Biochemistry2005,44, 3211-3224 3211
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ABSTRACT. Benzenesulfonamide and iminodiacetate (IDA)-conjugatett Culependently interact at the
active site and a peripheral site of carbonic anhydrases, respectively [Banerjee, A. L., Swanson, M., Roy,
B. C., Jia, X., Haldar, M. K., Mallik, S., and Srivastava, D. K. (2004)Am. Chem. Soc. 1260875

10883] By attaching IDA-bound Cit to benzenesulfonamide via different chain length spacers, we
synthesized two “two-prong” ligandg,l andL2, in which the distances between €wand NH: group

of sulfonamide were 29 and 22 A, respectively. We compared the binding affinities ehdL2, vis-

a-vis their parent compound, benzenesulfonamide, for recombinant human carbonic anhydrase | (hCA-I)
by performing the fluorescence titration and steady-state kinetic experiments. The experimental data revealed
that whereas the binding affinity &fL for hCA-l was similar to that of benzenesulfonamide, the binding
affinity of L2 was~2 orders of magnitude higher, makihg one of the most potent ligands or inhibitors

of hCA-I. Since the enhanced binding or inhibitory potency L& is diminished (to the level of
benzenesulfonamide) either in the presence of EDTA or upon treatment of the enzyme with diethyl
pyrocarbonate, it is proposed thatwf L2 interacts with one of the surface-exposed histidine residues

of the enzyme. A cumulative account of the experimental data leads to the suggestion that the differential
binding of L1 versusL2 to hCA-I is encoded in the chain length of the spacer moiety.

Carbonic anhydrases (CA£C 4.2.1.1) are ubiquitously Carbonic anhydrases have been the targets of drug
distributed zinc-containing metalloenzymes, which are in- designing by major pharmaceutical companies since the
volved in a variety of physiological functiong,(2). In the 1950s, and a variety of highly potent inhibitors initially
animal kingdom, there are 15 isozymes of carbonic anhy- emerged as drugs for the treatments of different pathological
drases, of which five isozymes (CA-I, CA-ll, CA-lll, CA-  conditions, such as glaucoma, hypertension, convulsion and
VII, and CA-XIII) are cytosolic, two (CA-VA and CA-VB) epilepsy, altitude sickness, obesity, diabetes, @&e.1().
are mitochondrial, one (CA-VI) is secreted, four (CA-IV, However, because of serious side effects, several highly
CA-IX, CA-XIl, and CA-XIV) are membrane-associateg) ( potent carbonic anhydrase inhibitors could not pass the
and the remaining three (CA-VIIl, CA-X, and CA-XI) are  scrutiny of trial phasesl( 12). Currently, dorzolamide and
also cytosolic but do not exhibit any catalytic activig).(  brinzolamide are the only two carbonic anhydrase inhibitors
Recent evidence suggests that CA-VIIl, CA-IX, and CA- which have been approved for topical applications for the
Xl are involved in tumorigenesis4f. The catalytic CAs  treatment of chronic glaucoma3). One of the main reasons
promote reversible hydration of GOn forming HCG;™, for the side effects of carbonic anhydrase inhibitors (mostly
which is involved in a variety of biosynthetic reactions, such the sulfonamide derivatives) has been their indiscriminate
as gluconeogenesis, synthesis of certain amino acids (viainhibitory effects on different isozymed,(2). This is not
pyruvate carboxylase), lipogenesis (via acetyl-CoA carboxy- syrprising because of the marked similarity in the active site
lase), ureagenesis (via carbamoyl phosphate synthetase |)pockets of carbonic anhydrase isozym#8)(

and pyrimidine nucleotide biosynthesis (via carbamoyl W v b . d in desianing the i
hosphate synthetase 112)( Besides, these enzymes are g_regen_ty ecame mter_este In designing the ISozyme
b ' specific inhibitors of carbonic anhydrases4( 15). Using

involved in pH homeostasis, ion transport, water and the recombinant form of human carbonic anhydrase Il (hCA-
electrolyte balance, bone resorption, calcification, and tum- ll), we demonstrated that the binding affinity of its active

origenesis §). site-directed inhibitor, benzenesulfonamide, is enhanced by

t This research was supported by National Institutes of Health Grants ~~40-fold by attaching it with iminodiacetic acid (IDA)-
1R15 DK56681-01A1 to D.K.S. and 1R01 GM 63404-01A1 to S.M. conjugated C& via a spacer (“two-prong” inhibitor)1().
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(701) 231-7831; fax, (701) 231-7884; e-mail, dk.srivastava@ :
ndsu.nodak.edu. S.M.: telephone, (701) 231-8829; fax, (701) 231-8831;mOIECUIar modeling data, we proposed that whereas the

e-mail, sanku.mallik@ndsu.nodak.edu. benzenesulfonamide group of the inhibitor binds to the active
! Abbreviations: IDA, iminodiacetic acid; CA, carbonic anhydrase; site of hCA-II, the IDA-CU?" group loops around and binds

L1, ligand 1;L2, ligand 2; hCA-l, human carbonic anhydrase I NCA- 4 gne of the surface-exposed histidine (His-4) residues of
II, human carbonic anhydrase II; EDTA, ethylenediaminetetraacetic . .
acid; DEPC, diethyl pyrocarbonate; DMF, dimethylformamide; cDMT, the enzyme 15). Although this has been our working

chlorodimethoxytriazine. hypothesis, we did not have compelling data to justify the
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Ficure 1: Molecular surfaces of human carbonic anhydrase I (left) and human carbonic anhydrase Il (right) structures, showing the surface-
exposed histidine residues, Znand the bound sulfonamide derivatives. The surface maps have been created with the aid GRASP (17) on
the SGI molecular modeling workstation. The histidine residues involved in coordinatifigafe not labeled. In this view, whereas
His-64, His-67, His-200, and His-243 represent the surface-exposed histidine residues in the case of hCA-I, His-64, His-4, His-3, His-10,
His-15, and His-17 represent the surface-exposed histidine residues in the case of hCA-Il. The sulfonamide derivatives in hCA-I and
hCA-II are 5-acetamido-1,3,4-thiadiazole-2-sulfonamide (AZM) and 4-fluorobenzenesulfonamide (FBS), respectively.
interaction of the IDA-CW/' group of two-prong ligands  both prongs, emerging as one of the most potent inhibitors
with histidine. The experimental results presented herein of hCA-I. The longer spacer-containing ligand, on the other
corroborate the notion that the IDACU#*-assisted enhance- hand, exhibited a binding affinity similar to that of its parent
ment in the binding affinity of the ligands indeed comes from ligand, benzenesulfonamide, suggesting that it only interacted
the interaction of C&# with “one” surface-exposed histidine  with the enzyme via its active site-directed prong, benzene-
residue(s) of hCA-I. sulfonamide, and the other (IDACW?") prong remained

A casual perusal of the X-ray crystallographic structures unused.
of different carbonic anhydrase isozymes reveals that al-
though their active sites are remarkably similar, the spatial EXPERIMENTAL PROCEDURES
distribution of the surface-exposed histidine residues is quite i
different (L3). This is not surprising since the surface-exposed Materials
residues of independently functioning protei_ns are unlikely 7o sulfate, ampicillin, chloramphenicol, and IPTG were
to be conserved during the course of evolutiad(When — ,rchased from Life Science Resources (Milwaukee, WI).
the structures of hCA-I and hCA-Il are compared, it iS veast extracts and tryptone were purchased from Becton
evident that the spatial distribution of the surface-exposed pjckinson (Sparks, MD). Acetonitrile was from Aldrich
histidine residues is considerably different. As shown in chemicals (Milwaukee, WI). HEPES-aminomethylben-
Figure 1, t_here are six_closely_ spaceq histidine r?SidueSzenesulfonamide agarogenitrophenyl acetate, and PMSF
(namely, His-3, His-4, His-10, His-15, His-17, and His-64) \yere obtained from Sigma. Dansylamide was purchased from
near the N-terminal end of hCA-II. In contrast, in the case aygcado Research Chemicals (Heysham, Lancashire, U.K.).
of hCA-l, except for His-64, none of the above-noted A the chemicals needed for synthesisldf andL2 were
N-terminal residues are conserved. Although His-64 is nrchased from Aldrich Chemicals. The BL21codon plus
common to hCA-l and hCA-Il, its functional role as a proton DE3(RIL) expression cells were from Stratagene (La Jolla,

“translocator” is justifiable only in the case of the latter CA). All other chemicals were reagent grade, and were used
enzyme 18, 19). In the case of hCA-I, three new histidine \\ithout further purification.

reS|dueT; (nallmely, H(IjS-67,dHIS—.200, and HLS'ZA'S.)’ Wh'Ch are  The plasmid containing the coding sequence of hCA-I
not so closely spaced, predominate near the active site Cav'ty(pCMV-SPORTB) was obtained from Open Biosystems
of the enzyme 13, 20, 29). This feature of hCA-I attracted :

