-NPA in aqueous solution, vary between 4 and
22 mM (52, 81). However, the chosen range of 4-NPA
substrate concentrations well below KM should also yield
good sensitivity for detection and monitoring of potentially
weak competitive inhibitors of the system (82), such as
thioxolone.

The CA II-catalyzed 4-NPA esterase reaction rate was
dependent on the concentration of thioxolone (Figure 1a);
the initial reaction velocity decreased with increasing thio-
xolone concentration, confirming inhibition by this com-
pound. The best-fit values of the Michaelis–Menten param-
eters, kcat and KM, decreased and increased, respectively, as
the concentration of thioxolone was increased (Table 2).
These results are suggestive of a mixed inhibition mode (i.e.,
competitive and noncompetitive), a result further supported
by a Lineweaver–Burke plot analysis of the kinetic data
(Figure 1a, inset). However, these results do not exclude a
purely competitive mode of inhibition, as the range of
substrate concentrations used was well below the KM value,
for reasons discussed above. It should also be noted that the

4-NPA assay used a nonphysiological esterase reaction with
a substrate that has a relatively large aromatic group;
however, there is considerable evidence that both esterase
and CO2 hydration reactions use the same zinc hydroxide
mechanisms (52, 62).

Additional kinetic studies also clearly indicated that
thioxolone exhibited time-dependent inhibition of the CA
II esterase reaction, but that the majority of inhibition
occurred within the 15 min preincubation period used for
all IC50 experiments with 4-NPA substrate (Figure 1b). A
fit of the apparent second order rate constant, k′ , as a
function of thioxolone preincubation time, to a single
exponential decay model, yielded an estimated half-life
for inhibition of 4-NPA esterase activity of 340 s. The
nonlinear fit of time-dependent data as a function of
thioxolone concentration can be seen in Figure 1c and
the kinact and KI parameter values (Table 4).

X-ray Crystallography of Thioxolone Compounds with
Carbonic Anhydrase II. The refined crystal structure for the
CA II crystals soaked with thioxolone (compound 1) revealed
a number of unexpected results (Figure 2). The most
surprising result was the observation that thioxolone was not
present in the crystal, but rather the thioxolone had been
hydrolyzed into the ester product 4-mercaptobenzene-1,3-
diol (compound 3) and was directly bound to the active site
zinc via coordination by the C3 thiol group (Figure 2b). The
carbon ring was further stabilized via Van der Waals
interactions with residues Val121, Leu198, and His94. This
result immediately suggested that the thioxolone structure
was readily cleaved into the ester hydrolysis product via an
active site zinc-hydroxide mechanism, as hypothesized for
other esters (52). In addition to the presence of 4-mercap-
tobenzene-1,3-diol (compound 3) in the CA II active site, a
catalytically hydrolyzed intermediate, S-(2,4-thiophenyl)hy-
drogen thiocarbonate, was observed at the rim of the CA II
active-site cavity (Figure 2c). The carboxyl group was
pointed toward the active site, stabilized by several solvent
molecules, and the carbon ring was stabilized via Van der
Waals interactions with residues Ile91 and Asp72 (Figure
2c).

These structural results raised a number of questions that
we attempted to address in the further analytical chemistry,
kinetics, and structural experiments. Further crystallographic
studies yielded the structure of CA II complexed with
2-hydroxythiophenol (compound 4) (Figure 3). This structure

Table 2: Michaelis–Menten Kinetic Parameters Determined for Concentration-Dependence of Thioxolone Inhibition of 4-Nitrophenyl Acetate Hydrolysis
by Carbonic Anhydrase IIa

thioxolone concentration (µM) 0 25 50 99

Best-Fit Values

kcat (s-1) 2670 1530 914 734
KM (mM) 1.13 1.17 1.50 2.08

Std Error

kcat (s-1) 521 1130 748 577
KM (mM) 0.32 0.81 0.93 1.21

95% Confidence Intervals

kcat (s-1) 1600 to 3740 -798 to 3860 -630 to 2460 -452 to 1920
KM (mM) 0.48 to 1.78 -0.48 to 2.81 -0.40 to 3.39 -0.37 to 4.52
R2 0.97 0.84 0.91 0.95

