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’ INTRODUCTION

Human carbonic anhydrases (hCAs, EC 4.2.1.1) form a family
of zinc metalloenzymes that play an important role in several
physiological and pathological processes. To date, 15 human
isozymes have been identified displaying differences in activity,
subcellular localization, and tissue expression profiles. They play
key roles in intracellular and extracellular pH homeostasis, in the
transport of CO2 and bicarbonate in respiration, and in several
biochemical pathways where either CO2 or bicarbonate is required,
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with bone resorption, the production of gastric acid, renal acid-
ification, and lipogenesis representing just a few examples. Immense
experimental evidence also suggested the role of hCAs in various
pathological processes (e.g., tumorigenicity, obesity, and epilepsy).
Thus, many isozymes are established diagnostic and therapeutic
targets.

About 30 carbonic anhydrase inhibitors are clinically used as
antiglaucoma drugs (targeting hCA II, hCA IV, and hCA XII),
anticonvulsants (targeting hCA II, hCA VII, and hCA XIV), and
antiobesity agents (targeting hCA VA and hCA VB).2,3 The
classical carbonic anhydrase inhibitors (CAIs), which have been
known for more than 50 years and which are used in therapy,
contain a sulfonamide (e.g., acetazolamide) or a sulfamate (e.g.,
topiramate) moiety coordinating the Zn(II) ion located in the
enzyme catalytic site (reviewed in refs 4 and 5). Nevertheless,
most of currently used CA inhibitors lack selectivity, presenting
numerous unwanted side effects. The design of a novel generation

of isozyme-selective CA inhibitors is the current challenge in the
development of new therapeutic agents able to inhibit specific
isozymes.

Recently, several isozymes became popular targets for inhi-
bitor development. IsozymeCAXIV is a transmembrane isoform
highly abundant in neurons and axons in the human brain,6

where it seems to play an important role in modulating excitatory
synaptic transmission, and is an emerging target for neuropro-
tective agents.7 Neuronal hCA VII is an important target for the
development of anticonvulsant agents and neuropathic pain
killers.8 Two transmembrane hCA isozymes (hCA IX and hCA
XII) are associated with cancer, and their role in tumor progres-
sion was recently established.9 Targeting these tumor-specific hCA
isozymes with specific inhibitors thus became a promising strategy
for cancer therapy.10-12

In our previous work, we explored isoquinoline sulfonamides
that showed inhibitory effects against some hCA isozymes at
nanomolar concentrations.13,14 One of the most interesting results
was the identification of new CAIs displaying a high potency
and selectivity toward some therapeutically relevant isozymes
(hCA VII, hCA IX, and hCA XIV)13,14 over the widespread hCA
II isozyme. The crystal structure of 6,7-dimethoxy-1,2,3,4-tetra-
hydroisoquinolin-2-ylsulfonamide as a prototype of this series in
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ABSTRACT: Isoquinolinesulfonamides inhibit human carbonic anhydrases (hCAs) and display
selectivity toward therapeutically relevant isozymes. The crystal structure of hCA II in complex
with 6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamide revealed unusual
inhibitor binding. Structural analyses allowed for discerning the fine details of the inhibitor
binding mode to the active site, thus providing clues for the future design of even more selective
inhibitors for druggable isoforms such as the cancer associated hCA IX and neuronal hCA VII.
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complex with hCA II provided valuable structural information on
the protein-inhibitor interaction. Subsequent docking studies
suggested that the nature of the C-1 substituent on the isoquino-
line scaffold affects the hCA isoform specificity.13

To understand the structural basis of interaction of isoquino-
line sulfonamide derivatives with hCAs, we report the crystal
structure of hCA II in complex with 6,7-dimethoxy-1-methyl-
1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamide. Comparison of
the inhibitor position within the enzyme active site cavity with
the previously determined crystal structure of the prototype
compound lacking the methyl substitution on the C-1 position
(PDB code 3IGP13) revealed striking differences in the inhibitor
binding mode. These results obtained by protein crystallography
could help in the elucidation of the isoform selectivity of other
alkyl-substituted compounds at the C-1 position observed pre-
viously and also should be beneficial in future rational drug
design.

