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Abstract

Sulfamated 2-ethylestra compounds have demonstrated strong anticancer activity, high bioavailability and an
ability to bypass liver metabolism by reversibly binding carbonic anhydrase (CA) II in erythrocytes. Another CA
isoform, CA IX, is overexpressed in many cancers. The CA domain of CA IX is oriented extracellularly, which may
permit targeting inhibitors to tumors. Presented here is the characterization of three 2-ethylestra compounds bound
to both CA II and a CA IX mimic protein. Inhibition by '*O exchange showed that compound 16 demonstrated an
approximately 12-fold higher affinity for CA II over CA IX mimic. Structurally, compounds 15 and 16 showed
alternate binding modes between CA II and CA IX mimic, apparently due to a water-mediated hydrogen bond to the
isozyme-specific residue 67. Though the specificity was demonstrated for CA II over CA IX, this study reveals
insights that may be key to developing isozyme specific CA inhibitors for novel anticancer therapies.
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Introduction:

In the early 1990s it was discovered that the naturally occurring estrogen metabolite, 2-methoxyestradiol,
inhibited cell proliferation and angiogenesis independently from the estrogen receptor [1]. It is believed that the
mechanism of action for this compound is through an interaction with the colchicine binding site of B-tubulin
impairing microtubule remodeling, inducing metaphase arrest and apoptosis [1-7]. Clinical trials of 2-
methoxyestradiol as a cancer treatment were halted due to an extremely low plasma concentration in patients despite
high dose administration indicating a lack of oral bioavailability and high susceptibility to clearance by liver
enzymes [8].

Independently it was discovered that 2-substituted estrone sulfamates, a class of steroid sulfatase inhibitors were
antiproliferative towards cancer cells [9-11]. The cytotoxic properties of the sulfamates were similar to those seen in
2-methoxyestradiol. Numerous studies have been employed to identify the structure-activity relationships associated
with various derivatives of the 2-substituted estrone sulfamates. Among the most promising were 2-ethylestradiol-
3,17-0,0-bis-sulfamate (compound 14), 2-ethylestrone 3-O-sulfamate (compound 15), and 2-ethylestradiol 3-O-
sulfamate (compound 16) (Fig. 1)[12-14]. Compound 14 was shown to be a highly effective anti-proliferative agent
in vitro with a mean 50% growth inhibition concentration (Glso) of 0.018 uM across the National Cancer Institute’s
(NCI) 60 cancer cell line panel and in vivo in both breast and prostate cancer xenografted mice [12, 14]. Compound
15 also proved to be an effective anti-proliferative with a mean Glso of 0.014 pM in the NCI panel. Compound 16
was shown to have anti-angiogenic properties, was characterized in vitro with a mean Glsy of 0.016 puM in the NCI
panel, and demonstrated high bioavailability and growth inhibition in vivo with estrogen receptor negative breast
cancer xenografted mice [13]. The benefits of these sulfamated compounds lie in both their high oral bioavailability
and their capacity to circumvent first pass liver metabolism by reversibly attaching to carbonic anhydrase II in red
blood cells protecting it from clearance [15, 16].

Carbonic anhydrase (CA) is a zinc metalloenzyme that catalyzes the reversible interconversion of carbon
dioxide and water into bicarbonate and a proton. There are fourteen CA isoforms expressed in humans serving a
wide variety of functions including respiration, pH homeostasis, and fluid retention [17]. CA II is a cytoplasmic
isozyme expressed ubiquitously across most cell types including erythrocytes where it is essential for respiration.
CA IX is a membrane-bound CA normally only expressed in cells requiring high extracellular pH such as gastric

epithelial cells [18]. However in many cancers this protein is overexpressed during solid tumor growth, contributing



to the acidification of the microenvironment and leading to altered nutrient transport, disruption of cell contacts, and
the exclusion of some chemotherapeutic drugs [19]. For these reasons CA IX is a promising target for anti-cancer
therapy either through its inhibition or as a targeting mechanism for more cytotoxic drugs [20]. The difficulty lies in
designing a drug that is specific for CA IX as compared to the CA II. The active sites between the CA isoforms are
highly conserved. They both have a hydrophobic region for binding CO, and a hydrophilic region for proton
transport into the bulk solvent. There are only a few residues that differ making structure-based, isozyme-specific
drug design challenging.

