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» Modification of exposed histidines de-
creased esterase activity of the enzyme.

» Sildenafil-CA interaction induces pro-
tein conformational changes.

» Sildenafil binding induced reorgani-
zation of hydrogen bonds within CA
active site.

» Sildenafil binding may change hydra-
tion positions on the CA surface.
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modified hCA Il were investigated employing different computer simulation and spectroscopic techniques such as
UV-vis, circular dichroism (CD), fluorescence spectroscopy and molecular dynamics. Fluorescence measurements
showed that the sildenafil acts as a quencher of the native and modified enzyme fluorescence. Stern-Volmer anal-
yses revealed the existence of one binding site on the native/modified enzyme for sildenafil. The thermodynamic
parameters, enthalpy change (AH) and entropy change (AS) of drug binding were not also similar, which indicate
that different interactions are responsible in CA-drug interaction. Calculation of the protein surface hydrophobicity
(PSH), using 1,8-Anilinonaphtalene Sulfonate (ANS), indicated the increment of PSH of native and modified hCAIlin
the presence of sildenafil. Overall, sildenafil-CA interaction probably induces protein conformational changes and
completes reorganization of both hydrogen bond networks within the active site cavity and hydration positions
on the protein surface.
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1. Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) enzymes are diffusion-controlled
metalloenzymes that catalyze the reversible hydration of carbon dioxide
to bicarbonate and hydrogen ions [1]. At least 16 different carbonic
anhydrase isoforms were isolated in higher vertebrates. These isozymes
have diversified tissue distribution and subcellular positions and they
exist in archaea, eubacteria, animals and plants [2]. Some of these are in-
volved in crucial physiological processes such as respiration, acid-base
balance, calcification, electrolytes secretion, biosynthetic reactions (in-
cluding gluconeogenesis, lipogenesis and ureagenesis) [3]. The CAII iso-
zyme, a functional 29-kD (and monomer) polypeptide is the fastest and
most widespread isoform. Key features of the enzyme active site
which is located at the bottom of a 15-A cone shaped cavity, (Fig. 1A)
include a zinc ion coordinated tetrahedrally by 3 histidine residues
(Hisgy, Hisgg and His{19) and a water molecule/hydroxide ion as a fourth
ligand (water 263). The generally accepted catalytic mechanism of car-
bonic anhydrase is described by a 3-step kinetic scheme (I): the
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substrate is subjected to a nucleophilic attack by a Zn-coordinated
OH™ moiety which catalyzes the interconversion of CO, to HCO3', leav-
ing a water molecule as the fourth zinc-bound water; (II) an intramo-
lecular proton transfer takes place from the zinc-bound catalytic
water (Water 263, see Fig. 1A) to the imidazole ring of Hisg4; and (III)
an intermolecular proton transfer from His-64 to the surrounding sol-
vent (Egs. (a)-(c), see below) [4,5].

Hisgy — E — Zn— OH~ + CO, + H,0=Hisg — E — Zn — HCO;
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Fig. 1. (A) Diagrammatic representation of the active site and proton transfer paths identified in wild-type CA IL. The zinc ion is tetrahedrally coordinated by 3 histidines (Hisoa, Hisos, and
Hisq19) and catalytic water (Water 263). The deep water (Water 338) sits in a hydrophobic pocket lined by Leu;gg, Trpaoo, Valy43, and Valy; at the bottom of the active site. Water 318 isin
a hydrophilic environment toward the mouth of the active site cone. The proton shuttle Hisg4, shown in both “in/inward” and “out/outward” positions, is linked via Water 292 and Water
318 to the catalytic water. The side chain of Hisg4 residue points towards the active site in the “inward” conformer, while it is orientated away from the active site towards the surface of the
protein in the “outward” conformation. Hydrogen bonds are depicted as dotted lines, and waters are labeled with numbers only. Numbering is according to PDB code 2CBA (adapted from
[17]). (B) Hypothetical model of the position of ester substrates (red arrow) in the active site of human CA IL See the Glu, o position.

(Adopted from [11,12], also see Fig. 10).
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As indicated in Egs. (a)-(c), in the reverse path, the mechanism of
CA action requires an excess proton to be delivered to the active site
of the enzyme from its surface. The rate limiting step in CA-mediated
reaction is the shuttling of protons between the catalytic center of the
enzyme and the bulk solution as it determines how quickly the en-
zyme will once again be ready to catalyze the conversion of CO,. Dif-
ferent kinetic studies indicate that in a well-buffered solution, the
intramolecular proton transfer is rate determining [4,6]. It has also
been shown that, in CA II, this H;0 * (proton) shuttle is facilitated
by the imidazole group of Hisg, (Fig. 1A) and unbranched networks
mediated by two or three water molecules at the active site facilitate
the proton transfer when Hisg, is present in its inward conformation
(see Fig. 1A) [7]. Site-directed mutagenesis studies on several mu-
tants of CA Il clearly indicate the important role of Hisg4 on the overall
rate of catalysis [4,7]. It is intriguing to note that in spite of a reduced
catalytic efficiency, the activity of the enzyme is not completely lost.

The proton transfer pathways that relay the excess charge over sev-
eral molecular diameters may be modeled as hydrogen-bound net-
works formed by polar side chains (His, Glu and Thr, see Fig. 1A) and
water molecules [8], present in a “proton channel” of the protein,
which may be used in proposing the mechanism of proton transfer
into the active site. According to the Grotthuss-like mechanism [9,10],
a proton transfer process consists of two elementary steps; (I) hopping
of the proton between donor and acceptor sites and (II) turn or
reorientation to optimize the donor-acceptor distance for an effective
hopping (see “in”/“out” positions of Hisg4 in Fig. 1A). Additionally, the
proton transfer step (as the rate limiting step of CA catalysis) itself
may encounter a large free energy barrier and thus become slow [10].
Thry g9, together with Thrygg, is involved in a finely tuned network of hy-
drogen bonds (as a second coordination sphere) leading toward the
solvent-exposed Hisg4, which is located at the entrance of the active-
site channel and has a critical role with the help of a cluster of histidine
residues (residues 3, 4, 10, 15, 17).

For a long time, it was believed that carbonic anhydrase exhibited
absolute specificity, i.e. that it would only catalyze the interconversion
between CO, and HCO5 . However, in the 1960s it was discovered that
the enzyme also catalyzes hydration of various aldehydes as well as hy-
drolysis of esters [11] (see Fig. 1B). Based on the literature [11], the ele-
ments of both lyase and esterase active sites of CA are the same
(compare Fig. 1A and B) so that enzymatic hydrolysis of esters appears
to be either controlled by the same amino acid side chains.

