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Abstract
Despite the similarity in the active site pockets of carbonic anhydrase (CA) isozymes I and II, the
binding affinities of benzenesulfonamide inhibitors are invariably higher with CA II as compared to
CA I. To explore the structural basis of this molecular recognition phenomenon, we have designed
and synthesized simple benzenesulfonamide inhibitors substituted at the para position with
positively-charged, negatively-charged, and neutral functional groups, and we have determined the
affinities and X-ray crystal structures of their enzyme complexes. The para-substituents are designed
to bind in the midsection of the 15 Å deep active site cleft, where interactions with enzyme residues
and solvent molecules are possible. We find that a para-substituted positively-charged amino group
is more poorly tolerated in the active site of CA I compared with CA II. In contrast, a para-substituted
negatively-charged carboxylate substituent is tolerated equally well in the active sites of both CA
isozymes. Notably, enzyme-inhibitor affinity increases upon neutralization of inhibitor charged
groups by amidation or esterification. These results inform the design of short molecular linkers
connecting the benzenesulfonamide group and a para-substituted tail group in “two-prong” CA
inhibitors: an optimal linker segment will be electronically neutral, yet capable of engaging in at least
some hydrogen bond interactions with protein residues and/or solvent. Microcalorimetric data reveal
that inhibitor binding to CA I is enthalpically less favorable and entropically more favorable than
inhibitor binding to CA II. This contrasting behavior may arise in part from differences in active site
desolvation and the conformational entropy of inhibitor binding to each isozyme active site.

Introduction
Due to their involvement in a variety of pathophysiological processes such as glaucoma,
hypertension, convulsion and epilepsy, altitude sickness, obesity, and diabetes, the carbonic
anhydrases (CA) have historically served as drug design targets for the treatment of human
diseases.1 However, due to serious side effects, several highly potent carbonic anhydrase
inhibitors have failed to pass scrutiny at different stages in clinical trials, and some CA-targeted
drugs have been withdrawn from the market.2 The lack of tissue-selective and isozyme-specific
inhibition of CA is likely the most prominent reason for unwanted side effects resulting from
systemic administration of a nonspecific CA inhibitor. For example, inhibition of CA II in the
eye lowers intraocular pressure, the primary symptom of glaucoma. However, since many CA
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isozymes are expressed in nearly all tissues where they perform various tissue-specific
functions, the long-term systemic administration of a nonspecific CA II inhibitor may not only
lower intraocular pressure, but it may also impair the physiological functions of carbon dioxide
transport and/or acid-base balance in other tissues.1a,3 This conundrum inspired the
development of the topically-applied CA II inhibitors dorzolamide and brinzolamide to lower
intraocular pressure in glaucoma patients, since topical administration minimizes long-term
systemic exposure to the inhibitors. Even so, the systemically-administered CA inhibitors
acetazolamide, dichlorophenamide, and methazolamide are approved in the U.S. for the
treatment of epilepsy, glaucoma, high altitude sickness, and sleep apnea.4 The design of
isozyme specific inhibitors remains a critical challenge in the chemistry and biology of the
carbonic anhydrases.

In the animal kingdom, there are fifteen CA isozymes, of which five are cytoplasmic (I, II, III,
VII, and XIII), two are mitochondrial (VA and VB), one is secreted (VI), four are membrane
associated (IV, IX, XII, XIV), and three are non-catalytic (VIII, X, XI).5 Of these isozymes,
the X-ray crystal structures of seven (I, II, III, IV, V, XII, and XIV) have been determined in
the absence and presence of inhibitors.6 Although these isozymes exhibit varying degrees of
amino acid sequence identity, their active site clefts are remarkably similar and consist of a
catalytic Zn2+ ion situated at the bottom of a 15 Å-deep conical active site roughly divisible
into a hydrophobic half and a hydrophilic half.6b The Zn2+ ion is coordinated by H94, H96,
H119, and a solvent molecule with tetrahedral geometry.

The best inhibitors of CA contain an arylsulfonamide group that coordinates to the active site
Zn2+ ion. General features of sulfonamide-metal coordination are conserved across all
isozymes of known structure: the ionized sulfonamide NH− group displaces the zinc-bound
hydroxide ion and donates a hydrogen bond to the side chain of T199, and one sulfonamide
S=O group accepts a hydrogen bond from the backbone NH group of T199.5,6 The aromatic
rings of these inhibitors make additional weakly polar and van der Waals interactions in the
active site, and ring substituents are capable of van der Waals and hydrogen bond interactions
with residues and solvent molecules in the midsection of the active site cleft.6

Given that the simplest arylsulfonamide, benzenesulfonamide, binds to CA with micromolar
affinity, numerous benzenesulfonamide derivatives have been synthesized and evaluated
against different carbonic anhydrase isozymes.5 Although many such inhibitors yield
impressive nanomolar binding affinity, they typically exhibit minimal, if any, specificity for
one CA isozyme versus another. Structure-based approaches7 toward the design of isozyme-
specific inhibitors are potentially facilitated by the availability of more than 240 crystal
structures of CA-inhibitor complexes in the protein data bank,8 yet attempts to design isozyme
specific inhibitors have met with limited success, e.g., usually achieving 10–100 fold
differences in binding to one isozyme relative to another.9 One limitation in the available
structural data is the partial molecular disorder of some10a–c, but not all10d, of the larger
inhibitors observed in crystal structures. For example, such molecular disorder characterizes
the binding of certain “two-prong” inhibitors containing cupric-iminodiacetate groups tethered
to benzenesulfonamide by 5 – 12 Å long linker segments.11 This observation now inspires us
to explore the contribution of the length and chemical nature of the linker segment to enzyme-
inhibitor recognition, affinity, and specificity.