a Kinetic measurements of thioxolone inhibition of the 4-NPA esterase reaction were performed using 1 µM CA II, as described in Experimental
Procedures. GraphPad Prism version 4.03 was used to fit the data.
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confirmed the binding site of 4-mercaptobenzene-1,3-diol
(compound 3) as they were superimposable. The crystal-
lographic studies indicated that the binding mode of the final

product of thioxolone hydrolysis, 4-mercaptobenzene-1,3-
diol (compound 3), and the structurally similar analogue
2-hydroxythiophenol (compound 4), both involve a direct
interaction of a thiol group with the zinc ion. This result is
not surprising, given that cysteine side chain thiols are one
of the four most common zinc ligands in proteins (83).
Furthermore, this direct interaction with the catalytic zinc
ion is similar to the binding mode of other CA sulfonamide
and hydroxamate inhibitors, although these other compounds
do not have thiols and instead employ an ionized anionic
form of the nitrogen atom to bind the zinc ion in the

FIGURE 1: Kinetics studies of thioxolone inhibition of CA II esterase
activity. (a) The rate of 4-NPA ester hydrolysis catalyzed by CA
II as a function of thioxolone concentration. The data was fit to
the Michaelis–Menten equation using nonlinear regression analysis
and Graphpad Prism 4.03 software. (a) Inset: Lineweaver–Burke
plot of the Michaelis–Menten data, indicating apparent mixed
inhibition behavior by thioxolone. (b) Time-dependence of thio-
xolone inhibition of CA II as monitored by apparent second order
rate constant, k′, as a function of inhibitor incubation time. Data
were fit to a single exponential decay model to yield a t1/2 value of
340 s. Initial assay conditions were 20 µM thioxolone concentration,
750 µM 4-NPA substrate concentration, and 1 µM CA II. (c) Plot
of CA II activity loss versus thioxolone concentration as determined
by fitting the decay constant to a nonlinear regression analysis using
GraphPad Prism (4.03). Each point is the mean of triplicate data
((SD).

FIGURE 2: Crystal structure of CA II soaked with thioxolone. (a)
Ribbon diagram of CA II complexed with (b) 4-mercaptobenzene-
1,3-diol (compound 3) and (c) S-(2,4-thiophenyl)hydrogen thio-
carbonate; (b) and (c) are close up views of the open boxes as
depicted in (a). The zinc atom is shown as a black sphere, and side
chains are as labeled. Blue Fo - Fc electron density map shown in
(b) and (c) is contoured at 2σ and was calculated without the
inhibitors present. Figures were generated and rendered with
BobScript and Raster3D, respectively (95, 96).

FIGURE 3: Crystal structure of CA II complexed with 2-hydroxy-
thiophenol (compound 4). The zinc atom is shown as a black sphere,
and side chains are as labeled. Blue Fo - Fc electron density map
shown is contoured at 2σ and was calculated without the inhibitor
present. Figure was generated and rendered with BobScript and
Raster3D, respectively (95, 96).
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sulfonamide, sulfamate, hydroxysulfonamide, or hydroxam-
ate group (4, 39, 84). Analyses of various CA-inhibitor
cocrystal structures have indicated that the sulfonamide
binding mode is generally the same and involves direct
coordination of the ionized nitrogen group to the active site
zinc (4, 11). The deprotonated NH- group replaces the zinc-
bound water molecule and coordinates to the Zn(II) ion. The
NH moiety forms hydrogen bonds to the side chain OH group
of Thr199, a coordination mechanism termed the “door-
keeper” rule for protonated inhibitors, (4, 11, 17, 25) and
one of the oxygen atoms of the SO2NH group forms a
hydrogen bond with the peptide NH of Thr199. A similar
interaction could also occur with 4-mercaptobenzene-1,3-
diol (compound 3) and 2-hydroxythiophenol (compound 4),
where the geometry between Thr199 side chain O atom and
the thiophenol S atom indicates that the angle and distance
allow for the possibility of a weak hydrogen-bond (Thr199-
OH---S) with a distance of 3 Å.