According to the vital physiological roles of CAs and regarding the
earlier statements, it seems plausible that modulation of CA activity
to normal levels either by inhibition or activation offers interesting
therapeutic options [12,13]. Blockade of CA activity in local tissues
may therefore increase tissue CO, concentrations and/or lower tissue
pH, resulting in vascular dilation and increased blood flow. On the
other hand, CA can change hemoglobin's affinity for oxygen by con-
trolling the movement of CO, gas between air and liquid compart-
ments. Deficiency of hCA is the primary defect in the syndrome of
osteopetrosis, renal tubular acidosis, and cerebral calcification [14]. Un-
like CA inhibitors, widely used clinically for the treatment or prevention
of a multitude of diseases, CA activators have been much less investigated
[15]. In the past decade, by means of X-ray crystallography, electronic
spectroscopy, and kinetic measurement, it has been proved that the
most activator molecules (for instance, see Structure 1) bind at the rim
of enzyme active cavity, participating in the rate-determining step of
the catalytic cycle [16,17]. As stated earlier, the entrance of the active
site of isozyme hCA II contains a cluster of six histidine residues (Hiss,
Hisy, Hisqo, Hisys, His;7 and Hisgs), some of which possess different con-
formations (as shown by X-ray crystallography) which could easily par-
ticipate in interaction with the activator molecules [18]. Furthermore,
regarding the binding site of various activators, it appears that they in-
duce a finely tuned network of hydrogen bonds both in and at the rim
of enzyme active site facilitating proton shuttling from solvent to the cat-
alytic site and vice versa [4].
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Structure 1. (right) Structure of 1-[4-ethoxy-3-(6,7-dihydro-1-methyl-7-oxo-3-propyl-1H-pyrazolo[4,3-d] pyrimidin-5-yl) phenylsulfonyl]-4-methylpiperazine (Sildenafil) and
Metabolic transformation of it to the desmethylated compound [19]. (Left) Calculated pKa values of imidazole (3), piperazine (1) and morpholine (2) derivatives [15] using Reaxys
(http://www.reaxys.com) as well as with the ChemAxon’s Marvin plug-in calculator (<http://www.chemaxon.com/marvin>).
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Sildenafil  (1-[4-ethoxy-3-(6,7-dihydro-1-methyl-7-0xo-3-propyl-
1H-pyrazolo[4,3d]pyrimidin-5-yl) phenylsulfonyl]-4-methylpiperazine,
Structure 1), a phosphodiesterase-5 (PDE5) inhibitor, is a widely used
drug for the treatment of erectile dysfunction (ED) [19]. The pharmaco-
logical role of this drug is to prolong the signaling actions of nitric oxide
(NO) in penile smooth [20] and through reducing the degradation of
cGMP, allowing erectile function to occur by relaxation of penile smooth
muscle. Interaction of sildenafil with other zinc-enzymes than the PDEs
has been very rare in the literature to date (except for Supuran et al.
[19]), although there are many zinc-enzymes (e.g. CA) in mammals that
might interfere with sildenafil. There are also no reports regarding the
mechanistic details of CA-sildenafil interaction. Therefore, we decided
to investigate the interaction of this drug, which does not possess any of
the common pharmacophores present in the CA inhibitors (CAIs) but it
has the piperazine moiety present in some CA activators [20,21], with
CA 1l isoenzyme (see Structure 1). In the present research, we analyzed
the interaction of sildenafil with native and histidine-modified hCA 1I
using UV-vis, circular dichroism (CD) and fluorescence spectroscopic
techniques. In this study, we further characterized the mode/strength of
drug binding, the related thermodynamic parameters and structural/
functional alterations of hCA II upon the binding process. Moreover,
using histidine modification with diethyl pyrocarbonate (DEPC), we pro-
posed that piperazine moiety of the drug (as an external member of the
cluster of H" donor/acceptors existing at the rim of CA active site) can re-
store enzyme catalytic ability via interfering in the proton transferring
process.

2. Materials and methods
2.1. Chemicals

The p-nitrophenyl acetate (p-NPA) and 1-anilinonaphtalene-
8-sulfonate (ANS) were purchased from Sigma Chemical Co (St. Louis,
Mo, USA). Diethyl pyrocarbonate (DEPC) was obtained from Fluka.
Pure sildenafil was obtained as a generous gift from Fertility and Infer-
tility Research Center (Kermanshah, Iran). The other reagents were of
analytical grade and used as obtained from the suppliers. All the solu-
tions were prepared in double distilled water and, unless stated other-
wise, all experiments were carried out in 50 mM sodium phosphate,
pH 7.0 as the buffer utilizing double distilled water with very low con-
ductivity, at room temperature. Enzyme concentration was estimated
by measuring the absorbance at 280 nm (&,50=754,000 M~' cm~1)
[17]. CD experiments were carried out in 50 mM Tris-HCl, pH 7. The
pK, value for the nitrogens of CA activators and piperazine moiety of
N-desmethyl sildenafil calculated by Reaxys (http://www.reaxys.com)
as well as with the ChemAxon's Marvin plug-in calculator (http://
www.chemaxon.com/marvin).

2.2. Protein purification

Human CA II was purified from human erythrocytes according to
the method described by Nyman [22]. SDS-polyacrylamide gel elec-
trophoresis was used to confirm the protein purity. The concentration
of hCA was determined according to Lowry's method [23] and stan-
dard curve was generated using BSA.

2.3. Enzyme assay

Carbonic anhydrase assays (colorimetric assay for esterase activity)
were performed at 25 °C according to Pocker's method [24]. The
enzyme-catalyzed reaction was followed at 400 nm using a Cary Eclipse
(Varian) UV-vis spectrophotometer in quartz cells with 1 cm wave-
length. Stock solution of pNPAc (138 mM) was prepared by dissolving
0.050 g of pNPAc in 2.0 ml of acetonitrile. The different pNPAc concentra-
tions were applied for the determination of the kinetic parameters. The
activator and enzyme solutions were preincubated together for 15 min,

prior to assay, in order to allow for the formation of the enzyme-activator
complex. The final enzyme concentration in the assay buffer was 2.0 pM.
It is noteworthy that sildenafil had no effect on the rate of non-enzymatic
degradation of pNPAc.

2.4. Modification of hystidine residues

Diethylpyrocarbonate (DEPC) was used to (specifically) modify
histidines in the CA II. Stock solution of 0.1 M DEPC in absolute
ethanol was prepared and the final ethanol concentration did not ex-
ceed 1% by volume. Freshly prepared DEPC solution was added to the
protein [25] to obtain a protein:DEPC molar ratio in the range of 1:1
to 1:900. The reaction tubes were incubated at 4 °C. After incubation,
protein samples were dialyzed extensively against 50 mM phosphate
buffer, pH 7 (in the pH range of 5.5 to 7.5, DEPC is reasonably specific
for reaction with histidyl residues) overnight at 4 °C, so excess DEPC
was removed [25]. The concentration of the modified protein was also
determined according to Lowry's method.

The number of modified histidyl residues was calculated from the
following equation:

(0.8 ml/ml of test solution) x Ayyy x MW
(mg of protein/ml of test solution) x Ag "

(1

Where Ag is the molar extinction coefficient of modified histidine
residues (3200 M~ ! cm~!), MW is the molecular mass of hCA II
(29 kDa) and A4 is the absorbance at 240 nm [26].

2.5. Circular dichroism (CD) spectroscopy

The CD spectra were obtained by a JASCO-810 spectropolarimeter,
using a 1 mm pathlength cell in 50 mM Tris-HCl buffer, pH 7.0. The spec-
tra were recorded in the range of 190-250 nm and 250-350 nm for far-
and near-UV CD, respectively. The CD spectrum of hCA II (0.3 and
1.3 mg/ml for far- and near-UV CD, respectively) were recorded in the ab-
sence and presence of 100 and 150 pM sildenafil. The data were normally
plotted as mean residue ellipticity (MRE, degree-cm?-dmol~!) versus
wavelength in nm, calculated via following equation:

MRE = observed CD(mdeg)/Cpnl x 10 (2)

where Cp is the molar concentration of the protein, n is the number of
amino acid residues, and [ is the path length [27]. The a-helical contents
of native and modified hCA Il and in the absence and presence of silden-
afil were calculated from MRE values at 208 nm using the equation:

o — Helix (%) = { (—[MRE] .3 —4000) /(33,000—4000)} x 100 (3)

where MRE,s is the observed MRE value at 208 nm, 4000 is the MRE of
the 3-form and random coil conformation cross at 208 nm and 33,000 is
the MRE value of a pure a~helix at 208 nm. From the above equation, the
a-helicity in the secondary structure of the native and modified hCA II
was determined [28,29].