Here, we report the structural and functional consequences of positively-charged, negatively-
charged, and neutral groups incorporated at the para position of benzenesulfonamide CA
inhibitors (Table 1). The para-substituted groups are chemically and electronically diverse and
are designed to interact with the midsection of the active site cleft, i.e., where linker segments
of two-prong benzenesulfonamide inhibitors would bind. Correlation of these structural data
with microcalorimetric measurements of inhibitor binding allows us to discern structural and
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chemical features of inhibitor linker segments that may contribute to enzyme-inhibitor affinity
and specificity.

Results
Binding affinities of CA inhibitors

The Ki, Kd, and 1/Ka values of benzenesulfonamide derivatives determined by kinetic
measurements of p-nitrophenylacetate hydrolysis, the dansylamide displacement assay, and
isothermal titration calorimetric (ITC) studies of CA-inhibitor complexes, respectively, are
recorded in Table 1. The Ki, Kd, and 1/Ka values measured for each inhibitor are generally
comparable, and as a group these inhibitors exhibit somewhat preferential binding affinity for
CA II than for CA I (a common feature of most benzenesulfonamide derivatives for which
Ki values are reported in the literature5). However, the degree of isozyme specificity appears
to depend on the para-substituted group for the inhibitors shown in Table 1. For example, the
positively charged amino group of pAEBS causes ~6-fold and ~20-fold decreases relative to
benzenesulfonamide in binding affinity to CA II and CA I, respectively, indicating that the
positively-charged amino group is more poorly tolerated in the CA I active site than in the CA
II active site. In contrast, the negatively charged carboxylate group of pCEBS causes slight
(~2-fold) increases in binding affinity to both isozymes relative to benzenesulfonamide,
indicating that the negatively-charged carboxylate is accommodated equally well in the CA I
and CA II active sites. A marked increase in the binding affinities of both positively and
negatively charged benzenesulfonamide derivatives results when para-substituted charged
groups are neutralized by acylation to yield MH 1.25 and MH 1.29, respectively (Table 1).

Analysis of isothermal titration calorimetric data allows us to dissect enthalpic and entropic
contributions to the overall binding free energy of each enzyme-inhibitor complex that yields
a measurable heat of binding (Table 2). In the case of CA II, the titration of the enzyme by all
benzenesulfonamide inhibitors yields exothermic peaks. However, in the case of CA I, except
for pCEBS and MH 1.29 the exothermic peaks were either weaker (benzenesulfonamide) or
of insufficient magnitude to measure (pAEBS and MH 1.25). In the comparison of inhibitor
binding to CA isozymes, then, the most dramatic differences in ITC binding profiles are noted
for pAEBS and MH 1.25: each of these inhibitors exhibits measurable heat of binding to CA
II, but neither inhibitor exhibits a measurable heat of binding to CA I. Since pAEBS and MH
1.25 do indeed bind to CA I as demonstrated by kinetic and dansylamide displacement assays
(Table 1), one interpretation regarding the lack of a significant heat signal could be that the
binding of these inhibitors is dominated by favorable entropic changes.

Figure 1 shows comparative microcalorimetric data for the binding of benzenesulfonamide to
CA I and CA II. The best fit of the experimental data yields the stoichiometry (n), association
constant (Ka), and enthalpic change (ΔH°) of 0.90, 3.8 × 105 M−1, and −7.1 kcal/mol,
respectively, against CA I, and corresponding values of 0.8, 1.7 × 106 M−1, and −9.1 kcal/mol
against CA II. Assuming standard states of 1 M, the above Ka values yield ΔG° values of −7.6
and −8.5 kcal/mol, respectively, for binding to CA I and CA II. From these data, the entropic
contributions (ΔS°) are deduced to be 1.7 and −2.0 entropy units (cal/mol-K), respectively, for
inhibitor binding to CA I and CA II. Although the magnitudes of these values seem relatively
small, they are comparable in magnitude to ΔS values of 0 – 7 entropy units estimated for the
transfer of a protein-bound water molecule to bulk solvent.13 That these values are opposite
in sign indicates that benzenesulfonamide binding to CA I is favored by both enthalpic and
entropic contributions, whereas binding to CA II is favored by enthalpic contributions but
slightly opposed by entropic contributions.