Liquid Chromatography–Mass Spectroscopy Analysis of
Thioxolone and Hydrolysis Products. The analytical tech-
nique of LC-MS was used to verify that the thioxolone
hydrolysis products observed in the preliminary crystal
structure were generated by reaction with CA II and were
not due to other nonenzymatic hydrolysis events, for
example, nonenzymatic cleavage by exposure to X-ray
radiation. The LC-MS analysis was first performed in both

the positive ionization and negative ionization modes to
determine which mode would best detect thioxolone. The
negative ionization mode resulted in the detection of the
deprotonated thioxolone ion with a mass-to-charge ratio
(m/z) of 167, and the positive mode yielded an m/z value of
169, as expected. Comparison of the two ionization modes
indicated that the negative ionization mode was more
sensitive.

Pure thioxolone (compound 1) was incubated with either
CA II enzyme or with enzyme-free buffer as a control; the
resulting small molecule products were isolated from the
protein by diafiltration and organic liquid–liquid extraction.
The resulting products were then analyzed by LC-MS. When
thioxolone was incubated with the enzyme, a probable
hydrolysis product was isolated with an m/z value of 139
(Figure 4); this value is consistent with the predicted value
for 4-mercaptobenzene-1,3-diol (compound 3). The amount
of 4-mercaptobenzene-1,3-diol in the sample was approxi-
mately 23% of the amount of thioxolone present when 5
µM of thioxolone was cleaved by 1 µM CA II. The
percentage of 4-mercaptobenzene-1,3-diol to thioxolone was
consistently observed in every LC-MS analysis of samples
of thioxolone incubated with CA II. The lower m/z value
detected was consistent with the form of 4-mercaptobenzene-
1,3-diol resulting from the cleavage of a disulfide-linked
dimer, bis-4-mercaptobenzene-1,3-diol. When the control

Table 3: X-ray Crystallographic Data Collection and Structural Refinement Statistics

data set statistics
thioxolone (1) soaked

CA II crystal
2-hydroxythiophenol (4)

soaked CA II crystal

unit cell dimensions (a, b, c Å, �°) 42.8, 41.7, 72.9, 104.7 42.9, 41.8, 73.1, 104.7
space group P21 P21

resolution range (Å) 2.0-1.6 (1.66–1.60)c 20–1.6 (1.66–1.60)
total no. of reflections 88680 76594
unique reflections/redundancy 30612 (2571)/2.9 30184 (2499)/2.5
completeness (%) 92.5 (78.4) 90.6 (75.2)
Rsym

a 0.068 (0.437) 0.134 (0.278)
Model Statistics
Rcryst/Rfree

b 0.164/0.211 0.187/0.220
no. protein/solvent/ion/drug atoms 2063/107/1/21 2068/122/1/8
rmsd bond lengths (Å)/angles (°) 0.005/1.39 0.004/1.26
ave B-factor protein main-/side-chain/solvent/drug atoms (Å2) 18.1/21.3/28.5/30.3 20.5/26.1/42.7/18.7
ave B-factor zinc ion (Å2) 9.8 15.1
Ramachandran plot statistics (%) Most-favored/allowed 88.4/11.6 88.9/11.1
PDB code 20SF 20SM

a Rsym ) Σ |I - <I>|/Σ <I>. b Rcryst ) Σ ||Fo| - |Fc||/Σ |Fo|, Rfree is calculated the same as Rcryst, except it uses 5% of reflection data omitted from
refinement. c Data in parenthesis are for the highest resolution shell.

FIGURE 4: LC-MS of thioxolone products generated in the absence and in the presence of CA II. Left, mass spectrum of thioxolone control
sample incubated in buffer only. Dihydroxyacetone was also observed in the control sample. Right, mass spectrum of thioxolone and
resulting 4-mercaptobenzene-1,3-diol (compound 3) hydrolysis product observed after thioxolone was incubated with CA II.
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samples of thioxolone without CA II were analyzed by LC-
MS, the previous product, 4-mercaptobenzene-1,3-diol (com-
pound 3), was not detected (Figure 4).