’RESULTS AND DISCUSSION

Compounds 1 and 2 were synthesized following the pre-
viously reported procedure.13 Both 1 and 2 show inhibitory
efficacy toward various CA isoforms in vitro, but their selectivity
differs substantially fromwell-knownCAIs such as acetazolamide
and topiramate (Table 1). Compounds 1 and 2 were able to
inhibit the widely distributed hCA II withKi of 94.5 and 87.3 nM,
respectively, but interestingly they were able to inhibit druggable
isoforms hCA VII, hCA IX, and hCA XIV with even higher
potency (Ki in the nanomolar range).

Structural information on 1 binding to hCA II was published
by us previously.13 In the present work, the crystal structure of
hCA II in complex with 6,7-dimethoxy-1-methyl-1,2,3,4-tetra-
hydroisoquinolin-2-ylsulfonamide (2) was determined and re-
fined using diffraction data to 1.47 Å resolution (Figure 1). Well-
defined, non-protein electron densities indicated the binding of
an inhibitor molecule into the primary binding site in the enzyme
active site and the secondary inhibitor binding site on the surface
of the protein molecule near the N-terminus. The secondary
binding site, also reported for other hCA II-inhibitor crystal

structures (e.g., PDB codes 3HS415 and 2QOA16), most likely
has no biological relevance and represents a crystallization artifact
caused by high concentrations of the inhibitor used in the cocry-
stallization experiments.

As shown in Figure 1C, 2 binds into the cavity of the hCA II
active site with the deeply buried sulfonamide group. The ionized
nitrogen atom of the sulfonamide moiety is coordinated to the
zinc ion at ∼2.0 Å. The sulfonamide nitrogen also accepts a
hydrogen bond from the hydroxyl group of Thr199 side chain,
and one oxygen atom from the sulfonamide moiety forms a
hydrogen bond with backbone amine group of Thr199. Positions
of the Nε atoms of His 94 and His 96 and Nδ atom of His 119
form a ligand field, which dictates the position of a coordinated
Zn2þ cation and consequently determines the position of acidic
group of the sulfonamide to complete the tetrahedral coordina-
tion of the central zinc ion. The position of the sulfonamide
group and the key hydrogen bond network in the active site are
highly conserved in all known structures of hCA II-sulfonamide
complexes deposited in PDB.17-20

In addition to the polar interactions mediated by the sulfon-
amide group, the oxygen of the 6-methoxy group of 2 (labeled
OAK in Figure 1B) is stabilizing the inhibitor in proximity of
β-sheet 8 by forming an additional polar interaction (2.73 Å) with
side chain Nδ atom of Asn 67. Nε atom of Gln 92 is positioned 2.89
Å from the oxygen atom (labeled OAL in Figure 1B) of the other
methoxy group at the 7-position; however, the overall geometry does
not allow additional polar interaction to be formed between these two
atoms. Several hydrophobic interactions of the substituted isoquino-
line moiety with residues of the central β-sheet (mainly with Gln 92
and Val 121) stabilize the inhibitor within the active site cavity.

Compound 2 was synthesized as a racemic mixture of the two
enantiomers and has been used in crystallization trials. Interest-
ingly, the high resolution crystal structure revealed that the
absolute configuration of 2 bound in the active site was R while
the inhibitor bound on the surface was the S enantiomer. This
suggests that only one enantiomer represents an active com-
pound. This subject will be addressed in future research aimed at
the enatiomeric resolution of the active isoquinoline sulfonamide
based compounds.13

We compared the hCA II-2 complex with the structure
containing the parent, the unsubstituted isoquinoline based
inhibitor 1 (6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-yl-
sulfonamide; PDB code 3IGP13). Although the two compounds
differ only by the presence of the methyl group substitution at
C-1 in 2 (see Table 1), their binding modes in the enzyme active
site are quite dissimilar (Figure 2).

The position of the sulfonamide group is well conserved in the
two crystal structures; the major difference is in the arrangement
of the isoquinoline moiety within the active site cavity. The
rearrangement of 2 compared to 1 is achieved by the rotation
around the covalent bond between sulfur and nitrogen atoms
(atoms SAS and NAR in Figure 1B) accompanied by the change
of the isoquinoline ring puckering. The three dihedral angles defined
by atoms of nonaromatic ring CAQ-NAR-CAJ-CAI, CAP-
CAQ-NAR-CAJ, and NAR-CAJ-CAI-CAM (Figure 1B)
are 0.2�, 30.4�, and -30.8� for 1 and -75.2�, 52.0�, 52.8� for 2.
The substantial change in position of 2 with respect to 1 within
the hCA II active site can also be documented by a distance ofmore
than 4 Å between the two correspondingmethoxy oxygen atoms in
1 and 2, respectively (atoms OAL and OAK in Figure 1B).