Thermodynamic parameters are recorded in Table 2 for the binding of all inhibitors for which
heats of binding are measurable by ITC. With the exception of the CA II-MH 1.25 complex,
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all binding data conform to the expected 1:1 stoichiometry of each enzyme-inhibitor complex
(0.8 < n < 1.0). As shown in Figure 2, the raw ITC data for the titration of CA II by MH 1.25
reveal two inflection points consistent with inhibitor binding to both the active site and a weaker
secondary site near the N-terminus (vide infra).11 In general, each ITC-derived 1/Ka value is
approximately equal to the corresponding Ki and Kd value of each inhibitor (Table 1).
Irrespective of the benzenesulfonamide derivative, both ΔH° and ΔS° values are generally
more negative (i.e., enthalpically more favorable and entropically more disfavored) for binding
to CA II compared with binding to CA I. Thus, the favorable entropy (or the minimal
unfavorable entropy) of inhibitor binding to CA I (Table 2) is not dependent on the electronic
charge of groups attached to the benzenesulfonamide moiety, but instead is dependent on some
feature of the enzyme structure.

X-ray crystallographic studies
High resolution (1.01 – 1.85 Å) crystal structures were determined for all enzyme-inhibitor
complexes (Tables 3 and 4) except for the CA I-pAEBS complex, which yielded
uninterpretable electron density for the inhibitor (consistent with low occupancy, a high degree
of molecular disorder, or both). Inhibitor binding does not trigger any major structural changes
in any of the enzyme-inhibitor complexes studied, and the root-mean-square deviations of
backbone Cα atoms between the unliganded enzyme6c, 14 and each enzyme-inhibitor complex
range from 0.266–0.299 Å for CA II and 0.307–0.344 Å for CA I. The benzenesulfonamide
moiety of each inhibitor binds identically in the active site: the ionized sulfonamide NH− group
coordinates to Zn2+ and donates a hydrogen bond to Oγ of T199, and one sulfonamide oxygen
accepts a hydrogen bond from the backbone NH group of T199.

In CA II-inhibitor complexes, the para-substituted tail of each inhibitor is well-ordered and
associates with the hydrophobic side of the active site cleft in the vicinity of P201 and P202.
Polar groups in the tails of 3 inhibitors (pAEBS, pCEBS and MH 1.25) make hydrogen bonds
with well-ordered solvent molecules but make no direct hydrogen bonds with enzyme residues.
The ester moiety of MH 1.29 makes no hydrogen bond interactions. Each CA II active site also
contains a glycerol molecule from the cryosolvent utilized for flash-cooling of protein crystals
prior to X-ray data collection. This glycerol solvent molecule presumably displaces water
solvent molecules and forms hydrogen bonds with N67 Nδ2, N67 Oδ1, Q92 Nε2, and 2 solvent
molecules. The electron density map of the CA II-MH 1.25 complex (Figure 3a) illustrates
representative features of all four CA II-inhibitor complexes, and a superposition of all four
complexes is found in Figure 4a.

In three of the CA II-inhibitor complexes (MH 1.25, pCEBS, and MH 1.29), a second inhibitor
molecule binds near the N-terminus of the enzyme at the rim of the active site (data not shown).
The sulfonamide nitrogen forms hydrogen bonds to the carbonyl oxygen of H15 and to the
carboxylate of D19 in a manner similar to that observed for certain other CA II inhibitors.11
However, in contrast with previous examples of inhibitor binding to this “b” site, there are no
specific interactions between the inhibitor tail and the protein. Inhibitor binding to the weaker
“b” site is presumably a consequence of the relatively high concentrations of inhibitors
employed in the crystal soaking protocol used to prepare each crystalline enzyme-inhibitor
complex.

The electron density map of the CA I-MH 1.25 complex (Figure 3b) illustrates representative
features observed in all three CA I-inhibitor complexes. The inhibitors MH 1.25, pCEBS, and
MH 1.29 bind solely in the active site of CA I, i.e., no binding is observed at a secondary site.
The benzenesulfonamide moieties of these inhibitors make the same intermolecular
interactions in their CA I complexes as observed in their CA II complexes. However, the tails
of these inhibitors adopt significantly different conformations in CA I compared with CA II:
the tails of inhibitors binding to CA I associate with the F91-Q92 wall of the active site, whereas
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the tails of inhibitors bound to CA II associate with the opposite wall of the active site defined
by P201-P202. Other than a hydrogen bond between the amide carbonyl of MH 1.25 and the
side chain NH2 group of Q92, polar groups in the tails of these inhibitors do not make any
direct hydrogen bond interactions with CA I residues; instead, these substituents typically make
2–3 hydrogen bond interactions with well ordered solvent molecules. The superposition of the
three CA I-inhibitor complexes is found in Figure 4b, where comparison with the CA II-
inhibitor complexes in Figure 4a clearly reveals the differing conformations of the inhibitor
tails in the two isozyme active sites.

Discussion
Four aspects of structure-affinity relationships are evident in the binding of differently charged
benzenesulfonamide derivatives to CA I and CA II. First, the free amino group at the para
position of benzenesulfonamide (i.e., pAEBS) is tolerated least well by CA I in comparison
with CA II. Second, inhibitor binding to CA I is generally enthalpically less favorable and
entropically more favorable than inhibitor binding to CA II. Third, although the
benzenesulfonamide rings of different inhibitors adopt the same general orientation and make
the same intermolecular contacts, their para-substituted tails associate with opposite walls in
the active sites of CA I and CA II. Fourth, the preferred conformations of para-substituted tails
are similar regardless of whether they are positively charged, negatively charged, or neutral:
inhibitor tails always associate with the F91-Q92 wall of CA I and the P201-P202 wall of CA
II.