: . o . (Huntsville, AL).
our attention for investigating the spacer-based selectivity
of two-prong ligands. Given the limited number of surface- p\jathods
exposed histidine residues, as well as their localization in
the vicinity of the active site pocket, we became interested Synthesis of Ligands. (1) Compou2dTo a solution of
in investigating whether the high-affinity ligands can be the acidl (28) (1.00 g, 4.04 mmol) in ethyl acetate (30 mL)
rationally designed by controlling the distance between the was addedN-hydroxysuccinimide (0.5 g, 0.435 mmol)
benzenesulfonamide and IBACW?* groups of two-prong followed by the addition of DCC (0.90 g, 4.36 mmol). The
ligands. As will be shown in the next section, we synthesized resulting solution was stirred at room temperature for 45 min.
two two-prong ligands, which differed with respect to the The white solid was filtered and washed with ethyl acetate,
spacer chain length by 7 A. Of these ligands, only the shorterand the solvent from the filtrate was removed under reduced
spacer-containing ligand could interact with the enzyme via pressure. The viscous liquid was again dissolved in GHCI
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(30 mL). Thep-aminobenzoic acid was dissolved in CHCI
(10 mL) in the presence of g (0.8 mL, 5.75 mmol) and
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afforded the pure product as a viscous liquRd€ 0.3, 4%
MeOH/CHCE; 2.3 g, 78%):*H NMR (300 MHz, CDC}) 6

added to the solution described above. The reaction wasl1.16-1.27 (m, 2H), 1.36 (s, 9H), 1.391.55 (m, 2H), 1.66-

continued for an additiona h at room temperature. The
organic layer was washed with water and dried with
anhydrous Nz50,. The crude product was purified by silica
gel column chromatography with 15% MeOH in CH@
give pure2 as a viscous liquidRs = 0.3): 0.97 g yield
(64%);*H NMR (400 MHz, CDC}) 6 1.27-1.33 (m, 6H),
3.58 (s, 2H), 3.65 (s, 4H), 4.191.26 (m, 4H), 7.83 (d, 2H,
J = 8.5 Hz), 7.93 (bs, 1H), 8.11 (d, 2H,= 8.5 Hz).

(2) LigandL1. To a solution of aci@® (0.18 g, 0.49 mmol)
in CHCl; (20 mL) was added compouidd14) (0.22 g, 0.598
mmol) followed by the addition of BOP reagent (0.22 g,
0.50 mmol) and EN (0.25 mL, 1.8 mmol). The reaction
mixture was stirred at the room temperature for 12 h. The

workup procedure was the same as mentioned before for

compound2. The crude product was purified by silica gel
column chromatography with 8% MeOH in CHQIR: =
0.2) to obtain the pure compound as a viscous liquid: 0.22
g yield (63%);*H NMR (500 MHz, CDC}/CDsOD/D,0) ¢
1.25-1.29 (m, 6H), 3.40 (s, 2H), 3.543.71 (m, 16H), 4.16
4.22 (m, 4H), 7.71 (d, 2H] = 8.2 Hz), 7.81 (d, 2HJ) = 8.2
Hz), 7.87-7.92 (m, 4H);*C NMR (125 MHz, CDC}/
CD;0OD) ¢ 25.01, 25.71, 30.13, 33.87, 36.74, 39.79, 39.99,

55.25, 56.45, 60.22, 60.91, 61.54, 70.24, 70.35, 119.12,
126.49, 127.89, 128.25, 129.57, 137.64, 140.89, 145.55,

167.66, 170.75, 171.12, 171.89.
The above ester (0.12 g, 0.16 mmol) was dissolved in
MeOH (6 mL) and CHCI, (3 mL), and solid LiOH (25 mg,

0.59 mmol) was added. The reaction mixture was stirred at

room temperature for 12 h. The pH of the solution was
lowered to 3 by adding concentrated HCI. The organic

solvent was removed under vacuo, and the precipitated solid

was filtered, washed with absolute EtOH and THF/MeOH
(1:1) and then dried: 90 mg yield (81%)1 NMR (300
MHz, D;,O) 6 3.30 (s, 4H), 3.523.58 (m, 12H), 3.69 (s,
2H), 7.52-7.55 (m, 2H), 7.67 (m, 4H), 7.787.84 (m, 2H).
The above acid (80 mg, 0.121 mmol) was dissolved in
MeOH (8 mL), and solid CuGi2H,0O (21 mg, 0.123 mmol)

1.71 (m, 2H), 2.7#2.86 (m, 2H), 3.023.11 (m, 2H), 3.36
3.56 (m, 2H), 3.924.01 (m, 1H), 5.03 (s, 2H), 6.61 (br s,
1H), 7.23-7.30 (m, 7H), 7.76 (d, 2H) = 8.4 H2z).

The above product (1.22 g, 2.17 mmol) was treated with
10 mL of 4 N HCl in dioxane fo6 h atroom temperature.
Removal of the solvent and drying under high vacuum for 4
h yielded the deprotected amine (as the HCL salt, 1.0 g,
92%). The product was sufficiently pure and was used in
the next step:*H NMR (300 MHz, CDC}) 6 1.14-1.19
(m, 2H), 1.35-1.39 (m, 2H), 1.6%+1.66 (m, 2H), 2.82
2.85 (m, 2H), 2.96:3.04 (m, 2H), 3.4#3.6 (m, 2H), 3.79
(br s, 1H), 5.00 (s, 2H), 7.277.30 (m, 7H), 7.76 (d, 2H]
= 6.9 Hz).

To a stirred solution of this amine salt (2.9 g, 5.81 mmol)
in CHCI; (50 mL) and DMF (15 mL) were added CDMT
(1.13 g, 6.43 mmol) andN-methylmorpholine (3 mL, 27
mmol). The solution was stirred at room temperature for 15
min. Acid 1 (1.44 g, 5.82 mmol) in 5 mL of DMF was added
to the reaction mixture slowly and the mixture stirred for 15
h at room temperature. The workup procedure was the same
as described previously for the CDMT reaction. Purification
was performed by silica gel column chromatography (eluting
first with chloroform and then with 5% MeOH in chloroform,
R = 0.3 in 5% MeOH)/chloroform), yielding puré as a
colorless viscous liquid (3.1 g, 76%}H NMR (300 MHz,
CDClg) 6 1.22-1.29 (m, 6H), 1.451.51 (m, 2H), 1.59-
1.68 (m, 2H), 1.76-1.85 (m, 2H), 2.8%+2.89 (m, 6H), 3.1+
3.25 (m, 2H), 3.42-3.55 (m, 4H), 4.+4.18 (m, 4H), 4.28
4.38 (m, 1H), 5.064 (s, 2H), 7.267.34 (m, 7H), 7.787.83
(m, 2H).

(4) Ligand L2. Compound6 (700 mg, 1.01 mmol) was
taken in 5% MeOH in water (10 mL), and a pinch of Pd
black was added to it. The reaction mixture was refluxed
for 8 h with continuous bubbling of hydrogen gas. Filtration
of the catalyst and evaporation of solvent followed by drying
under high vacuum yielded the product as a viscous liquid

was added. The mixture was stirred at room temperature for(524 mg, 93%):*H NMR (400 MHz, CDC}) 6 1.21-1.27
6 h. The solvent was removed under vacuum, and the (M, 6H), 1.45-1.48 (m, 2H), 1.53-1.62 (m, 2H), 1.75

semisolid thus obtained was dissolved in a minimal volume
of absolute EtOH (1 mL) and THF (4 mL). It was
precipitated by the addition of GBI, (6 mL) to this solution.
The solid was filtered, washed with ether, and dried under
vacuum: 55 mg yield (61%). Anal. Calcd for4Els:-
CuNsO11S'H,0: C, 44.41; H, 4.51; N, 9.96. Found: C,
44.65; H, 4.51; N, 10.07.

(3) Compounds. To a stirred solution of Boc-Lys(Cbz)-
OH (2 g, 5.26 mmol) in CHGI(40 mL) and DMF (10 mL)
were added chlorodimethoxytriazine (CDMT, 1.1 g, 6.27
mmol) andN-methylmorpholine (1.4 mL, 12.75 mmol). The
solution was stirred at room temperature for 15 min followed
by the dropwise addition of a solution pf(2-aminoethyl)-
benzenesulfonamide (1.059 g, 5.26 mmol) in DMF (5 mL).
Stirring was continued at room temperature for 12 h. The

1.84 (m, 1H), 2.7#2.90 (m, 2H), 3.16-3.17 (m, 1H), 3.44
3.69 (m, 10H), 4.164.16 (m, 4H), 4.244.33 (m, 1H), 6.88
(br's, 1H), 7.27 (d, 2HJ = 8 Hz), 7.49 (br s, 1H), 7.79 (d,
2H,J = 8 Hz), 8.18 (br s, 1H).