This study assesses the effectiveness of the sulfamated estra- compounds in the context of CA II, as a
mechanism of liver metabolism bypass, and CA IX, as a means of targeting the anti-proliferative action of the
compounds to cancer cells. Because CA IX is difficult to produce in sufficient quantities for either kinetics or
crystallography, this study utilizes a CA IX mimic (a CA II active site double mutant A65S N67Q) characterized
previously [21]. Comparisons between the CA IX mimic and the recently determined structure of wt CA IX are
discussed [22]. Through X-ray crystallography and '*O exchange between CO, and water, inhibition by 14, 15, and
16 were characterized for both CA II and CA IX mimic. Characterization of 14 with CA II has been described
previously [23]. Kinetics show that 16 has nearly 12-fold higher affinity for CA II and crystallography indicates
significant structural differences between CA II and CA IX mimic in complex with either 15 or 16. A possible
mechanism for this isozyme specificity and the implications on further structure based drug design of CA inhibitors

are discussed.

Materials and Methods

Compound Synthesis- All compounds were synthesized by iThemba Pharmaceuticals (Modderfontein, Gauteng,
South Africa). Two-dimensional chemical structures and full names are described in Figure 1. A full accounting of
the synthetic steps is provided in Supplemental Information.

Protein Expression and Purification- CA 1l and CA IX mimic were prepared as described previously [21, 24].

Oxygen-18 Exchange - Inhibition constants (K;) of all compounds were determined by measurement of the
inhibition of the catalyzed exchange of '*O between CO, and water, measured by membrane-inlet mass spectrometry

as reviewed elsewhere [25]. Experiments were performed at 25°C in 0.1 M HEPES, pH7.4 and 10 mM total



carbonate concentration. Inhibitor concentrations ranged up to 8 uM and the data were processed using the
Henderson method for tight-binding inhibitors [26]. Experimental values can be found in Table 1.

Crystallization and Data Collection- Crystals of CA II and CA IX mimic complexed with the compounds were
obtained by co-crystallization using the hanging drop vapor diffusion method [27]. Crystallization conditions are as
follows: 5 ul of 15 mg ml” of protein and 5 ul of 1.4 M sodium citrate, 100 mM Tris-Cl, and 7.5 mM of compound
were suspended over 1 ml of 1.4 M sodium citrate and 100 mM Tris-Cl. The crystallization pH for compounds 15
and 16 was pH 8 and for 14 was pH 9. Crystals were soaked for 10 seconds in a cryo-protectant solution of 0.9 M
sodium citrate, 100 mM Tris-Cl pH 8, 20% glycerol. Initial structure solutions of CA II with 15 and 16 did not give
sufficient density for compound modeling. Additional crystals were soaked in a solution of 1 M sodium citrate, 50
mM Tris-Cl, pH 8, 20% glycerol and 10 mM of the compound. The crystals were flash-cooled to 100 K in a gas
nitrogen cryostream. Data was collected in house using a Rigaku RU-300 rotating copper anode generator (A=1.5418
A) on a R-AXIS IV++ image plates. The crystal-to-detector distance was 80 mm, with 1° oscillation width and 300 s
exposure times. The data was merged using HKL 2000 [28].

Structure Determination- All the crystal structures were determined by molecular replacement methods using
wt CA II (PDB code 2ili)[29]. The initial rigid body, individual coordinate and atomic displacement parameter
(ADP) refinement was performed in PHENIX refine [30]. F,-F. maps provided phase-unbiased electron density for
the respective bound inhibitors (Supplemental Fig. 1). The PRODRG server was used to generate coordinates and
restraints for inhibitor modeling [31]. Refinement continued with alternating rounds in PHENIX refine and manual
model building in COOT [30, 32]. Ordered solvent was added, as well as TLS refinement and riding hydrogens.
Refinement of the structures continued until the Rerys and Rg.e converged. The compound-enzyme interactions were
determined using LIGPLOT [33]. The PDB IDs, data, refinement, and final model statistics for the five novel
structures are given in Supplemental Table 1. Ligand-protein interactions are listed in Supplemental Table 2.