2.6. Fluorescence spectroscopy

Fluorescence measurements were made on a Cary Eclipse (Varian)
fluorometer with jacketed cell holder in which temperature was ad-
justed by an external thermostated water circulation. Excitation was
at 295 nm and the spectral bandwidths of both the excitation and
emission slits were set to 5 nm.
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The fluorescence data was corrected for inner filter effect using
the equation:

Fars = (Fos) x Anlog x (R 2-em. ) (4)

where and are the observed and corrected fluorescence intensities,
and Aexc. and Aen. are the absorbances at excitation and emission
wavelengths, respectively [30].

2.6.1. ANS fluorescence and determination of PSH

Changes in PSH can be monitored by the probe 1-anilinonaphtalen-
8-sulfonate (ANS) [31,32]. Titration of enzyme solutions in the presence
of increasing concentrations of ANS provide information about difference
in the ANS binding properties of native and modified hCA Il by determin-
ing the F.x and KgPP of the enzyme-ANS complexes, in the absence and
presence of sildenafil [32]. Fax is the maximum fluorescence intensity
at the saturated ANS concentration which indicates the number of surface
hydrophobic sites of the protein. Kg°° is the apparent dissociation con-
stant for ANS. The assay solutions (0.3 mg/ml protein in the presence
of various concentrations of ANS) were excited at 380 nm and emis-
sions were recorded over range 400-600 nm [31,32]. ANS was added
from a stock solution (1 mM) to the final concentration range from 2
to 120 uM. The increase in fluorescence emission was recorded
until no further increase in fluorescence was observed. The protein
surface hydrophobicity of native and modified hCA II, free and
complexed with sildenafil can be calculated from the following
equation [32]:

PSH = Fy, /[nCA KPP (5)

2.6.2. Fluorescence quenching

Fluorescence quenching is a valuable method for studying the in-
teraction of substances with protein. The quenching process can be
induced by a collisional process or a formation of a complex between
quencher and fluorophore. The former is referred to as a dynamic
quenching mechanism and the latter a static quenching mechanism.
Solute quenching experiments were carried out by the addition of al-
iquots of concentrated stock solutions of sildenafil to the protein solu-
tions (0.02 mg/ml) which were incubated at 25, 30, 35 and 40 °C. The
emission spectra were recorded in the range of 310-400 nm at the
excitation wavelength of 295 nm. The data herein obtained were an-
alyzed by the Stern-Volmer equation [33]:

Fo/F =1+Ks[Q] (6)

where [Q] is the molar concentration of quencher, Ky, is the Stern-
Volmer quenching constant, Fp and F are the fluorescence intensities
in the absence and the presence of quencher.

The number of binding sites and the value of association con-
stant (K,) were estimated by fitting the experimental data to the
modified Stern-Volmer equation:

log{(Fo—F)/F} = logKy, + nlog[Q] (7)

where K;, and n are the association constant and the number of
binding sites, respectively. The values of n and K;, were obtained
from the slope and Y-intercept of the modified Stern-Volmer plot,
respectively [34].

2.6.3. Calculation of thermodynamic parameters

The thermodynamic parameters, enthalpy changes (AH®), entropy
changes (AS°) and free energy changes (AG®) are the main evidences
to determine the binding mode. The thermodynamic parameters

were estimated by van't Hoff equation:
InK, = —AH°/RT + AS°/R (8)

where K and R are the binding constant and universal gas constant,
respectively, afterward the free energy change AG® can also be evalu-
ated by the Gibbs equation [35]:

AG® = AH°—TAS°. (9)

2.7. Particle size measurements using dynamic light scattering (DLS)

Measurement of the apparent hydrodynamic diameters of the native
and modified hCA Il was accomplished using photon correlation spec-
troscopy. Samples were prepared as described in far-UV CD section at a
protein concentration of 0.17 mg/ml. The concentration of the protein
stock solution was measured immediately before sample preparation,
after the stock was filtered with a 20-nm syringe filter (Whatman, Maid-
stone, UK). Buffer solutions were also filtered. The DLS measurements
were performed at 25 °C using a Malvern Zetasizer Nano S instrument
(Malvern, Worcestershire, UK) equipped with a Peltier temperature con-
troller. Disposable polystyrene cuvettes having a 1-cm path length were
used. Every sample was measured six times and the average distribu-
tions are reported. The average and the standard deviation values of
the sizes corresponding to the peak of interest in each of these six distri-
butions provide the apparent hydrodynamic diameter and the experi-
mental error for each sample.

2.8. UV absorbance measurements

The UV absorbance spectra were recorded on a UV-vis spectro-
photometer Cary Eclipse (Varian) equipped with 1 cm quartz cells.
In this experiment, native and modified hCA II concentrations were
fixed at 0.1 mg/ml while the drug concentration was varied.

2.9. Computer simulation studies

2.9.1. Theoretical modification and docking studies

The crystal structure of native hCA Il (PDB 3KS3) was downloaded
from the protein data bank (PDB) (www.pdb.org). We chose histidine
surface residues, which have >30% accessible surface area assessed in
Swiss-PDB Viewer (version 4.0.1) [36]. The atomic coordinates of sil-
denafil was built using Hyperchem program (version 8.0) in PDB for-
mat [37]. Imidazole side chains of histidine residues 4, 10, and 36 of
CA were modified (see Fig. 2A) to generate the initial structure of
the modified enzyme. The native and modified proteins were selected
for docking process to study the sildenafil interaction. The optimized
structure of the ligand was used as input of Auto Dock Tools and the
partial charges of atoms were calculated using Gasteiger-Marsili pro-
cedure. Using AutoGrid tools, the grid maps were generated adequate-
ly large to include the active site of protein as well as significant
regions of the surrounding surface. In all cases, a grid of 100 x 82 x 90
points in the x-, y-, and z-axis directions and a grid spacing of
0.397 A was applied in each Cartesian direction. Then, the most suit-
able structure for the flexible ligand molecule was optimized by the
rotation of all single bonds in the ligand molecule. The grid parameter
file and the docking parameter file were set up by the AutoDock Tools
program. Population size was 256 and a maximum number of
2,000,000 for energy evaluations was used. Default settings were
used for all other parameters. Docking calculations were carried out
with the rigid native and modified hCA II, and a flexible ligand [38]
using a Lamarckian genetic algorithm [39]. The most suitable confor-
mations of native- or modified-CA, in terms of energy and cluster pop-
ulation, were selected for molecular dynamics studying. Molecular
graphics were prepared by VMD version 1.8.9 [40].
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Fig. 2. (A) Modified form of histidine residue after interaction with DEPC (DEP), reproduced from [25,26]. CEt (Carbethoxy), FCEt (Formyl-biscarbethoxy), UCEt (Urethane-
carbethoxy). (B) UV absorbance spectra of hCA in the presence of DEPC ([protein]:[DEPC] molar ratios were in the range of 1:1 to 1:900). All data shown are representative of
three independent experiments. (Inset) SDS-PAGE of the purified and crude CA samples. For more details please see experimental procedures.

