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Abstract

A series of new zinc binding groups (ZBGs) has been evaluated kinetically on 13 carbonic
anhydrase (CA) isoforms. The fragments show affinity for all isoforms with I1Csq values in the
range of 2-11 pm. The crystal structure of hCA 1l in complex with one such fragment reveals a
bidentate binding mode with a trigonal-bipyramidal coordination geometry at the Zn?* center. The
fragment also interacts with Thr199 and Thr200 through hydrogen bonding and participates in a
water network. Further development of this ZBG should increase the binding affinity leading to a
structurally distinct and promising class of CA inhibitors.
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Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) constitute one of the most extensively studied
groups of metalloenzymes.[1,2] They belong to a superfamily of ubiquitous metalloproteins
present in prokaryotes and eukaryotes and are encoded by five distinct evolutionarily
unrelated gene families: a class (present in vertebrates, bacteria, algae, and cytoplasm of
green plants), B class (predominantly in bacteria, algae, and chloroplasts), y class (mainly in
Archaea spp. and some bacteria), and & and & classes present in marine diatoms. They
catalyze the reversible hydration of carbon dioxide into hydrogen carbonate and a proton.
The catalytically relevant metal ion, which is Zn2* in the a-CAs, but may be Fe2* in y- or
Cd2* in £&-CAs, among others, is located (for the a class enzymes) at the bottom of the 15 A
deep active site, coordinated by three histidine residues—His94, His96, and His119—and a
water molecule to form a tetrahedral geometry at the active site.[1,2]
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Sixteen different isoforms have been described in mammals, each differing by their relative
hydrase activity, their subcellular localization, and their susceptibility to inhibition. Because
these CAs are involved in several physiological processes, it is not surprising that carbonic
anhydrase inhibitors (CAIs) have been developed for the treatment of various pathologies
such as glaucoma, neurological disorders, and osteoporosis.[3,4] The recent discovery of CA
isoforms that are involved in cancer or obesity has demonstrated the need for potent, novel
classes of CAls. However, the large number of diverse a-CAs leads to a lack of inhibitor
selectivity, especially for first-generation CAlIs, i.e., sulfonamides and their bioisosteres. To
minimize unwanted side effects of CAl therapy, the design of novel inhibitors must
discriminate between the different isozymes.[1,2,5,6]

So far, most rationally designed CAls are based on a zinc binding group (ZBG) that interacts
with the ZnZ* ion of the enzyme and Thr199. Linked to this ZBG is a diversely substituted
aromatic ring, heterocycle, aliphatic group, or sugar moiety that interacts with hydrophobic
and hydrophilic pockets neighboring the active site. The sulfonamide group (Figure 1) is the
predominant ZBG present in CAls; this is in contrast to other Zn2* metalloenzymes, such as
the matrix metalloproteinases (MMPs), for which hydroxamic acids serve as the dominant
ZBG (Figure 1).[7] The sulfonamide moiety coordinates to the Zn?* ion with its terminal
deprotonated nitrogen atom (2.0 A) and participates in a hydrogen bonding network with
Thr199 (2.8 A) and GIu106 (2.7 A). The latter amino acids are referred to as the “door-
keepers” in the CA active site.[8] In addition, one sulfonamide oxygen atom forms a
hydrogen bond with the backbone NH group of Thr199 (3.0 A). With this interaction
pattern, many highly potent sulfonamide CAls have been developed.[ 1,2,9,10]

The side effects of sulfonamide CAls have led to new strategies for selective inhibitor
design, such as modifications of the inhibitor backbone.[1-4] One attractive approach to
new CAls is the use of non-sulfonamide ZBGs. A range of ZBGs have been tested so far,
including sulfamates, sulfamides, substituted sulfonamides, Schiff bases, ureas and
hydroxyureas, as well as hydroxamic acids. These studies revealed sulfamates and
sulfamides, structurally related to sulfonamides, to be amongst the most promising
alternative ZBGs.[11-13]