This compound (150 mg, 0.27 mmol) was dissolved in a
MeOH/CHCI, mixture (10 mL) and treated with LIOH (35
mg, 1.45 mmol) for 12 h at room temperature. The solvents
were evaporated under reduced pressure, and the residue was
dissolved in water (10 mL). The pH of the solution was
adjusted to 3 with careful addition of HCI (2 N). Water was
removed under reduced pressure, and the residue was dried
under vacuum. Addition of absolute ethanol to this viscous
liquid led to the precipitation of a white solid. The solid thus
obtained was filtered, washed with absolute ethanol, and
dried under vacuum (110 mg, 81%)H NMR (400 MHz,

reaction was quenched with brine, and the solvents wereD,0) 6 1.11-1.25 (m, 2H), 1.56-1.63 (m, 2H), 1.671.78
removed under reduced pressure. Water was added to thém, 2H), 2.70-2.86 (m, 2H), 3.223.41 (m, 2H), 3.59

residue and extracted with ethyl acetate. Purification of the
crude product by silica gel column chromatography (eluting
first with chloroform and then with 4% MeOH in chloroform)

3.75 (m, 2H), 3.82:3.96 (M, 5H), 4.49 (s, 2H), 7.34 (d, 2H,
J=8.1Hz), 7.73 (s, 1H), 7.78 (d, 2H,= 8.1 Hz), 7.93 (s,
1H).



3214 Biochemistry, Vol. 44, No. 9, 2005

The sulfonamide diacid (63.5 mg, 0.127 mmol) was
dissolved in 7 mL of a MeOH/FD mixture (6:1). Solid
CuCh-2H,0 (22 mg, 0.129 mmol) was added to it, and the
reaction mixture was stirred f3 h atroom temperature.

Banerjee et al.

passing approximately 1 bed volume of a 0.3 M CySO
solution, followed by washing the column with 2 volumes
of 0.5 M NacCl. The column was finally equilibrated by the
cell lysis buffer [50 mM NaHPQO, and 0.15 M NaCl (pH

The solvent was removed under reduced pressure, andr.2)]. The crude extract was applied to the column, and the

trituration with absolute ethanol afforded a blue solid. This
solid was filtered, washed with plenty of ethanol, and dried
under vacuum to afford ligand (67 mg, 91%). Anal. Calcd
for CooHogCUNsOgS'H-O: C, 41.34; H, 5.38; N, 12.05.
Found: C, 41.47; H, 5.68; N, 11.88.

Cloning, Expression, and Purification of the Recombinant
Human Carbonic Anhydrase | (hCA-IThe coding sequence
of hCA-I (pCMV-SPORT6 plasmid) was amplified by the
hot start PCR method2(), using the sense and antisense
primers (5GGAATTCCATATGGCAAGTCCAGACTGGG-

3 and 3-CCGCTCGAGTTAAAATGAAGCTCTCACT-
GTTC-3, respectively). These primers contained hhed

and Xhd (underlined) restriction cleavage sites. The PCR
mixture contained the template DNA-Q.1 «Q), primers (2
uM), dNTPs (1 mM), MgC} (5 mM), and Pfu DNA
polymerase (0.05 unit) in a total volume of BD. The PCR
conditions were as follows: 1 min at 9& for denaturation,

1 min at 55°C for annealing, and 2 min at 72C for
extension, for a total number of 30 reaction cycles. The final
products were allowed to extend for an additional 20 min.
The PCR product and the expression vector pET-20b(
were digested withNdd and Xhd and purified via the
Qiaquick gel extraction kit. The purified products were
ligated by T4 DNA ligase and transformed into DédBells

for plasmid propagatior2(l). The positive clones of hCA-I
were confirmed by sequencing the plasmid at University of

Chicago Cancer Research Center (Chicago, IL). The plasmid

vector containing the hCA-I sequence was named pET-hCA-
l.

Expression and Purification of Recombinant Human
Carbonic Anhydrase | (hCA-I)The cloned plasmid (pET-
hCA-I) was transformed int&scherichia coliBL21codon
plus DE3(RIL) host cells by following the standard molecular
biology protocol 21). The overnight culture of the expression
cells from a freshly transformed plate was used to inoculate
in 1 L of LB medium containing 10@g/mL ampicillin, 50
ug/mL chloramphenicol, and 66M ZnSQO, at 37 °C, with
constant agitation at 250 rpm in an Environ orbital shaker,

column was thoroughly washed by the equilibration buffer
containing 1 mM imidazole. Practically no hCA-I was found

to elute off the column during the washing. The bound hCA-I
was eluted by applying a gradient of 1 to 200 mM imidazole
in the above buffer. The fractions containing the enzyme
activity were pooled, concentrated, dialyzed against 25 mM
HEPES buffer (pH 7.0), and stored a0 °C.

The enzyme activity of the recombinant hCA-I was
measured in 25 mM HEPES buffer (pH 7.0) containing 10%
acetonitrile (the standard buffer) at 2&, using 0.4 mM
p-nitrophenyl acetate as a substrat23)( The protein
concentration was determined according to the Bradford
method, utilizing BSA as the standard protea),

Spectrofluorometric Studieall spectrofluorometric stud-
ies involving dansylamide were performed on a Perkin-Elmer
lambda 50-B spectrofluorometer, equipped with a magnetic
stirrer and thermostated water bath. To ensure the stability
of dansylamide during the course of the titration as well as
kinetic experiments, its stock solution (1 mM) was prepared
in 10 mM HCI, and was diluted in the standard HEPES buffer
containing 10% acetonitrile. The emission spectra of dansyl-
amide in the absence and presence of hCA-lI and hCA-II
were acquired by fixing the excitation wavelength at 330
nm (excitation and emission slits each equal to 5 mm) with
a cutoff filter at 390 nm.

The dissociation constant of the hCA-dlansylamide
complex was determined by titrating a fixed concentration
of the enzyme (M) with increasing concentrations of
dansylamide in 25 mM HEPES buffer (pH 7.0) containing
10% acetonitrile. The initial reaction volume was 2.0 mL.
The excitation and emission wavelengths were maintained
at 330 and 448 nm, respectively, with a cutoff filter at 390
nm. The dissociation constant of the enzyngansylamide
complex was determined by analyzing the binding isotherm
as described by Qin and Srivastaab)(

The dissociation constant of the hCAdihhibitor complex
was determined by competitive displacement of a fixed

until the absorbance was 0.6 at 600 nm. The culture Wasconcentration of dansylamide by ianeaSing concentrations

induced by 40«M IPTG and 40QuM ZnSQO,, and incubated
overnight at 25°C with constant shaking. The cells were
harvested by centrifugation at 5Gfdr 15 min; pellets were
washed in 50 mM NadPO, and 0.15 M NaCl (pH 7.2) and
resuspended in the same buffer, containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF, prepared in 2-propanol).

The cell suspension was sonicated by a Branson sonifier,

using a 40% duty cycle in an ice cold bath (with intermittent
cooling) for a total time of 5 min. The cell extracts thus
obtained were centrifuged at 15 000 rpm for 30 min, and
the supernatant (crude extract, total volume of 20 mL) was
collected for purification of the enzymes by the following
method.

The isozyme hCA-I was purified by the metal ion affinity

chromatography using the IDA-conjugated Sepharose matrix.

The matrix was prepared as described previou2B). (For
purification of hCA-I from the crude extract, the Sepharese
IDA column (2 cm x 12 cm) was charged with Gt by

of the inhibitor. In a typical experiment, an equilibration
mixture containing tM hCA-I and 10uM dansylamide in
the standard HEPES buffer (pH 7.0, containing 10% aceto-
nitrile) was titrated with increasing concentrations of the
inhibitor. The initial reaction volume was 2.0 mL, and the
reaction content was continuously stirred during the course
of the titration. The excitation and emission wavelengths
were maintained at 330 and 448 nm, respectively, with a
cutoff filter at 390 nm. Since the binding of the inhibitor
competitively displaced dansylamide from the enzyme site,
the fluorescence intensity at 448 nm decreased. The data were
analyzed by a modified form of the competitive binding
model as elaborated by Kumar and Srivasta2).(

[EB] = ([E], + [B], + Ky + (Ky/K)[D],) —
([E], + [B], + Ky, + (K/KQID])* — 4[E][BI,
2

(1)
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The dissociation constant of the enzysiehibitor com- stopped-flow traces were analyzed by the data analysis
plex was determined by monitoring the decrease in the package provided by Applied Photophysics.
fluorescence of the enzymelansylamide complexifx = For measuring the dissociation “off rates” of two-prong

330 nm, lem = 448 nm) as a function of the increasing ligands from the hCA--ligand complexes, the reaction
concentration of the inhibitor. Hence, the observed fluores- mixture containing hCA-I and individual ligands, in the
cence Eopg as a function of the inhibitor ([B]) concentration standard HEPES buffer, were mixed with 100 dansyl-

can be given by eq 2 amide via the stopped-flow syringes. The time course of the
increase in the fluorescence intensity was monitored. The
Fobs = AFma/[E]; x ([E]; — [EB]) 2) data were analyzed by the single-exponential rate equation.