2.10. Molecular dynamics simulations

All MD simulations were carried out using the GROMACS simulation
package [41], version 4.5.5 with GROMACS force field, on an Intel Core i7
Extreme Edition under Red Hat Enterprise Linux 5.0. The starting atomic
coordinate of CA was obtained from Protein Data Bank (PDB) code 3KS3
[42]. The GROMACS topology and parameter files of sildenafil and mod-
ified side chains of histidine residues were generated using PRODRG web
server [43]. Each protein, native CA, modified CA or CA-sildenafil
complex was centered in a cubic box and then solvated with water mol-
ecules. Counterions CI~ and Na™ were added by replacing water mole-
cules at random positions to achieve a neutral simulation box. The
solvated and neutralized systems were subjected to energy minimiza-
tion until the maximum forces were smaller than 500. In all simulations,
the temperature was kept close to 300 K by the Berendsen algorithm [44]
with T=0.1 ps and pressure was kept close to 1 bar by the Parrinello—
Rahman algorithm [45], with Tp=2 ps. Bond lengths were constrained
using the LINCS algorithm [46,47]. Lennard-Jones and short-range

electrostatic interactions were calculated with 1.4- and 0.9-nm cutoffs,
respectively, and a particle mesh Ewald algorithm was used for the
long-range electrostatic interactions [48]. The neighbor list was updated
every 2 steps. Each component of the system was coupled separately to a
thermal bath, and isotropic pressure coupling was used to keep the pres-
sure at the desired value. A time step of 2 fs was used for the integration
of the equation of motion. To relax the solvent molecules, a 100-ps
position-restrained MD simulation was preformed to equilibrate the sys-
tem. Then, a 100-ps or 200-ps equilibration under NpT ensemble was ap-
plied. Finally, the production MD periods of 20 ns or 40 ns at constant
pressure and temperature was performed on both of the modified and
native CA, respectively.

3. Results and discussion
The CAs are involved in a multitude of physiological or patholog-

ical processes such as biosynthetic reactions, respiration, ionic trans-
port, secretion of electrolytes, acid-base regulation, pH homeostasis,
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calcification and tumorigenicity. Modulation of enzyme activity by
means of activators and inhibitors constitutes an important pharma-
cologic tool for the management of several pathologies. Among the
several CA activators, histamine and piperazine derivatives have
been investigated in detail [4,15,19]. Several kinetic as well as
X-ray crystallographic studies revealed that most CA activators
bind at the entrance of the active site cavity of the enzyme, in a re-
gion different from the inhibitor/substrate binding site and to facili-
tate the rate-determining step of the catalytic turnover, that is the
transfer of a proton from the zinc-bound water molecule to the
environment.

In different CA isozymes, Hisg4 or a histidine cluster (His residues 3,
4,10, 15 and 64, in the case of CAIl) assists the proton transfer process
[7]. Modification of involved histidine residues may give critical infor-
mation in this area. Diethylpyrocarbonate (DEPC), at a certain pH
range, is the most extensively used reagent for the specific modification
of histidine in proteins [25,26]. After hCA purification (Fig. 2, inset),
modification of enzyme's histidine residues (Fig. 2A) at a moderate ex-
cess of DEPC was performed. This type of modification results in substi-
tution at one of the nitrogen positions on the accessible imidazole
moieties [25]. Human CA II has 11 histidine residues which account
for a small part of the 260 total residues of hCA I, 3 of which are surface
exposed.

The reaction between DEPC and histidine is accompanied by an in-
crease in absorbance at 240 nm (Fig. 2B) [25,26]. The changes in ab-
sorption spectrum of hCA Il during modification with DEPC (protein:
DEPC molar ratio in the range of 1:1 to 1:900) showed an increase at
the 230-250 nm range. The number of modified residues was calculat-
ed (Eq. (1)) by using 3200 M~ !-cm ! as the molar absorption coeffi-
cient for modified histidines [28]. When [DEPC] was applied at mild
concentration, the result showed that 3-5 histidine residues were mod-
ified. It is noteworthy that an accessible histidine residue will have a rel-
atively fast modification rate with DEPC, whereas a buried residue will
have a relatively slow modification rate. Hisgy, for instance, has been
found to be buried even when its side chain is present in an outward
conformation. In this way, only accessible histidine residues (including
His4 and His;g), which have >30% accessible surface areas, assessed in
Swiss-PDB Viewer, were proposed to be the more susceptible sites in
experimental modification and also were considered for in silico manip-
ulation [36]. It should be noted that, based on calculated pK, values
(>10), nitrogen atoms of the amine groups in modified histidines
(Fig. 2) cannot be protonated at pH values in the physiological
range so that these modified side chains may not efficiently act as
members of the proton shuttle system.
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Fig. 3. Velocity measurements of native (¢) and modified ((J) hCA Il in the presence of
sildenafil. All data shown are representative of three independent experiments.
Changes in enzyme activities were normalized according to the activity in the absence
of the drug. For more details, please see experimental procedures.

3.1. Esterase activity of native and modified human carbonic anhydrase II

The promiscuous esterase activity of CA probably stems from the
mechanistic similarity between hydration of the carbonyl of CO,
and that of an ester (see also Fig. 1). Indeed the steric and electronic
natures of CO,, pNPAc and the respective intermediates and transi-
tion states are significantly different, so that all catalytic events
(including H* transfer) in esterase activity become slow and finally
the rate of promiscuous hydrolysis of pNPAc is ~10° fold less than
the rate of CO, hydration. It has been also reported that the esterase
activity proceeds through an acyl-enzyme intermediate [49]. Addi-
tionally, contrary to lyase/hydratase activity of CA, little is known
about the rate limiting step (RLS) of its esterase activity and there is
a discrepancy whether it is limited by the rate of hydroxide ion attack,
H™" transfer rate or acyl group departure [49,50]. If we assume that
the RLS of both hydratase and esterase activities of CA is the same
step, then there is also this possibility that enzyme esterase activity
decreases when manipulating the histidine members of the H™
shuttling system and that the suppressed activity may be revived by
introducing an activator such as sildenafil.

We observed a relative decrease (~60%) in the rate of catalytic turn-
over upon DEPC-mediated chemical modification of CA, in the absence
of sildenafil. Thus, it may be concluded that only some ancillary (and ex-
posed) imidazole side chains of histidine cluster (such as His4 and His;o
but not essential Hisg4) have been changed resulting from partial distur-
bance in proton transfer pathways (see modified His residues in Fig. 4B).
The CA activity may be restored by sildenafil. In this way, esterase activity
of native and modified enzyme was assayed based on p-NPA hydrolysis in
the presence of sildenafil. The initial velocity (V) was determined as the
slope of the absorbance changes at 400 nm during the linear phase of
the catalytic reaction [51], so that sildenafil was evaluated as an activator
of native and modified hCA II. The results showed that catalytic activity of
native CAIl increased under the effect of sildenafil, so that the slope of the
respective curve (enzyme esterase activity versus [drug]) increased
slightly with an increase in sildenafil concentration (Fig. 3). Additionally,
a dramatic enhancement of modified CA activity was observed,
confirming that the rescue of CAll-sildenafil seems to depend on specific
interaction between enzyme and H™ donor/acceptor part of the drug that
helps interamolecular H* shuttle (catalytic activity) and H exchange
between the catalytic center and the surrounding solvent. Regarding
the activator's binding site, sildenafil may provide an efficient supple-
mentary proton release pathway especially in the modified enzyme-
sildenafil complex. In this regard, the addition of certain buffers such as
imidazole and carnosine (as efficient H" donor/acceptors) has been
also observed to restore the enzyme's lyase activity in vitro [4,19].