Structure–ActiVity Relationship Studies of Thioxolone and
Structural Analogues. As previously reported, (1) thioxolone
(compound 1) is a relatively weak inhibitor of CA II esterase
activity, with a measured IC50 value of 1.77 µM (Table 1).
A preliminary SAR study was performed with a series of
small thioxolone structural analogues to examine possible
mechanisms of inhibition and determine if the potency of
CA II inhibition could be increased (Table 1). The com-
pounds tested included the thioxolone hydrolysis product,
4-mercaptobenzene-1,3-diol (compound 3) and two smaller
structural analogues, 2-hydroxythiophenol (compound 4) and
benzenethiol (compound 5). Two of these compounds were
tested for inhibition of CA II activity, using a 4-NPA esterase
assay to determine their inhibition constants. The smaller
analogues (compounds 4 and 5) had IC50 values of 1.05 and
1.49 µM, which were slightly lower than thioxolone, with
2-hydroxythiophenol exhibiting greater potency. Thus, the
two smaller aromatic thiol compounds appeared to be more
potent inhibitors than the parent compound, thioxolone. The
IC50 values were also similar to those measured for some of
the other larger thioxolone analogues, discussed below (Table
1). Inhibition constants (Ki values) of thioxolone (compound
1), the thioxolone cleavage product, 4-mercaptobenzene-1,3-
diol (compound 3), and 2-hydroxythiophenol (compound 4)
were also determined for the physiologically relevant reaction
of CO2 hydration (Table 1), via titration of the 18O-exchange
activity, as monitored by mass spectrometry. This alternate
method yielded Ki values of 314 ( 69 µM, 148 ( 39 µM,
and 0.631 ( 0.034 µM for compounds 1, 3, and 4,
respectively. These results further verified that thioxolone
(compound 1) is a relatively weak inhibitor of CA II activity,
whereas the thioxolone hydrolysis product, 4-mercaptoben-
zene-1,3-diol (compound 3), although still a relatively weak
inhibitor, was 2-fold more potent. In contrast, 2-hydroxy-
thiophenol (compound 4) showed a significant ∼500-fold
increase in inhibition, similar in magnitude to other sulfona-
mide inhibitors. This result suggests that the absence of a
second hydroxyl group may have greatly improved the
affinity of this molecule in the active site, relative to
4-mercaptobenzene-1,3-diol (compound 3). A closer exami-
nation of the crystal structures of the two complexes (Figures
2, 3) reveals insight into this apparent ∼500-fold increase
in inhibition of 2-hydroxythiophenol (compound 4) compared
to 4-mercaptobenzene-1,3-diol (compound 3) on CA II. The
additional hydroxyl group of 4-mercaptobenzene-1,3-diol
(compound 3) points toward a hydrophobic pocket in the
active site of CA II (in close proximately to residues Ile91,
Phe131, Leu141, Val135, and Leu198 - not shown in Figure
2) and this may be the cause of the significant disparity in
the affinity of the two compounds. The absence of the second
hydroxyl group on the ring of 2-hydroxythiophenol (com-
pound 4) removes the incompatibility of the hydrophilic
nature of this group in the hydrophobic pocket and therefore
could explain the greatly improved affinity of this compound.

A preliminary structure–activity relationship (SAR) study
was performed on a series of 16 structural analogues of
thioxolone (Supporting Information). All 16 analogues
contained the original thioxolone ring structure, but also had
additional aliphatic and aromatic groups substituted at the

C6 carbon hydroxyl group, using the nomenclature of Byres
and Cox (53). Some analogues were also modified by
halogenation of the C1 and/or C5 carbons. Apparent IC50

values were determined for these compounds after a 15 min
incubation time. Many of these analogues were inhibitory
to CA II and yielded apparent IC50 magnitudes similar to
those of thioxolone, while two compounds were noninhibi-
tory, compounds 6 and 17. These preliminary observations
suggest that the thioxolone ring structure can tolerate
additional substitutions at some positions and not others,
specifically at the C1 carbon.