The isoquinoline moiety of 1 forms numerous van der Waals
interactions with residues Gln 92, Val 121 located on the bottom

Table 1. Inhibition of hCA II, hCAVII, hCA IX, and hCAXIV
Isoforms by Tetrahydroisoquinoline Derivatives (1 and 2),
Acetazolamide, and Topiramate

Ki (nM)a

compd R hCA IIb hCA VIIc hCA IXb hCA XIVb

1 H 94.5 5.4 9.5 9.8

2 methyl 87.3 6.4 9.4 9.6

acetazolamide 12 2.5 25 41

topiramate 10 0.9 58 1460
a Experimental errors are (10% of the reported value, from three
different assays. Recombinant full length hCAs II, VII, and XIV and
the catalytic domain of hCA IX were used. bValues from ref 13. cValues
from ref 14.
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of the catalytic site and also with residues Ser197-Pro202 located
in the loop connecting β-strands S3 and S4. Also, the side chain
of Phe131 from helix 4 contributes to interaction with the sub-
stituting methoxy groups (Figure 2A, Table S1 in Supporting
Information). In contrast, the substituted isoquinoline moiety of
2 is stabilized by the amino acid residues coming from the central
part of the strands S6-S8 of the 10-stranded β-sheet1 located on
the opposite side of the active site cavity (residues Asn 62, Asn
67, Gln 92, Val 121; Figure 2A, Table S1 in Supporting Informa-
tion). The methyl substituent on the isoquinoline scaffold

interacts with Leu 198 from the loop connecting β-strands S3
and S4.

Comparison of the residues interacting with 1 and 2, respec-
tively, revealed that the isoquinoline moiety can achieve two
different binding modes within the hCA II active site and engage
different amino acid residues in the interaction (Figure 2B). This
finding is quite striking considering that 1 and 2 are very similar in
their structure and also in their inhibitory properties (see Table 1).

We have compared the bindingmodes of 1 and 2 to other hCA
II inhibitors that are structurally similar to our isoquinoline

Figure 1. (A) Overall view of structure of hCA II in complex with 2. The main chain of the protein is represented by a ribbon and a transparent solvent
accessible surface. The zinc ion is shown as a red sphere with three coordinating histidine residues in sticks. Twomolecules of inhibitor 2 bound to hCA II
are shown in the stick model with carbon atoms colored salmon and oxygen and nitrogen atoms colored red and blue, respectively. (B) Structure of 2
with atom labels used in the crystal structure coordinate file. (C) Detail of the hCA II active site with 2. Protein is represented in green with residues
forming van der Waals interactions and polar contacts (black dashed lines). Also three histidine residues coordinating the zinc ion are shown. Strands of
the central β-sheet are labeled S4-S8. Compound 2 is shown in sticks with the 2Fo - Fc electron density map contoured at 0.8σ.

Figure 2. Comparison of 1 and 2 binding mode into the hCA II active site. Superposition of the complex structures is based on the best fit for CR atoms
of hCA II residues 6-261. Compound 1 is represented with green carbon atoms, while 2 carbon atoms are salmon colored. In (A), the protein is
represented by a ribbon and residues involved in the binding of the inhibitor compounds are shown as sticks. Polar interactions between the histidine
residues coordinating the Zn ion (red sphere) and also the polar interactions between sulfonamide group and Thr 199 are indicated with dashed lines.
(B) shows a top view into the active site where the protein is represented by its van derWaals radii. Atomsmaking contacts with the isoquionolinemoiety
of 1 and 2 are highlighted. Atoms within 4.0 Å from 1 and 2 are highlighted in green and red, respectively. Atoms colored yellowmake contacts with both
compounds. Atoms involved in contacts with the sulfonamide groups are not highlighted.
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sulfonamide series. For our analysis, we chose 59 crystal struc-
tures of hCA II in complex with inhibitors containing a cyclic or
heterocyclic moiety attached directly to the sulfonamide group
(Tables S2 and S3 in Supporting Information). Of these, 51
compounds displayed a binding mode highly similar to that of 1.
Eight compounds displayed a slightly altered binding mode in
which the inhibitor position was shifted toward the β-strands S7
and S8. Nevertheless, none of the analyzed structures showed a
binding mode overlapping with 2. This analysis also revealed that
a change in inhibitor binding in response to such a small struc-
tural change in the inhibitor is unique for our isoquinoline-sul-
fonamide compounds.