Energy Calculations- All binding energies were calculated using the PISA server [34]. The wt CA IX values
were derived by least-squares superposition of chain A of CA IX (PDB ID 3iai) onto either CA II or CA IX mimic.
The glycerol and acetazolamide from 3iai was removed and replaced by the superposed compound coordinates. AG

values in kcal/mol are listed in Table 1.



Results

Comparison Between wild-type CA IX and CA IX mimic. Recently the structure of wt CA IX in complex with
acetazolamide (AZM) was determined [22]. This provides the opportunity to assess the usefulness of the CA II
A65S N67Q mutant as a CA IX mimic. Structural superposition of the wt CA IX (PDB ID, 3iai) and the CA IX
mimic (PDB ID 3dc3) both complexed with AZM reveals that the location and environment of the AZM to be
similar (Figure 2A). The Zn*" to N1 and two Thr 199 hydrogen bonds are conserved between the two structures and
the distances are within 0.1 A of one another. The bonds to His 94 and water-mediated bond to Pro 201 are within
0.3 A of each other and the hydrophobic contacts with Val 121 and Leu 198 are nearly superimposable. However,
there is a slight plane displacement (~10°) in the AZM molecule between the wt and mimic structures. The
difference between the two structures can be attributed to two distinctive features. The first is the presence of
glycerol (GOL) in the wt structure. GOL binding appears to shift Gln 92 and Gln 67 away from the AZM molecule
and orients His 64 and Ser 65 into an outward conformation relative to the Zn>*. The second issue is the amino acid
at position 131. In CA IX this is a leucine, whereas in the mimic it is the CA II phenylalanine. The bulkier
phenylalanine provides an additional hydrophobic contact to AZM that is not present in the native protein. This may
account for the some of the discrepancy seen between mimic and wt inhibition values [21]. Though the K; of mimic
are similar to wt CA IX, interactions involving hydrophobic contacts with the Phe 131 are likely to be an
overestimation of the affinity.

Inhibition. Assays measuring the inhibition of '*O exchange catalyzed by CA II and CA IX mimic were
conducted on compounds 14, 15, and 16 (Table 1). It is of note that esterase inhibition assays of compound 14 were
performed with CA II previously with an inhibition constant of 230 + 60 nM [23]. However, this test measures the
steady-state inhibition of the esterase activity of CA and the current studies measure inhibition of carbon dioxide
interconversion with bicarbonate at chemical equilibrium. These very different methods yield somewhat different
values of inhibition constants.

Assays using '"O exchange were carried out to provide inhibition constants for analysis. Compound 14
produced very similar inhibition constants between CA II, 880 = 70 nM, and CA IX mimic, 680 = 40 nM.
Compound 15 had K;s of 440 = 50 nM for CA II and 590 £ 30 for CA IX mimic, revealing a small 34% decrease in
affinity. In contrast compound 16 showed the most distinctive isozyme specificity with a K; of 180 + 10 nM for CA

IT and 2100 £ 220 nM for the CA IX mimic, a nearly 12-fold difference.



Compound 14 Structural Comparisons. The structure of 14 in complex with CA II has been solved previously
(PDB ID 2x7t) [23]. Of note, the previously solved structure did not to adhere to CA II naming convention that skips
residue 126. For comparison purposes the numbering has been adjusted to conform to this standard (n+1 for all
residues 126 and above). As observed previously the 17-O-sulfamate (D-ring) preferentially binds the Zn*" over the
3-O-sulfamate. This may relate to an increase in conformational flexibility of the cyclopentane over the planar
benzene ring attached to 3-O-sulfamate or as suggested in Cozier et. al. the 2-ethyl substitution may disfavor the 3-
O-sulfamate coordinating to the Zn>" [23]. Between CA II and CA IX mimic the orientation of 14 in the active site is
nearly superimposable (Figure 2B, C, D and Supplemental Figure 1A). Both are coordinated to the Zn** and have
two hydrogen bonds to Thr 199, with values within 0.2 A of one another. They share hydrophobic contacts with Pro
202, Leu 198, Val 135, and Phe 131. Both have a weak interaction with His 94. There is also an alternate
conformation of His 64 in CA IX mimic with the inward conformation forming a hydrophobic contact. The 3-O-
sulfamate is also seen in a dual conformation in CA IX mimic