All of the inhibitors studied, including the parent unsubstituted benzenesulfonamide, exhibit
slightly higher binding affinities for CA II than for CA I (Table 1). Isozyme discrimination is
most pronounced for pAEBS, which bears a positively charged amino substituent, and isozyme
discrimination is rather modest for pCEBS, which bears a negatively charged carboxylate
substituent. Possibly, the sensitivity to positive charge on the inhibitor tail results from
electrostatic interactions with histidine residues on the surface of each isozyme. Inhibitor
affinity for each isozyme is enhanced by acylation of pAEBS and pCEBS to yield neutral
inhibitors MH 1.25 and MH 1.29, respectively. Microcalorimetric data reveal relatively weak
isozyme discrimination for MH 1.25 and slightly stronger discrimination for MH 1.29, but in
neither case does isozyme discrimination exceed a factor of 10-fold.

Additional insight on the binding of these inhibitors derives from the comparison of the
enthalpic and entropic changes that accompany enzyme-inhibitor complexation. The active
site cleft of each CA isozyme is fairly wide (15 Å) and deep (15 Å), roughly divisible into a
hydrophobic half and a hydrophilic half.6 In spite of more negative binding entropies, CA II
exhibits higher binding affinity than CA I for all of the ligands. This may derive in part from
the presence of a hydrophobic niche in the midsection of the CA II active site, formed by
residues F131, V135, L198, and L204, that acts as a somewhat constricted binding site for the
p-derivatized inhibitor tails; this niche is less pronounced in CA I due to the substitutions F131L
and V135A (Figure 4).

The midsection of the CA II active site cleft is slightly more constricted than that of CA I due
in part to the presence of F131 and V135. X-ray crystallographic structure determinations of
unliganded CA I and CA II reveal several ordered water molecules in each active site.6c,14
The release of these water molecules to bulk solvent, e.g., as triggered by inhibitor binding, is
generally characterized by an enthalpic cost due to the disruption of favorable hydrogen bond
and van der Waals interactions, and an entropic gain estimated to be 0 – 7 entropy units per
solvent molecule released.13,15 The energetics of active site desolvation are offset by inhibitor
binding, which is expected to yield an enthalpic gain due to new hydrogen bonds and van der
Waals interactions in the complex, and a net entropic loss due to the fixed position, orientation,
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and conformation of the inhibitor in the enzyme active site (despite a small entropic gain due
to additional vibrations in the enzyme-inhibitor complex).15,16 Except for the binding of
benzenesulfonamide to CA I, the ITC data reported in Table 2 conform to this view of favorable
enthalpic and unfavorable entropic changes. Moreover, the magnitudes of both ΔH° and ΔS°
generally appear to be greater for inhibitor binding to CA II. Indeed, the magnitude of ΔS°
appears to be greater for inhibitor binding to CA II compared with inhibitor binding to CA I,
and especially so for the largest inhibitors MH 1.25 and MH 1.29. This is consistent with the
hypothesis that the immobilization of inhibitor tails in the F131 hydrophobic niche contributes
to the less favorable entropies of binding to CA II – the bigger the inhibitor tail, the bigger the
entropic cost of binding.

Krishnamurthy and colleagues describe an additional phenomenon of enthalpy-entropy
compensation in the binding of benzenesulfonamide inhibitors bearing p-substituted
oligoglycine, oligosarcosine, and oligoethylene glycol chains containing 1-5 residues.15d
These investigators find that ΔH° becomes less favorable and ΔS° becomes more favorable as
the length of the oligomeric tail group increases. In other words, the enzyme-inhibitor interface
is characterized by increasing residual disorder as the tail group becomes longer, and this is
consistent with the results of X-ray crystallographic experiments.10a,10b Strikingly, ΔH° and
−TΔS° nearly perfectly compensate each other such that an essentially invariant ΔG° is
measured despite the different chemical structure of each oligomer and the different number
of residues in each oligomer. Krishnamurthy and colleagues describe this as the “interfacial
mobility” model of binding.15d The implications of these results for the design of tight-binding
enzyme inhibitors is that the conformational entropy of the linker segment connecting two
“prongs” of a bivalent enzyme inhibitor represents a substantial barrier to the simultaneous
interaction of both prongs. This may explain the molecular disorder accompanying the binding
of some, but not all, two-prong inhibitors containing different linker segments to CA II.11 As
noted by Krishnamurthy, the use of more rigid linker segments in bivalent enzyme inhibitors
would optimize the enthalpy and entropy of binding.15d