To find new ZBGs for use in CAls, ligands from other Zn2*-dependent metalloenzymes are
of particular interest. Recently, Cohen and colleagues developed a series of new ZBGs,
which include hydroxypyr(thi)ones and hydroxypyridine(thi)ones, that have been examined
as alternative ZBGs for MMP inhibitors (Figure 1). These ZBGs show potent affinity, are
nontoxic, biocompatible, and show promise for incorporation into a new family of MMP
inhibitors.[14,15] The studies reported herein examine the use of these alternative ZBGs as
warheads for CAls; we present the investigation of four ligands from this series. Compounds
1-4 were tested in a kinetic enzyme assay on all catalytically active mammalian CAs
(Figure 1). The crystal structure of CA 11 in complex with compound 4 was determined and
revealed an intriguing bidentate binding mode. Fragment 4 coordinates the active site Zn2*
ion in a chelating, bidentate mode, and also interacts with Thr199 and Thr200. In addition,
the compound participates in a hydrogen bonding network that is translated via water
molecules within the entire active site of CA II.

Inhibition data

The inhibition data for compounds 1-4 against 13 CA isoforms (nCA-mCA XV) are listed
in Table 1. All of these compounds show affinities against the tested isoforms in the range of
2.8-10.8 pm. The inhibition of each isoform with compounds 1-4 is generally very similar
(<2.5 pm). The best inhibition was obtained with maltol 1 against mCA XV, with a K; value

ChemMedChem. Author manuscript; available in PMC 2011 September 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wischeler et al.

Page 3

of 2.8 um; the weakest inhibition was observed for 1,2-HOPTO 4 against hCA XIllII, with a
Kj value of 10.8 pm. Isoforms hCA I, 111, IX, X111, and XIV show generally weaker
inhibition, with K; values ranging from 7.5 to 10.8 um, in comparison with all other
isoforms, for which K; values from 2.8 to 4.9 pm were found.

X-ray crystallography

The crystal structure of CA Il in complex with fragment 4 (1,2-HOPTO) was determined at
a resolution of 1.35 A. The difference electron density of 4 is very well defined, and the
orientation of the fragment can be unambiguously assigned due to the higher diffraction
power of the sulfur atom and the shape of the ring system, which is clearly visible in the
difference electron density and refined B values. The positioning of the oxygen atom was
ambiguous at the beginning of the refinement. However, repeated refinement cycles using
various fragment orientations (ring flip) and considerations about a consistent hydrogen
bond network render the assigned binding mode as most likely. The B values for 4 are
somewhat larger than those of the protein residues which is probably related to weak
fragment affinity and thus a decreased occupancy. The B values are: main chain 14.1 A2,
side chain 18.2 A2, water 27.1 A2, ligand 4 24.1 A2, and Zn?* ion 8.4 A2,

As expected, fragment 4 binds to CA 11 by coordinating to the active site Zn2* ion. The
exocyclic sulfur and oxygen atoms participate in the coordination of the metal ion at
distances of 2.4 (S) and 2.5 A (O) (Figure 2 a). Importantly, the coordination of the Zn2* ion
changes upon binding of 4 from a four-coordinate tetrahedral geometry (including the bound
OH~™ ion, PDB ID: 3D92)[16] to a distorted, five-coordinate trigonal-bipyramidal geometry.
Two nitrogen atoms (Ne2-His94 and Ne2-His96) and the sulfur atom of 4 form the
equatorial plane, while N&1 of His119 and the oxygen atom of 4 reside at the axial positions.
A similar coordination change from four- to five-coordinate has been proposed for the
binding of fragment 4 to MMPs.[17]

The equatorial plane shows Zn2* distances of 2.0 A for Ne2-His94, 2.0 A for Ne2-His96,
and 2.4 A for the sulfur atom with angles of 143.5° (S-Zn-His96), 109.5° (S-Zn-His94),
and 101.7° (His94-Zn-His96). The Zn2* ion is positioned 0.25 A away from the plane
formed by the equatorial coordinating ligands. The axial oxygen atom forms a distance of
2.5 A and N&1-His199 is positioned 2.1 A away from the metal ion. The two axial
coordinating ligand atoms and the Zn2* jon form an angle of 161.2°.