Isothermal Titration Microcalorimetric Studiesll calo-
where AFnax is the maximum change in fluorescence upon rimetric experiments were performed on an MCS isothermal
complete displacement of dansylamide from the enzyme site.titration calorimeter (ITC). A complete description of its
The titration data of Figure 4 were fitted by the nonlinear predecessor instrument, OMEGA-ITC, experimental strate-
regression analysis of eq 2 using Grafit 4. gies, and data analysis are given by Wiseman et23). (

Steady-State Kinetics for the Inhibition of hCATlhe The calorimeter was calibrated by known heat pulses as
steady-state kinetic experiments for the hCA-I-catalyzed described in the MCS-ITC manual. During titration, the
reaction were performed on a Perkin-Elmer Lambda 3B reference cell was filled with a 0.03% azide solution in water.
spectrophotometer. All steady-state experiments were per-Prior to the titration experiment, both the enzyme and ligand
formed in the standard HEPES buffer, containing 10% solution were thoroughly degassed. The sample cell was
acetonitrile. The latter solvent ensured the solubility of the filled either with 1.8 mL (effective volume of 1.36 mL) of
substrate during the course of the reaction, and it did not buffer (for control) or with an appropriately diluted enzyme.
exhibit any influence on the catalytic activity of the enzyme. The contents of the sample cell were titrated with several
The initial rates of the enzyme-catalyzed reactions were aliquots (4uL each) of the ligand. During the titration, the
measured by following the hydrolysis of the chromogenic reaction mixture was constantly stirred at 400 rpm. The
substratep-nitrophenyl acetate, at 348 nr23). enzyme concentration was adjusted by 2% (as recommended

The steady-state kinetic experiments were performed in aby the manufacturer) to include a dilution effect of the
total reaction volume of 1.3 mL (in the standard buffer), enzyme solution, which occurs following a buffer rinse.
containing 1 mMp-nitrophenylacetate and varied concentra-  All calorimetric titration data were presented after sub-
tions of the inhibitors. The initial rates of enzyme catalysis tracting the background signal, deduced from the magnitude
were determined by taking the slopes of the reaction traces.of heat pulses at the end of the titration. The raw experi-
For easy comparison of the inhibition data, the initial rates mental data were presented as the amount of heat produced
were translated into percent activity as a function of the per second following each injection of ligand into the enzyme
inhibitor concentrations. solution (minus the blank) as a function of time. The amount

Because of the slow esterase activity of hCA-I, a fairly of heat produced per injection was calculated by integration
high concentration of the enzyme-2 uM) is utilized to of the area under individual peaks by the Origin software.
reliably measure the initial rates of the enzyme reaction. With Final data are presented as the amount of heat produced per
such a high concentration of the enzyme, part of the substrateinjection versus the molar ratio of ligand to enzyme. The
and/or inhibitor can be envisaged to be bound to the enzymedata were analyzed according to the method of Wiseman et
site. Since the MichaelisMenten equation relies on the free al. (27).
rather than the total concentrations of the substrates and The data analysis produced three parameters, viz., the
inhibitors, the fraction of the bound species must be stoichiometry f), the association constanKd), and the
subtracted from their total concentrations for analyzing the standard enthalpy changesH®) for the binding ofL2 to
kinetic data. Given the above constraints, fevalues of hCA-l. The standard free energy changkG() for the
the enzyme-ligand complexes were determined according binding was calculated according to the relationsh@@® =
to the best fit of the experimental data by eq 3, using the —RT In K,. Given the magnitudes oAG°® and AH°®, the
nonlinear regression analysis software, Grafit 4.0. standard entropy changes®’) for the binding process were

calculated according to the standard thermodynamic equation
v= AG® = AH® — TAS.
2K Modification of Histidine Residues of hCA-I by Diethyl
K, +{[1], — 0.5[([1], + [E], + K) — /(0] + [E], + K)? — 4[1][E] ]} Pyrocarbonate. The covalent modification of histidine
(3) residues of human carbonic anhydrase | was achieved by
incubating the enzyme with diethyl pyrocarbonate (DEPC)

Transient Kinetic Experiment3ransient kinetic experi-  in 0.1 M sodium phosphate buffer (pH 6.0). Freshly prepared
ments were performed on an Applied Photophysics SX-18 DEPC (in absolute ethanol) was added to the enzyme solution
MV stopped-flow system, equipped with both absorption- in the buffer described above, and the time course of the
and fluorescence-detecting photomultiplier tubes. The deadincrease in absorption at 242 nm was monitored. Once the
time of the stopped flow was 1.3 ms. For fluorescence A4, value reached its maximum, the modification of the
measurement, the light path was configured such that thehistidine residues of the enzyme was taken to be complete.
fluorescence photomultiplier detected the emitting light via For performance of the binding studies, the DEPC-incubated
the 2 mm path length. The excitation wavelength was enzyme was subjected to gel filtration on a G-25 Sephadex
maintained at 330 nm, and a 335 nm cutoff filter was column [equilibrated with 25 mM HEPES buffer (pH 7.0)]
installed at the entrance of the photomultiplier tube. The and utilized for the assessment of the enzyiigand
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complexes. For determining the stoichiometry of modifica- amide and C# of the energy-minimized structures bi

tion of the enzyme’s histidine residues, AM hCA-I was and L2 were determined to be 29 and 22 A, respectively.
titrated with increasing concentrations of DEPC in 0.1 M The distance was primarily due to the difference in the spacer
sodium phosphate buffer (pH 6.0), and the increases inchain lengths in the above ligands. To compare the spatial
absorption at 242 nm were recorded. The control experimentlocations of L1 and L2 upon binding of their benzene-
involved incubation of identical concentrations of DEPC in sulfonamide groups to the active site of hCA-I, we super-
buffer. The difference id\y4, between the sample and control imposed the latter group with the enzyme-bound acetazol-
experiments was plotted as a function of the ratio of DEPC amide of the X-ray crystallographic structure (PDB entry
to hCA-I to determine the stoichiometry of the enzyme’s 1azm) @9). As shown in Figure 2, the IDACW* groups
histidine modification by DEPC in the presence of saturating of both the ligands protrude away from the active site of the
concentrations of benzenesulfonamide &2d enzyme. Because of the longer spacer chain lengthlin

Molecular Modeling StudiesThe molecular modeling ~ versus.2, the IDA—Cu* group of the former ligand extends
studies were performed on a Silicon Graphics-O2 molecular farther than that of the latter.
modeling workstation with the aid of Accelrys software, The question of whether the difference in the spacer chain
InsightlI(98), Discover, and biopolymers. The coordinates length of the above ligands made a minimal or significant
for the X-ray crystallographic structure of human carbonic contribution to the affinity for their cognate enzyme site
anhydrase | complexed with acetazolamide (PDB entry arose. If the IDA-Cu?* moiety of L1 and/orL2 could loop
1azm) were downloaded from the Brookhaven Protein Data around and interact with one of the surface—exposed histidine
Bank. The structures of ligandsl and L2 were first residues, their binding affinities would be higher than that
subjected to the energy minimization by the aid of Discover. Of the parent compound, benzenesulfonamide. To probe this,
The sulfonamide rings dfl andL2 were superimposed with
the enzyme-bound acetazolamide. The ribbon diagram of
Figure 2 with bound ligands was created with Insight II. The
surface topologies of hCA-1 (PDB entry 1azm) and hCA-II
(PDB entry 1IF4) in Figure 1 were created with GRASP Active site

(17).
RESULTS

To probe whether the attachment of iminodiacetate (IDA)-
conjugated C& to benzenesulfonamide (via spacers) invari-
ably enhanced the binding affinities of resultant two-prong
ligands for recombinant human carbonic anhydrase | (hCA-
1) (15), we synthesized two ligandsl andL2 (Schemes 1
and 2).