Compound 15 Structural Comparisons. There is a significant difference in the Zn*"-bound 15 complexed to CA
IT as compared to CA IX mimic (Figure 2B, C, E). The structure in CA IX mimic showed a clearly defined, zinc-
bound ligand that refined to an occupancy of 85% (Supplemental Figure 1C). Additionally another low occupancy
(58%) molecule of 15 was identified (Supplemental Figure 1D).

The density of 15 in CA II was less ordered. The experiment was repeated with 15 additionally added in the
cryoprotectant, improving the density enough for modeling at an occupancy of 60% with alternate water positions
coordinating with those observed in unbound CA II. Though the density is contoured at a low sigma, most of the
molecule can be seen clearly in an averaged kick map contoured to 0.8 ¢ (Supplemental Figure 1B) [35]. There was
also a GOL molecule located in the active site.

In the two structures the orientation of the sulfamate is similar, leading to similar distances in the Zn®'
coordination and the hydrogen bonds to Thr 199, His 96, and His 119. The main difference between binding in CA
IT and CA IX mimic is in the torsion angle orienting the sulfamate moiety to the A-ring. The nitrogen-sulfur-oxygen-
C3 torsion angle in the CA II structure is -157°; whereas in CA IX mimic it is 62°. In the CA II-15 complex the
inhibitor orients towards the hydrophobic region of the active site, forming van der Waals contacts with Val 121,
Phe 131, Leu 141, Leu 198, Pro 202, and the GOL. His 64 is seen in the dual conformation with the inward

coordinating to the GOL. In the CA IX mimic-15 complex, 15 orients towards the hydrophilic side, though the bulk



of the interactions are hydrophobic, including Asn 62, His 64, His 94, Phe 131, Leu 198, and Thr 200. The
orientation switch is most likely caused by a water-mediated hydrogen bond between the carbonyl O17 and Gln 67.
In CA II residue 67 is an asparagine, which is too short to coordinate to this O17. This bond is fairly strong in the
CA IX mimic with a distance of 2.9 A to the water and 2.7 A from the water to the Gln 67.

A second molecule of 15 is seen sitting on the exterior of the active site in the CA IX mimic-15 complex
(Figure 2E and Supplemental Figure 1D). It interacts end on, the D-ring engaged in hydrophobic contacts with the
D-ring of the Zn*"-bound 15. The O17 carbonyl engages in hydrogen bonds of 3.3 A with the inward conformation
of Gln 92 and 3.2 A with Gln 67. Additionally there is a water-mediated hydrogen bond to Gln 136. The estrone
backbone has van der Waals interactions with Pro 202, Ile 91, and Phe 131.

Compound 16 Structural Comparisons. Like 15, 16 has rather distinctive differences between the CA II and CA
IX mimic structures (Figure 2B, C, F and Supplemental Figure 1E and F). Once again the orientation of the
sulfamate is similar between the two structures, with the Zn*" coordination, the hydrogen bond with His 96, the two
hydrogen bonds to Thr 199, and the weak interaction with His 94. The difference in sulfamate/A-ring torsion angle
resembles 15 in the rotation. The nitrogen-sulfur-oxygen-C3 torsion angle is -178° in CA II and 66° in CA IX
mimic. CA II binds in the hydrophobic region engaged in van der Waals interactions with Val 121, Phe 131, Leu
141, Leu 198, Pro 202 and a GOL. Within the CA IX mimic 16 binds in the hydrophilic site, engaging in
hydrophobic contacts with Asn 62, Val 121, Phe 131, Leu 198, and Thr 200. It also contains a water-mediated
hydrogen bond between O17 hydroxyl and Gln 67. These hydrogen bond distances are longer than those seen in 15
with an O17 to water distance of 3.0 A and a water to GIn 67 distance of 3.3 A.