In addition to metal coordination, compound 4 also participates in three hydrogen bonds
(Figure 2b—d). The Oy1 atom of Thr200 forms a hydrogen bond to the oxygen in 4 at a
distance of 3.2 A. Furthermore, the same oxygen in 4 acts as the donor in a hydrogen bond
network via Oy1 of Thr199 (3.6 A) to Ol of Glu106 (2.5 A). This network is well known
for typical sulfonamide inhibitors; however, the distance to Thr199 is increased, as the
fragment most likely cannot move closer to Thr199. Interestingly, fragment 4 participates in
a hydrogen bonding network that is spread over the entire binding pocket, which provides
additional stabilization in the active site of CA Il (Figure 2 b). The interactions are mediated
by five water molecules, which address all residues in the hydrophilic pocket of CA 1, i.e.,
Tyr7, Asn62, His64, Asn67, Glu69, and GIn92 (Figure 2 ¢, d). Fragment 4 is linked via two
water molecules to the terminal side chain OH group of Tyr7 and N3&1 of the proton shuttle
His64 in the “in” conformation. In addition, 4 is connected via two water molecules to
Asn67 that forms an additional hydrogen bond network to Glu69 at the exit of the binding
pocket mediated by a water molecule. Ne2 of GIn92 and N&2 of Asn62 also participate in
this network via a water molecule (Figure 2b—d). In addition to these direct interactions with
water molecules, several other water molecules close to the exit of the binding pocket are
involved in this network (Figure 2 b—d). The distribution of B values of the participating
water molecules illustrates the well-coordinated water chain (20.5, 14.8, 26.3, 32.8, and 17.1
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A2). The conjugated ring system of 4 also experiences lipophilic interactions, as it points
toward a hydrophobic binding pocket. In total, 26 van der Waals interactions can be
identified.

The superposition of 4 with a sulfonamide inhibitor 5 (PDB ID: 1ZGE) reveals that the
sulfur atom of 4 adopts a position shifted by 0.9 A relative to the sulfonamide sulfur atom
(Figure 3 a).[18] This shift depends on the fact that the sulfur atom in 4 coordinates the Zn%*
ion, which is not the case for 5. Furthermore, the ring system is shifted relative to the phenyl
group of the sulfonamide inhibitor. Because the oxygen atom is coordinated to the Zn2* ion
and stabilized by Thr199 and Thr200, the ring system is slightly rotated and shifted toward
the ZnZ* ion in comparison with the sulfonamide fragment.

Discussion

The inhibition of 1-4 with respect to the considered CA isoforms is not exceptionally
strong; however, they reveal a new and promising anchoring motif for CA inhibitors.
Crystallographic analysis of the CA 11-4 complex reveals a bidentate binding mode to the
Zn2* jon with interactions to Thr199, which itself donates a hydrogen bond to Glu106. Such
binding has been observed earlier only in the hCA I1-N-hydroxyurea complex, in which the
Zn2* ion is coordinated by the N and O atoms of the inhibitor (which is presumably
deprotonated).[19] In addition, 4 accepts a hydrogen bond from Thr200. The weaker affinity
toward some of the isoforms can easily be understood, because these show variable amino
acid compositions within the active site, for instance, at position 200. For example, a valine
in hCA XIII and a histidine in hCA 1 is present at this position (and many others, mainly
toward the exit of the cavity). These residues cannot produce a similar interaction with 4,
which leads to a greater than twofold decrease in affinity against these isoforms.