There was no preconceived bias in incorporating different
types of spacers ihl versusL.2 ligands. The only theme in
synthesizing these ligands was to maintain a different
distance between the individual prongs (i.e., benzenesulfon-
amide and IDA-CW?) of the two-prong ligands. A detailed
account of syntheses &fl andL2 and their analyses are  FIGURE 2: Ribbon structure of human carbonic anhydrase I with
given in Experimental Procedures. The structurelsloand ~ Modeled two-prong ligandsl and L2. The surface-exposed

. o histidine residues are shown. The benzenesulfonamide groups of
L2 were computationally soaked in five layers of water, and the ligands were superimposed with the active site resident

subjected to the energy minimization by the aid of Discover- acetazolamide ring. Part of the spacers and HiA2* moieties
98. The distances between the Nitoup of benzenesulfon-  of the ligands are shown to protrude away from the enzyme surface.
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we determined the binding affinities bfl, L2, and benzene-  dansylamide complex is4-fold higher than that of the hCA-
sulfonamide by performing fluorescence titration and steady- Il —dansylamide complex, it is evident that the difference in
state kinetic experiments. the amplitude of the fluorescence emission of Figure 3 (in
Enzyme-Ligand Interactions Assesseda the Fluores- hCA-I vs hCA-I1) is not due to the level of saturation of the
cence Titration Methodt has been known that the binding enzyme by the fluorophore. Instead, it is due to the difference
of dansylamide to carbonic anhydrases results in the bluein the quantum vyield of the fluorophore bound to hCA-I
shift of its fluorescence emission spectruba,(= 330 nm) versus the hCA-Il enzyme site.
from 536 to 468 nm, presumably due to the electronic  Because of the competitive displacement of the enzyme-
structural changes (resulting from the deprotonation of the bound dansylamide by the benzenesulfonamide derivatives,
NH, group of the sulfonamide moiety) of the fluorophore the binding affinities of the latter could be determined by
within the enzyme site 30—32). Figure 3 shows the  monitoring the changes in the fluorescence emission intensity
fluorescence emission spectra of /A dansylamide Aex = at 448 nm. Figure 4 shows the titration of a mixture of hCA-I
330 nm) in the absence (curve 1) and presence (curve 2) of(0.254M) and dansylamide (18M) by increasing concen-
1 uM hCA-I. Note a marked increase in the fluorescence trations of selected ligands. Note that as the concentration
emission intensity at 448 nm, coupled with the blue shift in of ligands increases, the fluorescence emission intensity at
the emission maximum. Although a qualitatively similar blue 448 nm {ex = 330 nm) decreases. It is noteworthy that the
shift was observed in the presence of hCA-II, the fluores- decrease in the fluorescence intensity is most pronounced
cence emission intensity in the latter case wasfold lower (at low concentrations of the ligands) wittR, and least
(curve 3) than that observed with hCA-l. The above pronounced with benzenesulfonamide, suggestind-thaan
difference could be either due to the difference in the level displace dansylamide from the enzyme site more easily than
of saturation of hCA-1 versus hCA-II by dansylamide under benzenesulfonamide. On the basis of the titration profiles
the experimental condition of Figure 3 or due to the of Figure 4, it is apparent that the relative strength of the
difference in the quantum yield of the fluorophore bound to binding of ligands to the enzyme is in the following order:
the above enzyme sites. To discriminate between thesel2 > L1 > benzenesulfonamide. To quantitatively determine
possibilities, as well as to quantitatively determine the the dissociation constants of the individual enzyrtigand
dissociation constant of the hCA-tansylamide complex = complexes, we analyzed the data of Figure 4 by eq 2. The
(the parameter essential for determining the binding affinities solid smooth lines are the best fit of the data for the
of different ligands), we titrated a fixed concentration of dissociation constants of the enzym®enzenesulfonamide
hCA-I (1 uM) with increasing concentrations of the fluoro- (@), enzyme-L1 (»), and enzyme L2 (H) complexes being
phore (Figure 3, inset). Since during this titration the equal to 4.5«M, 1.1 uM, and 17 nM, respectively. Given
concentration of the enzyme was comparable to that of these parameters, it is apparent that whereas the dissociation
dansylamide, the binding isotherm was analyzed by a constant ofL1 is only 4-fold lower than that of benzene-
complete solution of the quadratic equation, as elaboratedsulfonamide, the dissociation constantLd is ~260-fold
by Qin and Srivastava2g). The solid smooth line is the lower. Since benzenesulfonamide and P&+ moieties
best fit of the data for the dissociation constagg)(of the are common to both1 andL2 ligands, the origin of the
hCA-l1—dansylamide complex being equal be 0:A8, and above difference must lie in the nature and/or chain length
the maximum fluorescence changes~.) of 80. These of the intervening spacer residues.
values are significantly different than th& and AFmax Of To ascertain the contribution of the IDA-chelated?Cu
3.2 uM and 18, respectively, of the hCA-Hdansylamide of L1 and L2 in the binding affinity, we performed the
complex (L5). Clearly, under our experimental condition, titration experiments described above in the presence of 5
dansylamide binds-7-fold more tightly to hCA-I than to mM EDTA. Due to the stronger binding affinity of EDTA
hCA-Il. In addition, since theAFm.x of the hCA-- (as compared to IDA) for Ct (33), coupled with the mass

O
iz
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Ficure 3: Fluorescence emission spectra of dansylamide in the
absence (1) and presence of hCA-Il (2) and hCA-Il (3). [Dansyl-
amide]= 10 uM. [hCA-1] = 1 uM. [nCA-Il] = 1 uM. dex = 330

nm. The inset shows the binding isotherm of the hCA-I
dansylamide complex. The increase in fluorescence emission
intensity at 448 nmAgx = 330 nm) for the titration of kM hCA-I

with increasing concentrations of dansylamide (total) is shown. The
solid smooth line is the best fit of the experimental d&t6) for

the Kq value of 0.48+ 0.017uM.
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Ficure 4: Determination of the dissociation constants of the hCA-
I—ligand complexes by the dansylamide displacement method.

Banerjee et al.

Table 1: Summary of th&y andK; Values of Different Ligands

ligand Ka (uM) Ki (uM)
benzenesulfonamide 4:50.1 3.3+ 0.27
L1 1.1+ 0.04 1.2+ 0.08
L2 0.01740.001 0.027A0.01
L1 and EDTA 4.6+ 0.44 4.5+ 0.17
L2 and EDTA 1.3:0.14 1.7+ 0.64
acetazolamide 0.7& 0.055 0.95+ 0.035

aFor the binding to human carbonic anhydrase |.
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FiIGURE 5: Steady-state kinetics for the inhibition of hCA-I by
different ligands. The initial rates (represented as the percent
activity) of the enzyme-catalyzed hydrolysisghitrophenyl acetate
were measured as a function of the ligand concentrations. [hCA-I]
= 2.75uM. [p-Nitrophenyl acetatef 1 mM. The solid smooth
lines are the best fit of the data according to eq 2 forkhealues
of benzenesulfonamid®j, L1 (»), andL2 (m) of 3.3+ 0.27, 1.2
+ 0.08, and 0.02& 0.01uM, respectively.
amide to that of our two-prong ligand&1 and L2), we
performed the above dansylamide displacement experiment.
The analysis of the data yielded tha value of acetazol-
amide (775 nM), which is similar to it&; value reported in
the literature 85). Hence, although the binding affinity of
acetazolamide is comparable to that df, it is considerably
lower than that ol.2.

Steady-State Kinetic Experimenddany carbonic anhy-

12 16 20

Filled circles, empty triangles, and filled squares represent the datadrases, including hCA-l, catalyze an easily detectable esterase

for benzenesulfonamidel, andL2, respectively. [nCA-1}= 0.25
uM. [dansylamide}= 6 uM. The Ky values of the enzymeligand
complexes were determined by the best fit of the datpkly eq 1.
TheKg values of benzenesulfonamidd,, andL2 were determined
to be 4.5+ 0.1uM, 1.1+ 0.04uM, and 17+ 1 nM, respectively.

action effect, C&" would be transferred from IDA to the
EDTA site. EDTA does not impair the catalytic activity of
the enzyme (data not shown) presumably due to the kinetic
and thermodynamic stabilities of the active site residedt Zn

in carbonic anhydrase84). As shown in Table 1, in the
presence of EDTA, the dissociation constantt bfandL2

are increased from 1.1 to 4,6V and from 17 nM to 1.3
uM, respectively. Hence, when €uis stripped from the
IDA moiety of the above ligands, their dissociation constants

reaction, which is monitored at 348 nm utilizirgnitro-
phenyl acetate as a chromogenic substra@. (Although

the esterase reaction is not a physiological reaction of the
enzyme, it is frequently utilized to measure the inhibitory
potencies of different sulfonamide derivative35) To
confirm that the binding affinities of different ligands,
determined by the dansylamide displacement method (Figure
4 and Table 1), are reflected in their inhibitory potencies,
we performed the steady-state kinetic experiments of the
hCA-I-catalyzed esterolytic reaction in the presence of
increasing concentrations of different ligands. Figure 5 shows
the initial rates (represented as the percent of the enzyme
activity) of the enzyme catalyses as a function of selected
ligand concentrations. For direct comparison with the dansyl-

are increased. However, the above increase is more pro-amide displacement experiments, we utilized benzene-

nounced (by~100-fold) in the case of2 as compared to
L1. Obviously, Cd" of L2 has a significantly greater
energetic contribution for its binding to the enzyme than that
of L1.