The results of enzyme assays (Fig. 3) are in accordance with the
computer simulation studies. First, using the known X-ray crystallo-
graphic structure of the human carbonic anhydrase II (PDB code
3KS3), two 3D models of the enzyme were constructed differing in
the residues His,, His;o, and Hisse. To conserve the original amino acid
patterns of the X-ray structure, the control model (native hCA II), was
constructed with these residues to be histidines in their non-cationic
forms and in the modified model, side chains of His,, His;g, and Hissg
were replaced by the modified moiety (Fig. 4). It has been proven that
the activators bind at the entrance of the active site cavity, in regions
different from the inhibitor or substrate binding sites, and to participate
the rate-determining step of the catalytic cycle [10,52]. Docking and MD
studies (Fig. 4A) suggest that sildenafil and substrate/inhibitor binding
sites on both the native and modified CA molecules are also not the
same. Fig. 4 also presents the magnified segments of the enzyme indi-
cating that the sildenafil binding site as well as the location of the side
chains of the “histidine cluster” change slightly upon modification, so
that the piperazine moiety of the drug (metabolite), at the entrance of
the active site cavity, in close vicinity of the natural proton shuttle of
hCATI (i.e., Hisg4) and the cluster of histidines, may affect existing shut-
tling system or contribute to a supplementary proton release pathway
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Sildenafil

Fig. 4. (A) Different binding sites of sildenafil (represented as CPK) and a CA inhibitor (furosemide, orange molecule) on hCA II. Pay attention to the vicinity of sildenafil piperazine
moiety and His-64 and also to hydrogen-bonding between oxygen atoms of sildenafil (OAY and OAZ) and NH backbone of His-64 and hydroxyl group of Thr-199. Green sphere is
considered as the catalytic zinc ion. (B, C) 3D representation of the MD average structure of the native (B) and modified (C) hCA II in complex with sildenafil. Accessible histidine
residues (H4 and Hy) in the native enzyme that are prone to modification and their modified counterpart (HIM) residues in the modified hCA II are shown in stick representation.

Red areas in both proteins are regions that became more rigid than activator-free proteins, upon ligand binding (see next figures). Drug is also shown by CPK representation, drawn
by VMD [40].
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in the native CA. Furthermore, swift activity in the modified CA I, in the
presence of increasing concentrations of sildenafil, may reminiscent of
the formation of an alternate/efficient compensatory proton trolley
(shuttle).

The backbone root mean-square deviations (RMSD) of the struc-
tures of unmodified (native) and modified CA relative to their own
starting structures were 2.4+0.2 A and 2.5+0.3 A, respectively.
These low RMSD values indicate that the MD runs were stable and
the protein atoms did not significantly deviate from the starting
structures during the MD simulations. The backbone RMSD also re-
flects the dynamics of the protein matrix. Average RMSD of the mod-
ified CA is higher than that of the native CA and indicates an increased
flexibility of the protein backbone as a result of protein modification.
To provide a more detailed description of the mobility of the protein
residues, the backbone RMSD per residue (RMSF) for the native CA
and native CA-sildenafil complex and also for the modified CA and
modified CA-sildenafil complex are shown in Fig. 5A and B, respec-
tively. The dark gray bands indicate mostly the a-helix regions and
light gray bands indicate the B-strand regions of CA according to the
crystallographic structure. It is clear from these representations that
the overall structures of both native and modified enzymes (especial-
ly residues located in the o, region and Tyr-7, His-64, Thr-199 located
in the active site cavity) experience sensible reduction in their mobil-
ity/flexibility upon ligand binding. However, due to different mode of
interactions of sildenafil with the proteins, the regions undergoing
the change in their mobility are very different in the native and mod-
ified CA (Fig. 5 and also see red regions in Fig. 4). For example, resi-
dues located in the 115-135 region (7 and a1 and coiled region
between them) of the modified CA-sildenafil complex experience
sensible reduction in their mobility upon ligand binding while the
same region in the native CA Il-sildenafil complex is nearly change-
less relative to the protein alone. The backbones of the residues locat-
ed in the 55-85 region of the modified CA II (including 33, 4, B5 and
coils between them in right part of Fig. 4C) have shown a sensible re-
duction in their mobility upon the activator binding. However, the
global reduction in this region is not observed in the native CA-
drug complex unlike the modified counterpart. In addition, the strand
B9 (171-175 region) in the modified CA experiences an order-
to-disorder transition upon sildenafil binding (Figs. 4 and 5C). As in-
dicated in Fig. 5C, it seems that interactions between sildenafil and
the certain regions in the modified CA I, particularly residues located
in B3, P4, B5 and B7, are so strong that the hydrogen bond network
between 33 and 39 was destroyed completely. Therefore, a confor-
mational change is plausible upon the activator binding. Additionally,
there is also the possibility that solvent accessible surface area (SAS)
of the protein changes upon modification. In order to probe which re-
gion of the protein exhibits more solvent exposure, upon modifica-
tion, surface accessible areas of the whole protein and segment
4-15 as well as region 30-40 (consisting histidine cluster) were com-
puted during MD trajectory. As illustrated in Fig. 6, the surface accessi-
ble area of whole CA increased dramatically upon protein modification
(67.37 + 1.3 nm?, for the native CA vs. 73.75 + 1.43 nm?, for the modi-
fied CA, Fig. 6A). Similar observations were also made in the case of the
N-terminal region (segment 4-15) of the protein (8.94 4 0.27 nm?, for
the native CA vs. 9.86 +0.43 nm?, for the modified CA, Fig. 6B). These
results are in agreement with PSH and dynamic light scattering data
(see the following sections), indicating a significant increase of surface
accessible area of the hCA II after surface histidine modifications.

As indicated earlier (Figs. 4A and 5A, B), some important residues of
the binding site of the native CA, in the presence of sildenafil, have be-
come more rigid than the corresponding residues in CA alone. Fig. 4A
shows that the rigidities are mostly due to formed hydrogen bonds be-
tween certain atoms of the residues and sildenafil. For example, the oxy-
gen atom of the ligand (OAY) has a potential for establishing hydrogen
bonds with the NH backbone of the Hisg,4 residue. However, this immobi-
lization has no effect on the mobility of the imidazole ring of Hisg4. Also,

the backbones of Tyr,, Hisgs and Thrygg residues located in the active
site cavity of the modified CA-sildenafil complex became less flexible
(Fig. 5B). On the other hand, some parts of the protein structure mainly
in unstructured regions became more flexible upon ligand binding.
From all these graphics, again it is evident that binding of sildenafil
makes the overall backbone structure of the enzyme less flexible. Fur-
thermore, distance analysis showed that average distances between
the side chains of the residues located in the active site cavity of native
CA-sildenafil complex (including Gluygg, Thrygg, Thrige, Tyr7, Hisgg,
Asng; and Asng) are reduced in comparison with analogous ones in
CA alone (Fig. 5C and Table 1). Considering the role of these residues
in the CA esterase catalysis (see Figs. 1 and 10), and especially Hisg4 in
proton shuttling, it may be suggested that reducing the distance be-
tween these residues can accelerate solvent-mediated proton transfer
between the active site of CA and the bulk solution [53].