From inhibition, crystallographic, and previously reported modeling data, we can also infer
the binding mode of compounds 1-3.[17] As the inhibition profile of all four compounds is
the same against each isoform, and their metal complexes with a tris(histidine) active site
model complex are all similar, the binding modes of 1-3 are most likely nearly identical to
that of 4.[17] Indeed, in a previously reported tris(pyrazolyl)borate Zn?* model complex,
fragment 4 was shown to bind in a bidentate fashion to the Zn2* center, generating a five-
coordinate, distorted trigonal-bipyramidal coordination geometry at the Zn2* ion. In this
model complex, the Zn—S distance was 2.32 A, and the Zn—O distance was 2.08 A.[17] In
the structure reported herein, the Zn—S distance is ~2.4 A, very close to that observed in the
model complex. The Zn-0O distance in the complex of 4 with CA is longer than that found in
the model complex, at 2.5 A. The oxygen atom is arranged in this increased distance to the
metal ion by additional interactions with Thr199 and Thr200. These favorable hydrogen
bonds are also formed at rather long distances, which shows that the oxygen atom in 4
adopts a position from which interactions to all three groups are possible. Nonetheless, it is
likely that the related fragments 1, 2, and 3 also coordinate in a chelating fashion with
oxygen and/or sulfur atoms to the Zn2* ion in bidentate manner.

A similar CA 1l complex has been determined crystallographically and was recently
published by Barrese et al.[20] Investigating the inhibition profile and binding mode of
thioxolone 6 in CA 11, they observed that the inhibitor, most likely a prodrug, is hydrolyzed
upon binding to form the fragment 4-thiobenzene-1,3-diol 7 (K;=148 um)[20] (Figure 4).
However, superposition of 7 with 4 shows significant differences in the binding mode, with
7 binding in a monodentate fashion (Figure 3b, c). Although both inhibitor ring systems are
similarly substituted with oxygen and sulfur donor atoms, the interaction pattern with CA 11
is completely different. The ring systems are rotated by 180° relative to each other, and in 7
the oxygen donor atom does not interact with Thr199 and Thr200. Moreover, the sulfur
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atom in 7 resides in a different position, in total shifted by 1.2 A. It appears that the nitrogen
atom in the heterocycle of 4, which is not present in the compared fragment 7, as well as the
thione (C=S) nature of the donor functionality in 4 influences the binding mode and
improves the Zn2* coordination in CA II. The trigonal-bipyramidal coordination of 4 and the
interactions with Thr199 and Thr200 result in an excellent set of interactions of fragment 4
with the active site Zn2* ion.

The binding affinities of 1-4 to CA 1l are significantly better than those of other alternative
ZBGs such as the sulfamide (1130 um) and sulfamic acid (390 um) groups.[13] The
observed bidentate binding mode of 4 to CA Il is very promising and rarely observed in
CAls. The substitution of 4 with additional functional groups should notably increase the
affinity toward CAs, as shown previously for sulfamides, for example.[12] Lipophilic
moieties can be attached to interact with the hydrophobic cavities found inside CAs. In
addition, hydrophilic residues such as Asn62, Asn67, Glu69, and GIn92 should be targeted
for hydrogen bonding. Further development of this ZBG could lead to a new, promising
class of CAls.