Acetazolamide has been known to be a potent inhibitor
of carbonic anhydrases (particularly for hCA-Il), and it has

sulfonamide @), L1 (»), andL2 (M) as inhibitors. Since
these experiments were performed at relatively high con-
centrations of the enzyme (because of the low turnover rate
of the esterolytic reaction), the inhibition data were analyzed
by eq 3. The analysis of the data yielded values of the
inhibition constantsk;) for benzenesulfonamidé,1, and

currently been used as a drug for the treatment of glaucomal2, 3.3uM, 1.2 uM, and 27 nM, respectively. We further

(12). To compare the relative binding affinity of acetazol-

performed the steady-state kinetic studies for the inhibition
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42 for the mixing of the enzymeL1 complex ([E]= 0.1 uM,
[L1] = 2 uM) with dansylamide (10@M). The solid smooth
2414 - line is the best fit of the experimental data according to the
2 L1 single-exponential rate law, with a rate constant of 0.058
% 408 - s 1. When we performed the above experiment involving
; L2 ([E] = 0.1uM and [L2] = 1 uM vs [dansylamide}=
i 402 100 uM), we could not detect any increase in the fluores-
E‘ o .~_,“L.2| e cence signal for-100 s (Figure 6, trace L2). Although, for
3% = ' technical reasons, we could not accurately determine the
dissociation off rate ofL2 from the enzyme site, it is
39 : : : : obviously much slower than that &fL. It is known that the
Y 20 40 60 80 100 binding of different sulfonamide derivatives (including
Time(sec) dansylamide) to the active site of the enzyme involves

FiIGURE 6: Dissociation off rates of two-prong ligands from hCA-  changes in their electronic structure34y. We recently

I. The stopped-flow fluorescence tracés & 330 nm, cutoff filter demonstrated that such electronic structural changes proceed
= 395 nm) upon mixing of the enzymdigand complexes with  via two steps: formation of the enzyrmégand encounter/
dansylamide are shown. Traces L1 and L2 represent the dissociationichaelis complex followed by a slow isomerization step

of L1 andL2 from the enzyme site, respectively. The concentrations . . .
of the enzyme and dansy)llamide afterFr)nixing \)//vere 0.2 andA0 (our unpublished results). Upon consideration that the slow

respectively. The concentrations lof andL2 after mixing were ~ dissociation of ligands (with concomitant changes in their
2 and 1uM, respectively. The solid smooth line of trace L1 is the electronic structures) involves activation energy barriers, it

best fit of the data for a rate constant of 0.058.013 s*. is apparent that besides significantly stabilizing the ground
state,L2 also stabilizes the putative transition state of the
of the enzyme by azetazolamide, as wellldsandL2 in enzyme-ligand complex.

the presence of 5 mM EDTA, and analyzed the data as Isothermal Titration Microcalorimetric Studie&iven that
described above. All these values along with the dissociation the IDA—Cu?* moiety ofL2 significantly stabilizes both the
constants of the enzymdigand complexes (determined by ground and transition states of the enzytligand com-
the dansylamide displacement method) are summarized inplexes, it was of interest to determine whether the free energy
Table 1. Note a marked similarity between tkig and K; changes of the above enzymigand interaction were
values of the individual ligands, suggesting that all the dominated by enthalpic or entropic contributions. To ascer-
ligands utilized herein competitively bind (both against tain this, we performed the isothermal titration micro-
dansylamide as the fluorescent probe and agaisstro- calorimetric studies for the binding df2 to hCA-I. In a
phenyl acetate as the substrate) to the enzyme site. The abovereliminary manner, we established that the binding of both
similarity also eliminates the possibility of some unforeseen benzenesulfonamide and the IBAW* moiety to hCA-|
kinetic complexity arising from the interaction of one ligand Produced heat signals (exothermic peaks). Sirgceontains
or the other with the enzyme site. benzenesulfonamide and IDACW?T moieties, the overall
Transient Kinetics for the Dissociation of the Two-Prong heat signal was expected to be contributed by the binding
Ligands from the Enzyme SifEo probe whether the marked Of both these moieties to their respective sites on hCA-I.
stability of L2 (vis-&vis L1) in the ground state (Figures 4 Figure 7 shows the isothermal microcalorimetric titration of
and 5) is also reflected in their dissociability from the enzyme 11uM hCA-I by 30 aliquots (4L each, except for the first
site, we performed the stopped-flow transient kinetic experi- aliquot which was JuL) of L2 (stock concentration of 359
ments for measuring their dissociation off rates. These #M). The top panel shows the raw calorimetric data, denoting
experiments were performed by mixing the individual the amount of heat produced (negative exothermic peaks)
enzyme-ligand complexes with high and excessive concen- following each injection ot.2 to the enzyme solution. The
trations of dansylamide. Under this situation, the mass actionarea under each peak represents the amount of heat produced
would drive the overall equilibrium to the-Edansylamide  upon binding ofL2 to the enzyme. Note that as the titration
complex, and the rate of formation of the latter species would progresses, the area under the peaks becomes smaller due
serve as the measure of the dissociation off ki@ 6f the to the formation of the hCA-tL2 complex. The bottom

corresponding enzymdigand complex (eq 4). panel of Figure 7 shows the plot of the amount of heat
generated per injection as a function of the molar ratio of
Kofr L2 to hCA-I. A casual inspection of the titration data revealed
E-L E+L that the overall binding isotherm is constituted of at least
+ 4) two phases. This was not surprising sinc contained at
Dansylamide least two interacting regions, namely, benzenesulfonamide
and the IDA-CW?* moiety, for binding with the enzyme.
l This feature was further apparent in our inability to fit the
E-Dansylamide ITC binding data by the one-site binding model. However,

the data could be reliably fitted (solid smooth line) according
Since the binding of dansylamide to the enzyme vyields to the two-binding site modeR{), yielding Ny, No, Kag, Kaz,
the fluorescence emission signal at 448 nm (see Figure 3),AH°;, andAH®; values of 0.53, 2.2, 5.2 10/ M™%, 4.7 x
the time course of the competitive displacement of the 10° M2, —14.5 kcal/mol, and-5.6 kcal/mol, respectively.
enzyme-bound ligands (by dansylamide) could be easily Of these parameters, the magnitudeNef K,;, and AH®;
determined. Figure 6 (tradel) shows the stopped-flow trace  were assigned to the binding b2 via both prongs. Th&gy
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Time (min) of the enzyme activity during microcalorimetric titration),
0 40 B0 120 160 200 the experimental outcomes from both data sets essentially
L L L LA yield the same (qualitative) conclusion, i.e., that the overall
O - J binding of L2 to hCA-I is dominated by enthalpic rather

than entropic changes (see the Discussion).

Diethyl Pyrocarbonate Treatment of the Enzyi®e. the
basis of a variety of circumstantial eviden@6<{39), our
working hypothesis has been that the IDEW moiety of
084 4 the two-prong ligands binds to one of the surface-exposed
histidine residues of carbonic anhydrasb${16), resulting
in the enhanced binding affinity of the active site-directed
— — ligands (e.g., benzenesulfonamide). However, so far, we did

04 i not have experimental evidence to justify the fact that the
] IDA—Cu?" moiety of ligands indeed interacts with one of
4 J the surface-exposed histidine residues of the enzymes (e.g.,

hCA-1 or hCA-Il) (14—16). To probe the above feature, we
u performed the binding studies b2 after treating hCA-I with

. diethyl pyrocarbonate (DEPC). The DEPC treatment of

" i hCA-l1 was expected to modify all the surface-exposed
:‘ histidine residues of the enzyme. If any such histidine
’ | residues were involved in the enhanced bindind 2f the

0o 1 2 3 1 s above treatment would impair the enhanced binding effect

Molar Ratio ([L2J[hCA-I]) contributed by the IDACqu group of the Ilganq. Figure 8

FiGURe 7: Isothermal titration microcalorimetric studies for the Shovys the dansylamide_displacement experiment for t'he

binding of L2 to hCA-l. The top panel shows the raw data, binding of L2 (M) to the DEPC'treated_ enzyme. The analysis

generated by titration of 1.8 mL of 74M hCA-I by 30 injections ~ Of the data by eq 2 (smooth line) yielded a value of 1.38

(first injection, 1uL; subsequent injections, A each) of 35uM uM for the dissociation constant of the enzyrigand

L2. The area under each peak was integrated and plotted againstomplex. Note that the latter value is in marked contrast to

the molar ratid_2 to hCA-I in the bottom panel. The solid smooth  the dissociation constant of the native enzyrh@ complex

line is the best fit of the data according to the two-binding site
model for the following stoichiometriedNg and N), association (17 nM). Clearly, the DEPC treatment of the enzyme

kcal/mole of injectant
B &
1 1

L
3

constants K., andKyy), and enthalpic changeal®; and AH®,). decreased the binding affinity df2 by ~80-fold. As a
The values oiNy, Ny, Kai, Kaz, AH®3, and AH®, were determined  hindsight control, we performed a similar experiment for the
to be 0.53+ 0.018, 2.2+ 0.094, (5.2 1.9) x 10' M1, (4.7 & binding of benzenesulfonamid®) to hCA-1, and discerned