It is now apparent that at least four residues in the active site cavity
with side chains more than 7 A from the catalytic zinc (Tyr;, Asngy,
Asng, and Lys;79) serve to finely tune the proton transfer properties of
Hisgs. As discussed earlier, the anchored sildenafil, at the entrance of
the active site cavity, binds at a site distinct from the inhibitor or sub-
strate binding-sites (see Fig. 4A) and participates in an extended net-
work of hydrogen bonds via interaction with amino acid residues
present in the activator binding pocket (Hisgs, Asng;, and Glng,
Table 1) and with water molecules connecting it to the zinc-bound
water, participating thereafter in the rate-determining step of the cata-
lytic cycle. Also, CA activating behavior of desmethyl sildenafil, as the
main metabolite of drug, may increase because it possesses a moiety
able to participate in proton transfer processes, with a pK, in the range
of 6.0-8.0 U (see Structure 1). However, according to the computer sim-
ulation and thermodynamic observations and significant activating ef-
fect of activator on the modified CA, it can be concluded that the
interacting side chains may change due to delicate structural changes in-
duced by protein modification.

3.2. Circular dichroism measurement (CD)

Far-UV CD which can be used to follow protein structure, its dena-
turation and modification, is a valuable spectroscopic technique for
studying protein-ligand interactions in a solution because all secondary
structures have unique far-UV (190-250 nm) signals [21,54]. There is
the possibility that the secondary structure of the native CA molecule
(and catalytic function) changes upon modification as well as sildenafil
binding. To evaluate this possibility, the far UV-CD spectra of native and
modified forms of hCA Il in the absence and the different concentrations
of sildenafil were followed as shown in Fig. 7A, B. The a-helical contents
were then estimated from MRE at 208 nm using Eq. (3). A relative in-
crease in negative ellipticity of the “native hCA Il-sildenafil” complex
(attributed to enhanced helicity) was observed with an increase of
drug concentration. Reciprocally, only slight changes in the intensities
of the CD band (208 nm) were documented for the modified enzyme
(Fig. 7B). The calculated helical contents in the native and modified en-
zyme with and without sildenafil are also presented in Table 2. As
shown in this table, in the absence of the drug, the enzyme underwent
some structural changes upon protein modification so that its ci-helical
content increased (24% vs. 19%). Additionally, after addition of sildena-
fil, considerable helical rearrangements for the unmodified CA were ob-
served which may offer some degree of protein rigidity for the native
enzyme (Table 2). According to Fig. 3, Table 2 and Fig. 5, it may be de-
duced that the weak activatory effect of sildenafil on the native enzyme
is due to its reduced flexibility (because of its increased helicity) upon
the drug binding. There is also the possibility that hydrodynamic size,
and surface hydrophobicity of the protein change upon modification.
As shown earlier, SAS of the CA molecules significantly increased upon
protein modification, in agreement with protein size distribution results
and PSH data (Table 3).
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Fig. 5. The backbone atom RMSD per residue for CA alone (black lines) and CA-sildenafil complexes (red lines), for the native (A) and modified (B) enzyme. The dark gray bands
indicate the helix regions and light gray bands indicate strand regions of CA II according to the crystallographic structure (PDB code: 3KS3), calculated at 300 K. (C) Right,
Superimposed of the native (green) and modified (red) CA, in the presence of the activator, to illustrate ordered-to-disordered transition of strand (39, after protein modification
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Fig. 6. Accessible surface areas of the native (black lines) and modified (red lines) protein, computed during MD trajectory, for whole CA structure (A) and its N-terminal (4-15

region) (B). See text for more details.

3.3. PSH determination induced by histidine modification in the absence
and presence of the drug

There are several methods for measuring the surface hydrophobicity
of proteins. ANS, as an extrinsic fluorescent probe, is extremely sensitive
to polarity of the solvent. In aqueous solutions, it fluoresces very weak-
ly, but upon binding to hydrophobic patches of proteins, its quantum
yield increases significantly [55]. Thus, ANS fluorescence may be applied
for monitoring possible changes in protein surface hydrophobicity in-
duced upon drug binding. At a fixed concentration (0.3 mg/ml) of CA
and increasing concentrations of ANS (0-120 puM), fluorescence intensity
of ANS was measured in the absence and presence of sildenafil. By

performing ANS-titration experiments, we detected differences in the
ANS binding properties of hCA Il in its native and modified forms. As indi-
cated in Table 3, for both native and modified states, the ANS fluorescence
in the presence of sildenafil is slightly different in comparison to the ab-
sence of the drug. Then, the values of K3"® and F,,,, for the ANS were cal-
culated from the scatchard plots [31,32]. Also, the surface hydrophobicity
parameters for the native and modified protein in the absence or pres-
ence of the drug were listed in Table 3. The value of KgP? for ANS binding
decreased (and PSH increased) both upon protein modification and in
the presence of drug, which shows the tighter binding of ANS to the
modified CA and CA-drug complex. Comparing the PSH indexes of the
native and modified CA (~5.3 versus ~14.4), suggests that the surface
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Table 1
Average distances between important residues involved in solvent-mediated proton
transfer in CA and sildenafil-CA complex.

aai-aaj Average distance +-SD (A)
CA Sildenafil-CA complex
Y7-H64 6.84+0.4 6.440.2
Y7-T198 73403 6.7+0.1
Y7-T199 7.1+03 6.2+0.1
N62-N67 7.54+0.8 6.20.2
E106-T198 6.74+0.1 6.6+0.1

hydrophobicity of protein is increased ~200% upon modification. In-
creased PSH of the native (from ~5.3 to ~7.2) and modified (from ~14.4
to ~16.4) enzymes upon drug binding may also corroborate this assump-
tion that the exact mechanism of CA activation by sildenafil may need to
be reconsidered. There is the possibility that the drug exerts its activatory
effects via alternative routes (such as reorganization of hydration posi-
tions and spatial rearrangement of active site elements) rather than a di-
rect contribution to proton channeling.
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Fig. 7. The far-UV CD spectra of the native (A) and modified (B) hCA II in the absence
(curve 1) and presence of 50 (curve 2) and 100 (curve 3) uM of sildenafil. The spectra
were obtained in 50 mM Tris-HCl buffer, pH 7, at room temperature. Human CA Il con-
centration was kept fixed at 0.4 mg/ml. All data shown are representative of three in-
dependent experiments. For more details please see experimental procedures.

As also indicated in Table 3, the PSH index of the modified CA
changes slightly upon sildenafil binding, in full agreement with far-
UV CD results (Fig. 7 and Table 2), confirming that the modified en-
zyme undergoes no gross structural changes, in the presence of the
drug.