Experimental Section

Chemistry and CA Il inhibition

CA inhibition—An Applied Photophysics stopped-flow instrument was used for assays of
the CA-catalyzed CO5 hydration activity.[21] Phenol red (at a concentration of 0.2 mu) was
used as an indicator, working at the absorbance maximum of A 557 nm, with 20 mm HEPES
(pH 7.5) as buffer, and 20 mm Nay,SO4 (for maintaining a constant ionic strength), following
the initial rates of the CA-catalyzed CO, hydration reaction for a period of 10-100 s. The
CO», concentrations ranged from 1.7 to 17 mw for determination of the kinetic parameters
and inhibition constants (five different substrate concentrations were used). For each
inhibitor, at least six traces of the initial 5-10% of the reaction were used for determining
the initial velocity. The uncatalyzed rates were determined by the same protocol and
subtracted from the total observed rates. Stock solutions of inhibitor (0.1 mu) were prepared
in distilled deionized H,0, and dilutions up to 0.01 nv were done thereafter with distilled
deionized H,0O. Experiments were performed with six different inhibitor concentrations,
varying from 100 pwm to 0.1 nw. Inhibitor and enzyme solutions were pre-incubated for 15
min-24 h: at room temperature for 15 min, or at 4 °C for all other incubation times prior to
assay, in order to allow formation of the enzyme-inhibitor complex or for the eventual
active-site-mediated hydrolysis of the inhibitor. Data reported in Table 1 show the inhibition
after 15 min incubation, as there were no differences in inhibitory potency if the enzyme and
inhibitors were incubated for longer periods.[1] The inhibition constants were obtained by
nonlinear least-squares methods using PRISM 3, as reported earlier,[22-26] and represent
the mean from at least three different determinations. CA isozymes were prepared as
reported previously.[27-33]

Synthesis—Maltol 1, 1,2-HOPO 3, and 1,2-HOPTO 4 were obtained from commercial
sources (Aldrich). Thiomaltol 2 was synthesized as previously described.[34]

Crystallization, X-ray data collection, and refinement

Crystals of hCA 11 (from Sigma—Aldrich) in complex with 4 were obtained by the sitting
drop technique, using 10 mg mL~1 protein with 2 mw inhibitor in 50 mw Tris-HCI buffer (pH
8.0). The drops consisted of 5 uL of the enzyme—inhibitor solution and 5 pL of the
precipitant solution containing 3.0 v (NH4)2SO4 in 100 mw Tris-HCI (pH 8.0) and 0.15 mwup-
chloromercuribenzoic acid to promote the growth of highly oriented crystals. The drops
were equilibrated by vapor diffusion against the precipitant solution at 18°C, and crystals
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appeared after 1-4 days. The data were collected at the synchrotron BESSY 11 in Berlin
(Germany) on PSF beamline 14.2. The experiment was performed at 100 K using
synchrotron radiation (A 0.91841 A) on a MAR CCD 165 mm detector. The crystals were
monoclinic P24 with the following cell parameters: a=42.3 A, b=41.4 A ¢c=72.4 A,
=104.48. The data collection parameters and refinement statistics are listed in Table 2.

Data were processed and scaled with Denzo and Scalepack as implemented in HKL2000.
[35] The complex structures were analyzed by difference Fourier techniques, using the PDB
file 20Q5 as starting model for refinement. Refinement was continued with CNS[36] and
SHELXL-97.[37] For each refinement step, at least 10 cycles of conjugate minimization
were performed, with restraints on bond distances, angles, and B values. For each crystal,
the 2 Fo—F. and F,—F. maps were calculated, and the inhibitor binding mode assigned
from the difference electron density. Intermittent cycles of model building were done with
the program COQT.[38] The coordinates have been deposited in the RCSB Protein Data
Bank (PDB; http://www.rcsh.org/pdb/) with the reference code 3M1K.
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Figure 1.
Zinc binding groups (ZBGs) used in this study as CA inhibitors.
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Compound 4 binding to CA II. The protein residues are shown in stick representation
(protein: € N, O, 5; ligand: » N, O, %), and water molecules are shown as red and yellow
spheres. The solvent accessible surface is represented in white in panel b). a) Coordination
geometry of the active site Zn?* ion upon binding of 4. The tetrahedral geometry is changed
to distorted trigonal-bipyramidal arrangement with Ne2-His94 (2.0 A), Ne2-His96 (2.0 A),
and the sulfur atom of 4 (2.4 A) in the equatorial plane, whereas N&1-His119 (2.1 A) and the
oxygen atom of 4 (2.5 A) are in the axial positions. The angles in the plane are 143.5° (S-
Zn-His96), 109.5° (S-Zn-His94), and 101.7° (His94-Zn-His96). The two axial ligands and
the Zn2* jon form an angle of 161.2°. b) The binding pocket of CA Il can be divided into a
hydrophobic (red line) and a hydrophilic binding region (blue line). The fragment is
stabilized by a hydrogen bond network which is mediated by five water molecules (red
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spheres) addressing the typical hydrophilic residues in CA Il. The remaining waters in the
binding pocket (yellow spheres) are connected to the hydrogen bond network as well,
however not performing any further strong interactions to the protein. c) Detailed binding
mode. Hydrogen bond interactions are indicated by the dashed lines. The equivalent
distances are shown in the schematic representation of the binding mode in panel d). The
difference electron density (Fo—F.) for the ligands and directly interacting water molecules
is shown at a ¢ level of 2.0. Atomic distances are shown in A. The fragment coordinates
with its sulfur and oxygen atom to the active site Zn2* ion. Hydrogen bonds to Thr200 and
Thr199 as well as a water network, which is spread over the entire binding pocket, linking
the fragment to the common hydrophilic residues can be observed. d) Binding mode in
schematic representation.
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a -
) Thr200 Q/\