1.3) x 10° M~1, —14.54 0.54 kcal/mol, and-5.6 4 0.42 kcal/ ; ; ot
mol, respectively. When the ITC data were analyzed by adjusting its dissociation constant to be 5.2M. Clearly, the DEPC

the ‘enzyme concentration to 64M (to account for the 45% modification of thg enzyme did not impair its ability to bind
inactivation of the enzyme duringerl h time course of the ITC ~ benzenesulfonamide. This coupled with the fact (see Table
titration experiment), the values b, Nz, Kay, Kaz, AH®1, andAH®, 1) that the enhanced affinity daf2 for hCA-I is mediated
were 0.9+ 0.03, 4.1+ 0.5, (3.0+ 0.6) x 10/ M, (4.5+ 1.8) x via the IDA-conjugated Ci, it is clear that the IDA-Cu2*
rlézp'\élcti\'/eTylﬁ'z + 0.73 keal/mol, and=5.6 + 0.52 kcal/mol,  qiaty of L2 interacts with one of the surface-exposed
' histidine residues of hCA-I.
(1/Ka1 = 19.3 nM) value derived from these data is similar ~ To further determine how many histidine residub2-¢
to the Ky and K; values of 17 and 27 nM, respectively, 54) are protected upon binding &2 to hCA-I, we titrated
determined from fluorescence titration (Figure 4) and steady- a fixed concentration of the enzyme (M) with increasing
state kinetic experiments (Figure 5). However, of above concentrations of DEPC, and monitored the increase in
parameters, the stoichiometmy,j of the first phase appeared absorption at 242 nm as a function of time until it reached
to be~50% of that expected for the binding of 1 molla? a constant valuesd). A control experiment was performed
per mole of hCA-I. To ascertain whether the lower stoichi- in which DEPC was incubated with buffer (without the
ometry of the hCA-+L2 complex was due to the inactivation enzyme). The difference in absorption (at 242 nm) between
of hCA-I (due to the prolonged microcalorimetric titration the sample and control was plotted as a function of the ratio
experiment), we determined the activity of the enzyme as a of DEPC to hCA-1 (Figure 9). Since the two-prong inhibitor
function of time (data not shown). The time-dependent binds at both the active site (harboring three histidine
activity profile revealed that~45% of the enzyme activity  residues) and the peripheral site, the DEPC modification was
was indeed lost during ¢hl h time regime (the time required performed in the presence of saturating concentrations of
for the completion of the first phase; see Figure 7, top panel) either benzenesulfonamide (Figure 9, trace W)2(Figure
of our microcalorimetric titration. Given this information, 9, trace 2). In this way, the active site histidine residues were
when we reanalyzed the data of Figure 7 (by adjusting the subjected to an identical protection (against DEPC modifica-
concentration of the enzyme), we determined the stoichi- tion) by benzenesulfonamide. The data of Figure 9 show that
ometry of the first phase of the hCA-L2 complex to be in both casesA\Az4;initially increases linearly as a function
0.90, and the&<,; and AH®; values as being 3.6 10° M1 of the ratio of DEPC to hCA-I, and then it attains a plateau
and—16.2 kcal/mol, respectively. Although the latter values due to modification of all histidine residues. The intersection
are somewhat different from those obtained previously (i.e., points of these plots correspond to the 8.2 and 6.8 modifica-
without adjusting the enzyme concentration to reflect the loss tions of histidine residues in the presence of benzenesulfon-
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enhancing the binding affinity of the parent ligand, benzene-
sulfonamide. Because of the presence of the appropriate chain
length of the spacer ib2, and lack thereof ih1, the former
ligand emerges as one of the most potent inhibitors of hCA-I
(1, 35).

Our overall experimental outcomes presented in the
previous section lead to the following conclusions. (i) In two-
prong ligandsl(1 andL2), whereas the benzenesulfonamide
group binds to the active site of hCA-I, the IDACW?* group
binds at one of the surface-exposed histidine residues. (i)
Because of the shorter spacer chain lengthanthe IDA—

Cu?* moiety finds a suitable surface-exposed histidine residue
[Ligand] tM with which to interact, resulting in an2 order of magnitude

FicURe 8: Determination of the dissociation constants of the diethyl enhancement in the binding affinity of the parent compound,

pyrocarbonate-modified hCA-lligand complexes by the dansyl-  henzenesulfonamide. Such an advantage is absent with longer

amide displacement method. Filled circles and filled triangles . . ; ; i
represent the data of benzenesulfonamide laadrespectively. spacer chain-containing ligand. (iii) Besides stabilizing

[DEPC-treated hCA-I= 0.54M. [Dansylamide]= 6 uM. The Ky the ground state, the IDACU?* group ofL2 also stabilizes
values of the enzymeligand complexes were determined by the the putative transition state of the enzynigand complex,
best fit of the data according to eq 2. These values for benzene-which is evident by the marked disparity between the

0 60 120 180 240 300 360

sulfonamide and.2 were found to be 5.2% 0.16 and 1.38+ dissociation off rate constants of the enzymtd versus
0.054M, respectively. enzyme-L2 complexes. (iv) Either the chelation of &u
0.036 (of L2) by EDTA or the treatment of the enzyme with diethyl
pyrocarbonate increases the dissociation constant of the hCA-
0.03 = ! 1 I—L2 complex to the level of that of benzenesulfonamide.
0024 ' (v) Although a major fraction of the overall energetic
fr: o | i 2 contribution in the binding of 2 to hCA-I comes from the
g 0018 |- i ! inte_raction of the IDA-conjug_atgq Cu to the_ histidi_ne.
ooz L o residues, _there_ is a small (albglt finite) energetlc.contnbunon
' L of the aliphatic spacer chain length of the ligand. The
0006 o energetic contribution of the spacer is also apparent in the
. case olL1, although the IDA-CW?* group of the latter ligand
0 : - : : : fails to interact with any surface-exposed histidine residue.
0 3 6 9 12 15 18 (vi) Isothermal titration microcalorimetric data reveal that
[DEPC)/[hCA-] there are at least two classes of binding sitels2yfof which

Ficure 9: Covalent modification of histidine residues of hCA-l  the tightest binding site with maximum enthalpic changes is
by diethyl pyrocarbonate (DEPC). The enzyme M) was titrated given by the binding of the ligand via both prongs. (vii) The
with increasing concentrations of DEPC in 0.1 M sodium phosphate overall free energy changes for the bindingL@f to hCA-|
buffer (pH 6.0), and the increase in absorption at 242 nm was noted . : . L
as a function of time. The control experiment was performed by a'€ dominated by enthalpic rather than entropic cgntnbutlons.
incubating an equal concentration of DEPC in the buffer. The It has been known that at neutral pH (and in aqueous
difference in absorption between the sample and buffer at 242 nm environment), the imidazole groups of histidines interact
was plotted as a function of the ratio of DEPC to hCA-1. The data strongly with the transition metal cationdg 39). At higher

?geplgﬁzstr%)eagf g@?l\)l rggrr]ezsé?]rétstur}feoﬁ;ﬁﬁé?zr:]tg %Aear\;orged n pH values, other basic groups of amino acid side chains (or

respectively. The solid lines are the linear regression analyses ofN-terminal group) exhibit the potentials to interact with the
the data. The intersection points represent the modification of 8.2 transition metal ions, as well as their IDA-chelated adducts.

and 6.8 mol of histidine residues per mole of hCA-I in the presence Since the imidazole group of histidine has l.pf 6.8, it

of benzenesulfonamide ana, respectively. serves as an ideal ligand for interaction with the D@+
moiety at neutral pH. By using the diethyl pyrocarbonate-
modified proteins, Arnold and her collaborators have shown
(via the ESR spectroscopy) that the native proteins are
targeted to IDA-CW?* lipid assemblies through coordination
by surface histidines3(, 38). Recently, by employingH
and!®N NMR techniques, Nomura et aBg) have explicitly

amide (trace 1) andl2 (trace 2), respectively. Evidently,
L2 protects 1.4 more histidine residues than benzenesulfon-
amide. These data support the notion that the HTAP"
moiety ofL2 interacts with “one” surface-exposed histidine
residue of hCA-I. We are currently performing the site
specific mutations of different histidine residues of hCA-I' 41 ohstrated that, at neutral pH, the IDEW?* moiety

to probe Whi.Ch histi_dine residue is s_pecifically ir_wol_veo_l in selectively interacts with His-68 on the surface of ubiquitin.
the above interaction, and we will report this finding these gata are in accord with our demonstration (Figure 8)
subsequently. that diethyl pyrocarbonate-treated hCA-I does not Hiad
as tightly as the native enzyme. In fact, the binding affinity
DISCUSSION of L2 being similar to that of benzenesulfonamide suggests
The experimental data presented herein are the firstthat there is hardly any contribution of the spacer residue as
detailed studies for the binding of two-prong ligands to well as the IDA-CW" moiety when hCA-I is modified by
human carbonic anhydrase | (hCA-1), unraveling the roles diethyl pyrocarbonate. These results corroborate our working
of the spacer chain length and the IB&W moiety in hypothesis that the enhanced binding of the two-prong ligand
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(e.g.,L2) is primarily due to the interaction of the IDA . L1
Cw* moiety with one of the surface-exposed histidine Peripheral
residues of the enzyme. site