In conclusion, thermodynamic and X-ray crystallographic data for the binding of differently
charged benzenesulfonamide derivatives to CA I and CA II provide important insight regarding
the design of molecular linkers that can potentially be used to enhance or alter the affinity and
specificity of bivalent enzyme inhibitors. The results reported herein suggest that positively
charged moieties should be avoided in the design of linker segments, and such charges are
more poorly tolerated by CA I compared with CA II. The structural basis for such charge
discrimination may be due in part to unfavorable long range electrostatic interactions with
histidine residues on the surface of each isozyme. Moreover, the results reported herein suggest
that changes in the conformational entropy of p-substituted substituents of benzenesulfonamide
inhibitors are more substantial for binding to CA II than to CA I, consistent with the slightly
more constricted midsection of the active site cleft found in CA II. These insights regarding
structure-affinity relationships for molecular linkers now inform the design of bivalent
benzenesulfonamide inhibitors containing nanoscale molecular recognition elements, e.g., a
fullerene-benzenesulfonamide, which we will report in due course.17

Experimental Methods
Materials

Zinc sulfate, ampicillin, chloramphenicol, Tris and IPTG were purchased from Life Science
Resources, Milwaukee, WI; yeast extracts, and tryptone were purchased from Becton
Dickinson, Sparks, MD; acetonitrile, p-aminoethylbenzenesulfonamide (pAEBS) and p-
carboxyethylbenzenesulfonamide (pCEBS) were from Aldrich Chemicals, Milwaukee, WI;
HEPES, p-aminomethylbenzenesulfonamide-agarose, p-nitrophenyl acetate, and PMSF were
obtained from Sigma; dansylamide was purchased from Avocado Research Chemicals
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(Heysham, Lancashire, U.K.). All other chemicals were of reagent grade and were used without
further purification.

Methods
The recombinant forms of human CA isozymes I and II (henceforth simply designated as CA
I and CA II) were cloned, expressed, and purified as described previously.9a The enzyme
concentrations were determined spectrophotometrically using ε280 = 49 mM−1 cm−1 and 54
mM−1cm−1 based on MW = 30,000 for CA I and CA II, respectively. The enzyme activities
of CA I and CA II were measured in 25 mM HEPES buffer, pH 7.0, containing 10% acetonitrile
(the standard buffer) at 25° C, utilizing 0.4 mM p-nitrophenyl acetate as substrate.18 Unless
stated otherwise, all the experiments reported herein were performed in the above assay buffer.

Synthesis of benzenesulfonamide derivatives
4-(Acetyl-2-aminoethyl) benzenesulfonamide (MH 1.25) was synthesized by acylation
reaction of the commercially available p-aminoethylbenzenesulfonamide. To a solution of 4-
(2-aminoethyl) benzenesulfonamide (792 mg, 4 mmol) in DMF (15 mL), acetic anhydride (5
mL) was added and the reaction mixture was stirred at room temperature for 14 h. The solvents
were evaporated under reduced pressure. Trace amounts of acetic anhydride present with the
white residue were removed by the addition of toluene and the evaporation of the solvent under
reduced pressure. The white solid was then dissolved in methanol and hexane was added slowly
to precipitate the pure product (760 mg, 79%) as a white powder. 1H NMR (400 MHz,
CDCl3) δ: 1.77 (s, 3H), 2.75–2.78 (t, 2H), 3.26–3.29 (q, 2H), 7.28 (s, 2H), 7.38 (d, 2H, J = 8
Hz), 7.74 (d, 2H, J = 8Hz), 7.90–7.94 (m, 1H). 13C NMR (100 MHz, CDCl3) δ: 23.24, 35.51,
40.19, 126.33, 129.73, 142.68, 144.42, 169.73.

The p-carboxyethylbenzenesulfonamide ethyl ester (MH 1.29) was synthesized from the
commercially available free acid p-carboxyethylbenzenesulfonamide (pCEBS) by the
esterification reaction as detailed below. p-Aminosulfonyldihydrocinnamic acid (250 mg, 1.09
mmol) and p-toluenesulfonic acid (30 mg, 0.15 mmol) were taken up in ethanol (25 mL) and
heated to reflux for 12 h. After evaporation of the solvent under reduced pressure, the oily
residue was purified by column chromatography (SiO2/chloroform; Rf = 0.3). The pure product
was obtained as a white solid (256 mg, 91%). 1H NMR (400 MHz, CDCl3) δ: 1.18–1.21 (t,
3H), 2.64–2.68 (t, 2H), 2.98–3.01 (t, 2H), 4.06–4.11 (q, 2H, J = 7 Hz), 7.39 (d, 2H, J = 8Hz),
(7.81 d, 2H, J = 8 Hz). 13C NMR (100 MHz, CDCl3) δ: 17.24, 34.38, 39.01, 64.38, 130.09,
132.78, 145.74, 149.60, 176.98.