It is obvious that there is a linear relationship between the surface
areas of amino acid residues and free energy changes associated with
the transfer of the amino acids from water into the protein interior
(as an oily environment) [31,32]. The degree of compactness of the
protein can be quantitatively evaluated by determining the solvent
accessible surface area (SAS) (see ref. [31]). As indicated in Fig. 6
and Table 3, the SAS and PSH of the CA significantly increased upon
protein modification. Regarding the above statements, there is the
possibility that the molecular sizes of the modified CAs increase com-
pared to the wild-type proteins. The apparent hydrodynamic diame-
ters of the native and modified states of CA were also measured by
DLS (Fig. 8). Each sample contained only a uniform population of pro-
tein molecules with similar apparent diameter. The diameter of na-
tive protein at pH 7.0 appears to be ~5 nm. This value is consistent
with the dimensions of the protein previously estimated by X-ray
crystallography. As shown by Fig. 8, the protein size has increased
upon chemical modification so that the hydrodynamic diameter of
the modified state was found to be ~8 nm. It is logical to assume
that covalently added “DEPC-derived moiety”, itself, and induced con-
formational changes in protein structure affect molecular dimensions
of CA. Overall, the analyses presented here are consistent with UV CD,
ANS-derived fluorescence (and SAS) and computer simulation data
indicated that the compactness of the protein decreases upon modifi-
cation of accessible imidazoles especially exposed members of histi-
dine clusters.

To come up with a correlation between the CA structural level and
the (sildenafil-induced) activation of the enzyme, we evaluated the
tertiary structural variation of both native and modified CAs under
various drug concentrations. Fig. 9 shows the near-UV CD analyses
of the native and the modified enzyme. As it is evident, histidine
modification caused a change in CA CD signal in the near-UV region.
The drug also caused a weak decrease in the ellipticity in both native
and modified CAs which has been attributed to a minor conforma-
tional alteration in the enzyme 3D structure, upon sildenafil binding.
A comparison of the CD curves with the corresponding activation pro-
files in Fig. 3 clearly indicates that the sildenafil-induced changes in
the tertiary structure of CA have low impact on CA activation yield.

3.4. Fluorescence analyses

3.4.1. Fluorescence quenching mechanisms, determination of binding
constant (Kp) and Number of binding sites (n)

HCA Il consists of 260 amino acid residues forming a single poly-
peptide with well known sequence, which contains 7 tryptophan
residues. Since many drug molecules (such as sildenafil) are fluores-
cence quenchers for CA, fluorescence spectroscopy became a valu-
able tool in the studies of drug-protein interaction. The possible
quenching mechanism was interpreted by the Stern-Volmer curves
and the details are listed in Table 4. A gradual decrease in the fluores-
cence emission intensity of the protein (increase of the Fy/F ratio, see

Table 2
Contents of a-helix in the native and modified hCA II, with and without sildenafil.
System [Sildenafil] pM a-Helix (%)
Native hCAII 0 19.31
100 30.48
150 34.06
Modified hCAII 0 24.81
100 25.15
150 27.72
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Table 3

Surface hydrophobicity parameters for native and modified hCA II in the presence and absence of sildenafil.

Parameters Native hCA II Native hCA 114 150 pM sildenafil hCA I Modified Modified hCA 114150 pM sildenafil
Slope (KiPP = 1/KgPP) 0.007 +£0.012 0.012+0.024 0.024+0.029 0.028 +0.037

(Fmax) X-interception 227.571+16.161 182.083+21.784 174.583+2.143 170.8214+1.981

K&PP (uM) 142.85+8.53 83.33+5.66 40.322+1.93 34722 +2.54

Ra 0.959 0.969 0.957 0.943

Surface Hydrophobicity Index 5.314+0.03 7.2840.09 14.4324+1.65 16.411+1.87
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Fig. 8. Apparent hydrodynamic diameter of the native and modified CA obtained by DLS
measurements. Size distributions were obtained at 25 °C in 20 mM sodium phosphate
buffer plus 30 mM NaCl, pH 7. All reproduced data shown are representative of six
independent experiments. For more details, please see experimental procedures.

Materials and methods section), in the presence of increasing con-
centrations of the drug, can be attributed to the bound drug and ra-
diationless energy transfer between the protein tryptophan(s) and
sildenafil, according to the Forster's non-radiation energy transfer
theory [31]. In other words, it appears that drug binding causes
fluorophores (non-polar aromatic side chains) to be more accessible
to the various quenchers. These data may agree with the PSH results
(Table 3). Additionally, it could be found that the Stern-Volmer plots
were linear and the slops decreased with increasing temperature,
which was consistent with the static type of quenching mechanism
[31].

The values of sildenafil binding constant, Kj, and the number of
binding sites, n, at different temperatures are also obtained by the
modified Stern-Volmer plots [62] and as indicated in Table 5, the sta-
bility of “sildenafil-modified CA” complex is lower than “sildenafil-
native CA” complex which surprisingly reveals the higher affinity of
sildenafil for binding to the active site of native hCA IL In the case of
the native enzyme, the n values at different temperatures are kept
around unity, which shows the existence of one binding site in native
CA. Moreover, as evidenced by Table 5, the drug-CA stoichiometries
have not undergone significant changes upon protein modification.
But, only at higher temperatures, n decreased.

3.4.2. Forces involved in the binding process
Essentially, there are four types of non-covalent interactions that
could play a key role in drug binding to proteins including hydrogen

bonds, van der Waals forces, electrostatic and hydrophobic interactions
[31]. For the elucidation of the binding mode, the binding (formation)
constant for Drug—CA complex formation was evaluated at four differ-
ent temperatures, then the thermodynamic parameters of the binding
process were obtained from van't Hoff plot (data not shown) followed
by the Gibbs equation: AG° = AH® —TAS’ (Table 3). The negative values
of AG® support the spontaneous nature of the drug binding process to
the native and modified proteins. It has been accepted that when
AH° <0 and AS°>0, the electrostatic force dominates the interaction;
when AH°<0 and AS°<0, van der Waals interactions and hydrogen
bonds dominate the reaction [31] and when AH® >0 and AS°> 0, hydro-
phobic interactions dominate the binding process. When we apply this
analysis to the binding system of drug and unmodified CA, we found
that AH°<0 and AS°<0. Therefore, van der Waals interactions and hy-
drogen bonds are main forces in the binding of the investigated drug
to the native CA. Additionally, the larger negative values of AH® and
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Fig. 9. The near-UV CD spectra of native (A) and modified (B) hCA II in the absence
(curve 1) and the presence of 50 (curve 2) and 100 (curve 3) uM sildenafil. Final en-
zyme concentration was 1.3 mg/ml. All data shown are representative of three inde-
pendent experiments. For more details, please see the experimental procedures.
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Table 4
Thermodynamic parameters of native and modified hCA II-SIL complexes.
System T (K) Ksyx 103 (M™1) R? AG AH (k].mol ') AS(Jmol~ T K1)
Native hCA 1I 298 9.134+0.03 0.948 —24.5440.17
303 6.12+0.06 0.983 —24.02+0.53 —5541+3.15
308 4314+0.11 0.907 —23.5040.11
313 3.04+0.02 0.952 —22.984+0.92 —103.6049.58
Modified hCA II 298 6.11+0.17 0.959 —23.06+0.68
303 4.0940.25 0.905 —21.0840.08 —141.17+4.72
308 3.734+0.18 0.957 —19.104+0.74
313 2.324+0.05 0.973 —17.124+0.32 —396.444+6.89

Data are expressed as mean + SD of three measurements.

Table 5
Binding parameters for the sildenafil with native and modified carbonic anhydrase at
different temperatures.