’CONCLUSIONS

Comparison of the crystal structures of hCA II in complex
with 1 and 2, respectively, provided structural information about
interactions of 1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamides

with the hCA II active site. Although both compounds exhibit
similar inhibitory potency toward hCA II, a unique bindingmode
of the 2 has been observed in response to the presence of a sub-
stituent on C-1 on the isoquinoline scaffold. The same inhibitory
potency can apparently be achieved by two different binding
modes of the inhibitor into the enzyme active site cavity. From a
structural point of view, 1 and 2 served as excellent molecular
tools for the detailed mapping of active site cavity. These results
will be exploited for the rational design of molecules which could
be highly selective inhibitors for various hCA isozymes.

’EXPERIMENTAL SECTION

Detailed experimental procedures are given in the Supporting In-
formation. Briefly, the crystals of human hCA II in complex with 2 (6,7-
dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamide) were
obtained by adding a 5-fold molar excess of the inhibitor (in dimethy-
lsulfoxide) to a 10 mg/mL protein solution of hCA II (Sigma). The
crystallization was performed in hanging drops at 18 �C in 0.1MTris-Cl,
pH 8.2, 2.5 M (NH4)2SO4, and 0.3 M NaCl. Diffraction data for hCA II
in complex with 2 were collected at the Hamburg DESY, beamline X12.
The structure of hCA II-2 complex was solved using the difference
Fourier method, using hCA II structure (Protein Data Bank entry
1H9N21) as the initial model. Atomic coordinates and experimental
structure factors have been deposited with the Protein Data Bank with
the code 3PO6. All figures showing structural representations were
prepared with the programs PyMOL (DeLano Scientific; http://www.
pymol.org). Crystal parameters and data collection statistics are sum-
marized in Table 2. Compounds 1 and 2 were synthesized following
previously reported procedures, and the spectral data were in accordance
with the literature.13
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bS Supporting Information. Crystallization conditions, data
collection, structure determination, refinement procedures, table
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Table 2. Crystal Parameters, Data Collection, and Refine-
ment Statistics

parameter complex of hCA II with 2

space group P21
unit cell params

a (Å) 42.18

b (Å) 41.21

c (Å) 72.00

R (deg) 90

β (deg) 104.31

γ (deg) 90

no. molecules in AU 1

wavelength (Å) 0.954

resolution range (Å) 26.62-1.47 (1.51-1.47)

no. unique reflns 40 809

redundancy 3.6 (3.4)

completeness (%) 99.8 (99.8)

Rmerge
a 0.053 (0.238)

average I/σ(I) 7.8 (3.0)

Wilson B (Å2) 13.7

refinement statistics

resolution range (Å) 25.27-1.47 (1.51-1.47)

no. reflns in working set 38 750 (2850)

no. reflns in test set 2045 (132)

Rb (%) 14.3 (18.6)

Rfree
c (%) 17.5 (22.4)

rmsd bond length (Å) 0.014

rmsd angle (deg) 1.69

no. atoms in AU 2511

no. protein-inhibitor atoms in AU 2171

no. solvent molecules in AU 340

mean B (Å2) 13.8

PDB code 3PO6
a Rmerge = ΣhklΣiIi(hkl) - <I(hkl)>|/ΣhklΣi Ii(hkl), where the Ii(hkl) is
an individual intensity of the ith observation of reflection hkl and
<I(hkl)> is the average intensity of reflection hkl with summation over
all data. b R = ||Fo| - |Fc||/|Fo|, where Fo and Fc are the observed and
calculated structure factors, respectively. c Rfree is equivalent to R value
but is calculated for 5% of the reflections chosen at random and omitted
from the refinement process.
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