Thr200 c)

Figure 3.

Sugperpositions of compound 4. a) Superposition with sulfonamide inhibitor 5 in complex
with CA 1l; the protein residues and ligands are shown in stick representation (protein:

G N, 0,5 compound 4: N, O, 5; sulfonamide 5: €, N, O, S, Cl; PDB ID: 1ZGE). The
sulfur atoms are located at different positions. Fragment 4 forms an additional coordination
to the Zn2* jon. The ring system of 4 is shifted relative to the sulfonamide inhibitor which is
dependent on the hydrogen bonds of 4 to the oxygen atoms of Thr199 and Thr200. b)
Superposition of 4 with a structurally related fragment 7 from a crystal structure PDB ID:

20SF (<, N, O, 5). The sulfur atoms are shifted by 1.2 A. The ring system of the
superimposed ligands is rotated by 180°. In contrast to this ligand, 4 can form hydrogen
bonds to Thr199 and Thr200. ¢) Image in panel b) rotated by 90°.
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HO_~ -0 HOL A -OH
(L= L
Z=s ~ TSH
thioxolone 6 4-thiobenzene-1,3-diol 7
(hydrolysis product of thioxolone)

Figure 4.
Thioxolone 6 and its hydrolysis fragment 7 from PDB ID: 20SF.
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Crystallographic data for PDB ID: 3M1K.

Parameter Value

A. Data collection and processing:

beamline BESSY 14.2
no. crystals used 1

LA 0.91841
space group P2,

Unit cell parameters:

a, b, c[A] 42.3,41.4,72.4
BI°] 104.4

B. Diffraction data:
resolution range [A][2]
unique reflectionsl@l

R(Dym [%]02]
completeness [%][2]
redundancy[@]

11s(lal

C. Refinement:

program used for refinement
resolution range [A]
reflections used in refinement
Rfree [Fo; Fo >4 oF)

Ruwork [Fo; Fo >4 oF]

No. atoms (non hydrogen):
protein atoms

water molecules

ligand atoms

RMSD, angle [°]

RMSD, bond [A]
Ramachandran plot:

most favoured regions [%)]

additionally allowed regions [%]

generously allowed regions [%]
disallowed regions [%]

Mean B factor [A2]:

main chain

side chain

water molecules

ligand atoms

zinc atom

ChemMedChem. Author manuscript; available in PMC 2011 September 3.

25-1.35 (1.37-1.35)
50925 (2347)
5.1 (25.4)

95.2 (88.8)
22(18)

15.1 (2.9)

SHELXL
10-1.35
49131
18.6; 17.6
12.8;12.1

2080
239
18
2.2
0.012

88.4
111
0.5

14.1
18.2
27.1
24.1

8.4

Table 2
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Parameter Value

Matthews’ coefficient [A3 Da™1] 22

solvent content [%] 43.4
[a]

Highest-resolution shell.
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