System T (K) Binding constant Binding site R?
Kpyx10~4 (M~ 1) (n)

Native hCA Il 298 2.03+0.531 1.085 0.958
303 1.34+0.315 1.080 0.989
308 1.00+0.037 1.111 0913
313 0.68 +0.082 1.081 0.971

Modified hCA Il 298 1.17+0.511 1.058 0.983
303 0.4140.015 0.996 0.903
308 0.17+£0.038 0.937 0.948
313 0.08 +0.009 0.878 0.949

Data are expressed as mean + SD of three measurements.
R? is the correlation coefficient for the Kj, values.

AS° of drug binding to the modified, compared to those of the native CA,
may be reminiscent of the reorganization of the hydrogen bonding net-
work [31]. As will be discussed later, these hydrogen bonds may be
employed as a part of the proton transfer network in enzyme catalysis.
Overall, the above data are in agreement with the computer simulation
studies (Figs. 4 and 5) indicating that the drug may bind to the modified
CA to a (sub-) site rather than to its common binding site (on the
wild-type enzyme). Also, the negative AS value suggests reorganization
of hydrogen bond network which may accelerate/facilitate H* shuttling
within modified CA active site.

Taking the above observations and also PSH results into account,
there is this possibility that sildenafil activates CA (especially the mod-
ified state) via employing alternate hydrogen bond networks in the vi-
cinity of enzyme active site (see Scheme 1). As indicated in Scheme 1,
and in agreement with increased hydrodynamic size of CA after modifi-
cation, since sildenafil binding to the modified CA, also, induces some
minor conformational changes, the newly exposed hydrophobic side
chains of aromatic/aliphatic amino acid residues, in the vicinity of active
site, may have this chance to be surrounded by layers of highly ordered
water molecules (increased hydrodynamic size) which may accelerate
the proton transfer step (and also the rate of enzyme catalysis), only
in the presence of sildenafil. In the modified enzyme, the drug binds
near the ‘zinc water’ or H,0,¢3 (Fig. 4) which is a part of the largest
hydrogen-bonded cluster A [10,12]. As partially indicated in the scheme
(and Fig. 1A), there are several water molecules of which water 292 and
318 are considered to play a crucial role in forming the proton transfer
path leading up to the zinc water. The drug, as the successor of the mod-
ified/exposed His,, can act as a part of a smaller solvent exposed cluster
(cluster B), comprised of His4 and a few other (protein-bound) water

Scheme 1. (A) A proposed schematic representation of populated “protein-bound”
water molecules on the hydrophobic surface of the modified CA (with higher PSH
than native protein). (B) Possible contribution of sildenafil in hydrogen-bonded clus-
ters [14] in the native (top) and modified (bottom) CA II. The selected amino acid res-
idues are shown in stick whereas schematically added water molecules are shown in
ball-and-stick representation.
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Fig. 10. The active site of HCA Il in a stick diagram taken from ref [57]. In are the
hydrogen bonds and residues involved in orienting the imidazole rings of Hisg4, Hisgg,
and Hisiqg. In plue are the residues involved in orienting the lone pairs on the
zinc-bound hydroxyl ion for optimal nucleophilic attack. In red are the water mole-
cules and Hisgy The thin green dashed lines represent other, less crucial hydrogen
bonds within the active site and further buried residues adjacent to the active site.
The highly conserved residues Tyr;, Asne,, and Asng; in the active-site cavity function
to fine tune the properties of proton transfer by human carbonic anhydrase II.

molecules which is also extended between the active site network clus-
ter to the protein surface.

Furthermore, it has been frequently reported that the enzyme activity
is sensitive to even minor perturbations in active-site structure [10] al-
though there is also a surprising finding in which structurally disordered
“molten globule”-like structures (formed during the (un)folding of many
naturally occurring enzymes) retain enzymatic function under some con-
ditions. In addition to previously suggested mechanism for CA activation
by imidazole- (or piperazine-) containing compounds, there is also the
possibility that sildenafil-CA interaction affects both secondary and ter-
tiary structures of the protein, and that the drug causes a fine structural
rearrangement at the active site that leads to the formation of a high affin-
ity “S.E” complex and more enzyme activity. Moreover, since sildenafil af-
fects position/flexibility of the highly conserved residues Tyr, Asngp, and
Asng;y in the active-site cavity (Table 1, Fig. 5) which tune the properties of
proton transfer of CA (Fig 10, green dashed lines), one of the possible
mechanisms of sildenafil action is strengthening of less crucial hydrogen
bonding networks within the CA active site.

4. Conclusion

In the present article, our aim was to study the possible mecha-
nisms emanating from the effects of sildenafil on both proton transfer
pathways and conformational fluctuations of hCA II. Modification of
hCA II with DEPC resulted in the loss of enzyme activity, so it was found
that decreased activity emanates from disturbance in proton transfer
shuttles which is caused by modification of histidine residues. We also
showed that, treatment of modified hCA II with sildenafil caused a mod-
erate enzyme activation profile. Each CA activator must possess specific
steric and electronic requirements for good activity. First, it must fit with-
in the restricted active-site cavity of the enzyme, but should also interact
favorably with amino acid residues present in the activator binding

pocket. On the other hand and according to reports of Supuran [19] and
Temperini et al. [56], a strong correlation has been observed between
the pKa value of the activator molecule and its potency. Compounds
with pKa in the range 6.5-8.0, for at least one deprotonatable moiety,
display the best CA activating properties. Sildenafil contains an N-
methylpiperazine moiety in its molecule. The pK, value for nitrogen
atom (in N-methyl group) was calculated (close to 6) using Reaxys
server (http://www.reaxys.com) (Structure 1). After oral administra-
tion of the drug, it was mainly metabolized to N-desmethyl form, as
the principle metabolite of the drug, through hepatic oxidation mediat-
ed by cytochrome P45 3A4 (Structure 1). According to the pK, of nitro-
gen atom in the metabolically modified piperazine moiety (~7, close to
physiologic pH), sildenafil metabolite has more opportunity to partici-
pate in proton shuttling processes compared to the parent drug. Re-
garding the above statement and contrary to the suggestion in [19],
we hypothesize that the CA-activating effects may be corroborated in
the case of sildenafil metabolite. Furthermore, because sildenafil has a
very bulky molecule, it may have difficulty binding to the CA active
site. As indicated in Fig. 4A, and contrary to typical sulfonamide inhibi-
tors, the drug was shown to be anchored at the entrance (edge) of the
enzyme active site mainly by hydrogen bonding to amino acid side
chains and water molecules. Sildenafil-CA interaction also leads to pro-
tein conformational changes and completes reorganization of both the
hydrogen bond network within the active site cavity and hydration po-
sitions on the protein surface. Positioned in such a favorable way, it is
proposed that the activator facilitates the rate-limiting step of CA catal-
ysis, i.e., the proton transfer reaction between the zinc-bound water
molecule (W-g3) and the environment (see Egs. (a)-(c)), which in CA
Il isozyme (in the absence of activators) is mainly assisted by the
amino acid residue His-64 situated in the middle of the active site cav-
ity. The pH dependence of the esterase activity of CA also strongly sug-
gests the role of the deep water [57]. As indicated in Figs. 4A and 10 and
Table 1, sildenafil may serve to finely tune the proton transfer proper-
ties of Hisg4. Additionally, as indicated in Scheme 1, the activator mole-
cule may provide an alternative access channel to complete the proton
path extended from the active site network clusters to the protein sur-
face, thus accelerating the formation of the catalytically active nucleo-
philic species of the enzyme.
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