Spectrophotometric studies for determining the Ki values of CA-inhibitor complexes
The steady-state kinetic experiments for CA I and CA II catalyzed reactions were performed
on a Perkin-Elmer Lambda 3B spectrophotometer in the standard assay buffer, pH 7.0, as
described previously.9a The initial rates of the enzyme-catalyzed reactions were measured by
following the hydrolysis of the chromogenic substrate, pnitrophenyl acetate, at 348 nm. Due
to the slow esterase activity of CA I and CA II, fairly high concentrations of the enzymes had
to be utilized to reliably measure the initial rates of the enzyme reaction in the absence and
presence of benzenesulfonamide derivatives as inhibitors. Under this situation, we analyzed
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the inhibition data (according the competitive inhibition model) by taking into account the free
and bound inhibitor concentrations (Eq. 1).9a

(1)

Where v and v0 are initial rates in the presence and absence of inhibitors, and [I]t, [E]t and
Ki represent total inhibitor, total enzyme, and the inhibition constant, respectively. The
inhibition data were analyzed by Eq. 1 using the non-linear regression analysis software Grafit
4.0 to obtain the Ki values of inhibitors against both CA I and CA II.

Spectrofluorometric studies for determining the Kd values of CA-inhibitor complexes
The spectrofluorometric studies involving dansylamide as fluorescence probe were performed
on Perkin Elmer lambda 50-B spectrofluorometer in the standard assay buffer pH 7.0. The
binding of dansylamide to carbonic anhydrase results in a blue shift in the emission spectrum
of the fluorophore with a marked enhancement in its quantum yield.19 Banerjee and coworkers
provided evidence that the latter feature was more pronounced when dansylamide was bound
at the active site of CA I as compared to that of CA II.20 The dissociation constants of the CA
I-dansylamide and CA IIdansylamide complexes were determined as described previously.
9a The dissociation constants (Kd) of CA-inhibitor complexes were determined by monitoring
the fluorescence signals associated with the competitive displacement of dansylamide by
inhibitors. The data were fitted by Eq. 2 using the non-linear regression analysis software Grafit
4.0.

(2)

Where E, D, and B are representative of enzyme (CA), dansylamide, and inhibitor, respectively.
The suffix “t” denotes total concentration of the individual species. Kd and Kb are the
dissociation constants of the enzyme-inhibitor and enzyme-dansylamide complexes,
respectively.

Isothermal titration calorimetry of inhibitor binding to CA isozymes
The isothermal titration calorimetric experiments were performed on an MCS isothermal
titration calorimeter (ITC). A complete description of its predecessor instrument (OMEGA-
ITC), experimental strategies, and data analysis are given by Wiseman et al.21 The calorimeter
was calibrated by known heat pulses as described in the MCS-ITC manual. During titration,
the reference cell was filled with a 0.03% azide solution in water. Prior to the titration
experiment, both the enzyme and ligand solution were thoroughly degassed. The sample cell
was filled either with 1.8 mL (effective volume = 1.36 mL) of buffer (for control) or with an
appropriately diluted enzyme. The contents of the sample cell were titrated with several aliquots
(4 μL each) of the ligand. During the titration, the reaction mixture was constantly stirred at
400 rpm. The enzyme concentrations were adjusted by 2% (as recommended by the
manufacturer) to include a dilution effect of the enzyme solution, which occurs following a
buffer rinse.

All calorimetric titration data were presented after subtracting the background signal, deduced
from the magnitude of heat pulses at the end of the titration. The raw experimental data were
presented as the amount of heat produced per second following each injection of ligand into
the enzyme solution (minus the blank) as a function of time. The amount of heat produced per

Srivastava et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2008 September 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



injection was calculated by integration of the area under individual peaks by the Origin
software. Final data are presented as the amount of heat produced per injection versus the molar
ratio of ligand to enzyme. The data were analyzed according to Wiseman et al.,21 which yields
stoichiometry (n), association constant (Ka) and the standard enthalpy changes (ΔH0) for the
binding of inhibitors to CA I and CA II sites. The standard free energy change (ΔG0) for the
binding was calculated according to the relationship ΔG0 = − RT lnKa. Given the magnitudes
of ΔG0 and ΔH0, the standard entropy changes (ΔS0) for the binding process were calculated
according to the standard thermodynamic equation, ΔG0 = ΔH0 − T ΔS0.

X-ray crystallographic studies of enzyme-inhibitor complexes
The purified forms of CA I and CA II9b were crystallized by the hanging drop method. For
CA II crystallization, 5 μl of protein solution (10 mg/ml protein, 1 mM methyl mercuric acetate,
50 mM Tris-sulfate, pH 8.0) and 5 μl of precipitant solution (2.5 M (NH4)2SO4, 50 mM Tris-
sulfate, pH 7.7) were mixed and suspended over a reservoir containing 1 ml of precipitant
solution at 4° C. Crystals formed within 3 days. Single crystals were transferred to fresh sitting
drops containing precipitant solution plus 1 mM inhibitor (from 20 mM stock in acetonitrile).
After 1 day, crystals were transferred to a drop containing 30% glycerol, 70% precipitant
solution, then flash cooled in liquid nitrogen.

For CA I crystallization, 5 μl of protein solution (11 mg/ml protein, 50 mM Tris-sulfate, pH
8.7) and 5 μl of precipitant solution (23% polyethylene glycol (PEG) 3350, 200 mM NaCl, and
100 mM HEPES, pH 7.1) were mixed and suspended over a reservoir containing 1 ml of
precipitant solution at 4° C. Crystals formed within 2 weeks. Inhibitor solution (20 mM in
acetonitrile) was added to crystallization drops to a final concentration of 2 mM. Crystals were
allowed to equilibrate for 1 day prior to transfer to 5% glycerol, 95% precipitant solution, then
flash cooled in liquid nitrogen.