Of 11 histidine residues present in the primary structure
of hCA-I, three (His-94, His-96, and His-119) are involved  Active site
in stabilizing the active site 2n, four (His-64, His-67, His-
200, and His-243) are present in the vicinity of the active
site pocket (which are shown in Figure 1), and the remaining
four (His-40, His-103, His-107, and His-122) are confined
on the opposite side of the active site pocket. Since the DEPC
treatment of the enzyme in the presence of benzenesulfon-
amide and.2 modifies only 8.2 and 6.8 histidine residues,
respectively (see Figure 9), it appears that the three activericure 10: Cartoon of the spacer-based selectivity for the binding
site resident histidine residues remain unmodified. This is of two-prong ligands to hCA-I. These ligands bind at both active
not surprising since hese fisidine residues interact ightly 1 BET e s o e e
with th_e a_ctlve site Z¢t, and they may be furth_er pr_otected and interact Fe)lt a complementary p?erigpheral site, thatyof th% longer
upon binding of benzenesulfonamide at the active site pocket.gpacer-containing ligand fails to find complementary interacting
SincelL2 contains both benzenesulfonamide and @AW" site on the surface of the enzyme.
moieties, its influence in further reduction of the DEPC
modifiable histidine residue (from 8.2 to 6.8) is likely to be of binding interactions at the protein surface. However, since
due to a strong interaction the IDACW?* prong ofL2 with the C#" free L1 (generated in the presence of EDTA)
one surface-exposed histidine residue of the enzyme. exhibits a binding affinity for hCA-l similar to that of

In general, sulfonamide derivatives are weak inhibitors of benzenesulfonamide, it appears that the chemical nature of
hCA-I vis-arvis hCA-II. For example, whereas the inhibition the spacer (containing triethylene glycol, an amide linkage,
constant of one of the anti-glaucoma drugs, acetazolamide,and an aromatic group) inl has practically no independent
for hCA-I is around 900 nM (950 nM as determined during energetic contribution to the overall binding affinity. On the
our studies), that for hCA-Il is-12 nM (40). Scozzafava et  contrary, the Ct free L2 still shows 3-4-fold higher
al. (40) has compiled a list of more than 200 inhibitors of binding affinity than benzenesulfonamide, suggesting a small
carbonic anhydrase isozymes with dissociation constants in(albeit finite) energetic contribution of the aliphatic chain
the nanomolar range. In comparison, it is clearly apparent and/or primary amine group of the spacer to the overall
that our two-prong ligand.2, certainly falls in the category  binding constant. Given these, it is clear that the marked
of one of the most potent inhibitors of hCAK{ = 17 nM, difference in the binding affinity of1 versus.2 for hCA-I

Ki = 27 nM). comes from the difference in the chain length of the spacers
One of the most intriguing aspects of our investigation is rather than from their chemical structures. This is schema-

the differential binding affinity ol.1 versusL2 for hCA-I. tized by the cartoon in Figure 10. As shown in this cartoon,

Whereas the attachment of the IBAW" moiety to ben- the shorter spacer chain length-containing ligand (Wi2),

zenesulfonamide via one type of spacer (akij does not allows its IDA—CW?* moiety to easily loop around and find
markedly affect its binding affinity for hCA-I, the use of its complementary anchor site on the surface of the protein.
the other type of spacer (as l2) increases its binding  On the other hand, due to longer chain length of spacer in
affinity by ~2 orders of magnitude. A casual comparison of L1, the IDA—CW" moiety fails to loop around and find the
the structures of these ligands reveals that they differ both same or another suitable anchor site on the enzyme surface,
by the chain length of the spacers and by their chemical obviating the above-noted energetic advantage.
compositions. In principle, both these factors have potentials We recently performed the isothermal titration micro-
to contribute to the binding affinities of the enzymilgand calorimetric studies for the binding of benzenesulfonamide
complexes. If a spacer group is not of the appropriate chainas well as of the IDA-Cw?" moiety to hCA-I, and observed
length, the IDA-Cu?* moiety of the two-prong ligand would  that the individual binding isotherm conformed to one class
not be able to find its complementary anchor site (i.e., of binding site (data not shown). Since the binding of both
histidine residue) on the surface of the enzyme. However, benzenesulfonamide and the IBAW" moiety (indepen-
because of the intrinsic flexibility of the spacer groups, there dently) to hCA-I produces heat signals, the ITC binding
is always a possibility of the adjustment in the ligand isotherm for the interaction df2 with hCA-l was expected
structure such that the IDACW?" moiety finds its interacting  to be comprised of at least three different types of com-
(histidine) partner. Such a possibility would also be depend- plexes: (i) only the benzenesulfonamide group L&
ent on the spatial distribution of the surface-exposed histidine interacting at the active site of hCA-1 and the IBEW"
residues. If the histidine residues are closely spaced on thegroup protruding away from the enzyme surface, (ii) only
protein surface (as in hCA-ll; see Figure 1), the spacer basedthe IDA—Cw" group of L2 interacting with different
selectivity in the two-prong ligands would not be as histidine residues of hCA-I and the benzenesulfonamide
pronounced as in the proteins containing scattered histidinegroup protruding away from the enzyme surface, and (iii)
residues (such as in hCA-I; see Figure 1). This has been theboth benzenesulfonamide and the IB&W" moiety of L2
dominant feature in selecting hCA-I in preference to hCA- simultaneously interacting at the active and peripheral
II'in this investigation. (histidine) site of hCA-I, respectively. Of these, the latter
Besides, depending upon the spatial location, the differenceinteraction (exhibiting a dissociation constant of-277 nM
in the chemical nature of the spacers can have different typesduring fluorescence titration and steady-state kinetic experi-
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ments) is represented by the high-affinity binding skg (  Table-1) is similar to that of benzenesulfonamide, suggesting
= 3.0-5.2 x 10’ M7Y) in the binding isotherm of Figure 7.  that the C&" free tether group has practically no energetic
Since the ITC data could be reliably fitted by two classes of contribution for the binding to the enzyme.
binding sites, we surmise that the second (weaker) binding It should be emphasized that there is an intrinsic limitation
site of Figure 7 contains the contribution from scenarios (i) in the structure-based drug design, primarily due to the
and (ii). However, the latter interactions do not appear to inherent flexibility in the protein structure, as well as the
reduce the stoichiometry of the DEPC-modified histidine limited geometry of the ligand binding pockets (active sites
residues per mole of hCA-I (Figure 9). in the case of enzymes) to accommodate extensive variations
It should be noted that although hCA-I is fairly stable in in the inhibitor structures4(l—44). Besides, on the basis of
the presence of different inhibitors on a short-term basis the structural coordinates of the selected enzyligand
(adequate for performing most of the experiments reported complexes, it is difficult to predict, a priori, whether the
herein), it tends to undergo slow inactivation in the presence desired changes in the inhibitor structure would be better
of L2. Our preliminary data suggest that45% of the accommodated within the active site pocket${47). Such
enzyme activity is lost during th1 h time regime of the limitations can be easily overcome, at least in principle, by
ITC titration experiment (Figure 7). When the latter feature designing the enzyme inhibitors, which would not only bind
is taken into account in analyzing the ITC titration data, the to their active site pockets but also bind (by looping around)
stoichiometry of the first phase is increased from 0.53 to to the surface-exposed amino acid residues. The fact that
0.9, with small changes in th€,; andAH®; values (see the  the attachment of the second prong does not invariably
legend of Figure 7). Assuming the standard state of 1 M, enhance (e.g., as ibl vs L2) the binding affinity of the
the AG®°; value for the binding ofL2 to hCA-I can be parent ligand implies that the two-prong ligands can be highly

calculated as being equal t610.2 kcal/mol. Given aH°; selective. As is evident from these studies, the ligand-based
value of—16.2 kcal/mol, the entropic contribution$AS°) selectivity can be incorporated by controlling the distance
can be calculated to be6.0 kcal/mol. On the basis of these between the individual prongs of the ligands by selected
parameters, it is apparent that the overall bindind »fto spacer chain lengths. Hence, our overall approach can be

hCA-1 is enthalpically rather than entropically driven. It easily extended toward developing the isozyme specific two-
should be emphasized that this qualitative conclusion remainsprong inhibitors as potential drugs, herbicides, insecticides,
unaffected whether we take into account the slow inactivation or other protein modulators.
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