To further test this hypothesis, a model was generated of
a bromine atom attached to carbon C1 of the thioxolone
hydrolysis product, S-(2,4-thiophenyl)hydrogen thiocarbon-
ate, in the cocrystal structure. This model indicated a
pronounced steric clash between the C1 bromine atom and
the CA II active site residue, Val121, providing further
support for this hypothesis. Furthermore, bromine present
at the C1 position could also reduce the likelihood that
hydrolysis of thioxolone compounds would occur, even if
binding was feasible. Residue Val121 is one of several
residues, along with Val143, Leu198, and Trp209, that
function as a hydrophobic pocket for substrate binding, near
the zinc-bound hydroxide (85). Several studies have shown
that these residues are important for the interaction between
the enzyme and the 4-NPA substrate (86–89) and for
specificity for different ester substrates (52). Recently, the
combination of the two V121A and V143A mutations was
shown to greatly increase the rate of CA II hydrolysis of
some long chain esters, such as paranitrophenyl valerate (62).
Thus, it is not unexpected that introducing substituents at
certain positions, such as the C1 carbon, could alter the ability
of thioxolone analogues to bind in the active site.

It should be noted that none of the 16 analogues tested
had any substituents at the C4 carbon; the effect of other
functional groups at this position remains to be explored, as
does substitution of the reactive ester and thioester bonds
with other types of atoms and chemical structures. It also
remains to be determined if the addition of sulfonamide and
related groups could further improve the potency of thio-
xolone compounds and what type of inhibition specificity is
observed for other alpha class CA isozymes.

DISCUSSION

We have examined the mechanism of thioxolone inhibition
of CA II by a variety of analytical and structural methods.
The results indicate that thioxolone binds to the active site
of CA II and is cleaved by successive hydrolysis of the
thioester and ester bonds to form 4-mercaptobenzene-1,3-
diol (compound 3) (Figure 5). The 4-mercaptobenzene-1,3-
diol product then binds to the CA II active site zinc ion,
displacing the zinc-bound hydroxide group. Thus, thioxolone
is proposed to be a prodrug inhibitor that is cleaved via a
CA II zinc-hydroxide mechanism known to catalyze the
hydrolysis of esters (52).

The mechanism of CA II inhibition by thioxolone is
complex and cannot be adequately described by simple
models of reversible inhibition, as indicated by the failure
of Lineweaver–Burke (Figure 1a) and Dixon plot (data not
shown) methods of analysis to give a clear mechanistic
classification. Suicide inhibitors typically inactivate the
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enzyme completely. However, this was not observed within
the time of the experiment (Figure 1b). This result may be
due to competition between the 4-NPA substrate and the final
inhibition product, 4-mercaptobenzene-1,3-diol, for the active
site, preventing complete CA II inactivation, as observed in
other dual substrate systems (90, 91). The proposed CA
II-thioxolone inhibition mechanism requires multiple steps,
some of which are irreversible, as described in the following
scheme: (1) initial diffusion into the CA II active site and
binding by a thioxolone prodrug molecule (compound 1);
(2) subsequent cleavage of ester and thioester bonds in two
successive steps; and (3) a second binding event by one of
the resulting cleavage products, 4-mercaptobenzene-1,3-diol
(compound 3), to the active site zinc ion. The first step might
be expected to involve competitive inhibition, with thio-
xolone competing with the 4-NPA substrate for the zinc-
hydroxide active site region of the enzyme. The sequential
ester and thioester hydrolysis reactions in the second step
represent essentially irreversible steps. The last event in the
proposed mechanism could potentially involve a noncom-
petitive inhibition mechanism, due to the formation of a
metal–thiol bond between the zinc ion and the product,
4-mercaptobenzene-1,3-diol. Some compounds that form
metal–thiol bonds are frequently cited as textbook examples
of noncompetitive inhibitors; (92) these noncompetitive

inhibitor systems are sometimes known to exhibit mixed
inhibition as well (93).

It is well-known that different CA isozymes vary greatly
in their ability to cleave esters; for example, CA III has very
little esterase activity with 4-NPA compared to CA II (94).
Because this type of prodrug inhibitor mechanism depends
on activation by enzymatic cleavage of ester bonds, this class
of inhibitor may have advantages in determining isozyme
specificity. Thioxolone lacks the sulfonamide, sulfamate, or
related functional groups that are typically found in known
CA inhibitors and could represent the starting point for a
new class of CA inhibitors that may have advantages for
patients with sulfonamide allergies.
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