X-ray diffraction data were collected at 100 K at the Advanced Light Source (Berkeley, CA),
beamline 5.0.2, using an ADSC Quantum 315 CCD detector.22 Data were integrated and
reduced using HKL200023 or CrystalClear (Rigaku/MSC, The Woodlands, TX). Diffraction
data for each CA II crystal were indexed in space group P21 with one molecule in the
asymmetric unit. Diffraction data for CA I were indexed in space group P212121 with two
molecules in the asymmetric unit. Unit cell parameters and data reduction statistics are recorded
in Tables 3 and 4.

The atomic coordinates of CA II refined at 1.54 Å resolution6d were obtained from the
Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB)
(accession code 2CBA)8 and used as a starting model for crystallographic refinement after
deletion of nonprotein atoms. An initial round of rigid body refinement followed by simulated
annealing and individual B factor refinement was performed using the program CNS 1.1.24
Model visualization and rebuilding was performed using the graphics program O 10.25
Locations of mercury and zinc ions were identified from peaks in |Fo| − |Fc| maps, and residue
206 was modeled as S-(methylmercury)-cysteine. Refinement was then continued using the
program SHELX-97.26 Anisotropic refinement of all atoms led to a drop in Rfree of 0.0337
for the CA II-pAEBS complex, 0.0245 for the CA II-MH 1.25 complex, 0.0425 for the CA II-
pCEBS complex, and 0.0385 for the CA II-MH 1.29 complex. The addition of riding hydrogen
atoms to each model resulted in an additional decrease in Rfree of 0.0158 for the CA II-pAEBS
complex, 0.0132 for the CA II-MH 1.25 complex, 0.0132 for the CA II-pCEBS complex, and
0.0157 for the CA II-MH 1.29 complex. Inhibitor molecules were identified from peaks in |
Fo| − |Fc| maps and were gradually built into the models over several rounds of refinement;
restraints on inhibitor bond angles and distances were taken from similar structures in the
Cambridge Structural Database27 and standard restraints were used on protein bond angles
and distances throughout refinement. Alternate conformations of disordered side chains and
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inhibitor molecules were modeled by fitting to positive and negative peaks in |Fo| − |Fc| maps.
Water molecules were built into peaks >3σ in |Fo| − |Fc| maps that demonstrated appropriate
hydrogen-bonding geometry.

The atomic coordinates of orthorhombic CA I refined at 1.55 Å resolution (PDB accession
code 2FOY)11c were used as a starting model for crystallographic refinement after deleting
non-protein atoms. An initial round of rigid body refinement followed by simulated annealing
and individual B factor refinement was performed using the program CNS 1.1.24 Model
visualization and rebuilding were performed using the graphics program O.25 Locations of
zinc ions were identified from peaks in |Fo| − |Fc| maps. Water molecules that demonstrated
appropriate hydrogen-bonding geometry were built into peaks >3σ in |Fo| − |Fc| maps. Inhibitor
molecules were identified from peaks in |Fo| − |Fc| maps; refinement restraints on inhibitor
bond angles and lengths were taken from the refined models of the CA II complexes.

Final refinement statistics for all structures of CA I- and CA II-inhibitor complexes are
presented in Tables 3 and 4. The atomic coordinates of each structure have been deposited in
the PDB with the accession codes listed in Tables 3 and 4.
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Figure 1.
Isothermal microcalorimetric titration data for the binding of benzenesulfonamide (BS) to
recombinant human carbonic anhydrase isozymes I (left panel) and II (right panel). The upper
and lower panels represent the raw calorimetric data and fitted data, respectively. The solid
smooth lines represent the best fit of the data for the binding of benzenesulfonamide to CA I
(left panel) with stoichiometry n = 0.9, association constant Ka = 3.8 × 106 M−1, and ΔH° =
−7.1 kcal/mol. The corresponding parameters for the binding of benzenesulfonamide to CA II
are 0.8, 1.7 × 106 M−1, and − 9.1 kcal/mol, respectively.
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Figure 2.
Isothermal microcalorimetric data for the binding of MH 1.25 to CA II. Note the raw data (top
panel) shows two inflection points, consistent with two-site binding. The solid smooth line is
the best fit of the data according to the two binding site model for the following stoichiometries
(n1, n2), association constants (Ka1, Ka2), and enthalpic changes (ΔH°1, ΔH°2); 0.8, 1.5, 1.0 ×
107 M−1, 2.1 × 105 M−1, −13.0 kcal mol−1, and −6.1 kcal mol−1, respectively.
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Figure 3.
Omit maps showing the binding of inhibitor MH 1.25 to CA II (a) and CA I (b) contoured at
3σ. The zinc ion appears as a gray sphere and water molecules appear as red spheres. A glycerol
cryosolvent molecule (GOL) also binds in the CA II active site. Hydrogen bond and metal
coordination interactions are designated by red and gray dotted lines, respectively. Figure
prepared with Bobscript and Raster3D.28
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Figure 4.
Stereo figures showing the structures of inhibitor complexes with (a) CA II and (b) CA I. The
binding conformations of pAEBS (orange), pCEBS (purple), and MH 1.29 (green) are
superimposed on each isozyme complex with MH 1.25 (white). Note that the para-substituted
tails of inhibitors bound to CA II associate with P201-P202, but the tails of inhibitors bound
to CA I associate with F91-Q92 on the opposite wall of the active site. Figure prepared with
Bobscript and Raster3D.28
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Table 3
Crystallographic Data Collection and Refinement Statistics for CA II-Inhibitor Complexes

Inhibitor Complex pAEBS MH 1.25 pCEBS MH 1.29
Space Group P21 P21 P21 P21
Unit Cell constants, (σ) (Å) a = 42.289(5)

b = 41.440(6)
c = 72.357(9)
β = 104.558(8)°

a = 42.264(2)
b = 41.338(4)
c = 71.975(5)
β = 104.496(4)°

a = 42.280(2)
b = 41.361(3)
c = 72.135(4)
β = 104.500(3)°

a = 42.339(5)
b = 41.189(6)
c = 72.077(8)
β = 104.838(7)°

Wavelength (Å) 1.0000 0.9184 0.9184 1.0000
No. measured reflections 245,255 315,311 409,170 216,120
No. unique reflections 74,655 105,952 120,621 90,979
Max resolution (Å) 1.20 1.03 1.01 1.10
Rmerge (outer shell)a 0.076 (0.270) 0.061 (0.283) 0.064 (0.345) 0.072 (0.348)
Completeness of data (outer shell) (%) 98.8 (95.3) 89.7 (56.9) 95.4 (71.1) 92.7 (87.2)
No. reflections used in refinement 73,136 103,824 118,194 89,164
No. reflections in test set 1502 2111 2407 1802
Rwork

b 0.1316 0.1293 0.1214 0.1327

Rfree
b 0.1647 0.1636 0.1481 0.1637

No. nonhydrogen atomsc 2375 2514 2493 2429
No. solvent moleculesc 273 364 340 256
r.m.s.d. from ideality
bond lengths (Å) 0.013 0.014 0.016 0.015
bond angles (°) 2.3 2.4 2.3 2.4
Dihedral angles (°) 26.4 26.2 26.0 26.5
Improper dihedral angles (°) 1.60 1.68 1.72 1.74
PDB accession codes 2NNG 2NNS 2NNO 2NNV
a
Rmerge for replicate reflections, R = Σ|Ih − <Ih>|/Σ<Ih>; Ih is the intensity measured for reflection h; <Ih> is the average intensity for reflection h

calculated from replicate data.

b
Crystallographic R factor, Rwork = Σ||Fo| − |Fc||/Σ|Fo| for reflections contained in the working set. Free R factor, Rfree = Σ||Fo| − |Fc||/Σ|Fo| for reflections

contained in the test set held aside during refinement. |Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively.

c
per asymmetric unit
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Table 4
Crystallographic Data Collection and Refinement Statistics for CA I-Inhibitor Complexes

Inhibitor Complex MH 1.25 pCEBS MH 1.29
Space Group P212121 P212121 P212121
Unit Cell constants (Å) a = 62.4(1)

b = 72.3(1)
c = 122.3(2)

a = 62.422(8)
b = 71.82(1)
c = 121.96(1)

a = 62.28(1)
b = 71.82(1)
c = 121.73(1)

Wavelength (Å) 1.1271 1.1271 1.0000
No. measured reflections 560,061 392,855 181,031
No. unique reflections 80,458 65,427 46,613
Max resolution (Å) 1.55 1.65 1.85
Rmerge (outer shell)a 0.097 (0.549) 0.099 (0.451) 0.113 (0.391)
Completeness of data (outer shell) (%) 99.9 (99.8) 97.5 (98.2) 98.6 (96.3)
No. reflections used in refinement 78,912 61,854 41,995
No. reflections in test set 1581 2516 1759
Rwork

b 0.2157 0.1996 0.1947

Rfree
b 0.2477 0.2222 0.2251

No. nonhydrogen atomsc 4601 4605 4526
No. solvent moleculesc 519 525 447
r.m.s.d. from ideality
bond lengths (Å) 0.005 0.006 0.006
bond angles (°) 1.3 1.4 1.3
Dihedral angles (°) 24.3 24.2 24.3
Improper dihedral angles (°) 0.77 0.83 0.81
PDB accession codes 2NMX 2NN1 2NN7
a
Rmerge for replicate reflections, R = Σ|Ih − <Ih>|/Σ<Ih>; Ih is intensity measured for reflection h; <Ih> is average intensity for reflection h calculated

from replicate data.

b
Crystallographic R factor, Rwork = Σ||Fo| − |Fc||/Σ|Fo| for reflections contained in the working set. Free R factor, Rfree = Σ||Fo| − |Fc||/Σ|Fo| for reflections

contained in the test set held aside during refinement. |Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively.

c
per asymmetric unit
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