Binding Energy Comparisons. The crystal structures of the CA-compound complexes were input into the PISA
server to assess the binding energy of the molecules (Table 1) [34]. Unsurprisingly 14 showed little difference
between the CA II and CA IX mimic structures with values of -4.2 and -3.2 kcal/mol respectively. Despite the
different orientations of 15 the AG was -2 kcal/mol for CA II and -2.6 for CA IX mimic, consistent with the similar
inhibition constants between the two. Also supporting the inhibition data, 16 showed a large difference with CA II
having a binding energy of -4 kcal/mol as compared to the CA IX mimic, which was -1.2 kcal/mol.

Additionally each of the compound complexes were least squares superposed onto the structure of wt CA IX
and the resultant wtCAIX — complex input into the PISA server to identify whether the CA IX mimic data was

consistent. Predictably the wt CA IX modeled with 14 in the CA II and CA IX mimic conformations was nearly



identical at -3.6 and -3.7 kcal/mol. Wt CA IX modeled with 15 resulted in a binding energy of -2.9 kcal/mol for the
CA 1I orientation and -2.5 kcal/mol for the mimic. 16 in the CA II orientation was calculated to have an energy of -

2.8 kcal/mol while the mimic orientation produced a value of -1.9 kcal/mol.

Discussion

When the inhibition data are correlated with the structures a pattern emerges. The identical orientation of 14 in
both the CA I and CA IX mimic probably relates to the free 3-O-sulfamate that extents far outside of the active site
into the bulk solvent forming no meaningful interactions. This primary mode of interaction is the coordination of the
sulfamate to Zn*" and between the estrone backbone to the hydrophobic part of the active site (Figure 2B & C). The
ligand is oriented away from residues 65 and 67 therefore not conferring any significant isozyme specificity. This is
reflected by the negligible difference between the K; of 14 in the CA II and in the CA IX mimic as well as the nearly
identical binding energies.

The differences seen in the structures of CA II and CA IX mimic complexed with compounds 15 and 16 show
potential for the design of isozyme specific drugs. The orientations of both compounds seem to relate to a water-
mediated hydrogen bond between O17 and the Gln 67 in CA IX mimic (Figure 2B and C). Reorienting the
compound from the hydrophobic region of the active site into the hydrophilic region reduces the number of contacts
along the estrone backbone, and instead makes van der Waals interactions with polar residues. In 15 the shift seen in
CA IX mimic is counterbalanced by an additional hydrophobic contact and the tight water-mediated hydrogen bond.
This results in a relatively insignificant affinity preference for CA II over CA IX mimic demonstrated by the small
difference in the K; as well as the small difference in binding energy. This second 15 molecule of the 15-CA IX
mimic complex shares a direct interaction with Gln 67 that may play a role in the inhibition mechanism, but given
its low occupancy any conclusion would be speculation. With compound 16, the hydrophobic to hydrophilic
transition in CA IX mimic induces the loss of one van der Waals interaction. Of the five such interactions remaining
two are with polar residues (Thr 200 and Asn 62). The longer water-mediated hydrogen bond to Gln 67 fails to
compensate for this large shift in environment. These observations therefore present an explaination for the 12-fold
reduction in the affinity of compound 16 for CA IX mimic as compared to CA II and the estimated 2.8 kcal/mol

difference in the binding energy.



The accuracy of CA IX mimic as a model of wt CA IX is also reinforced by the binding energy calculations of
the wt CA IX model with the compounds in their respective CA II and CA IX orientations (Table 1). The values of
wt CA IX with the compounds in the CA IX mimic orientations were reasonable consistent with the CA IX mimic
values within reasonable error. This indicates that the orientations seen in CA IX mimic are likely applicable to wt
CA IX structure.

This discernable difference in affinity reinforces the feasibility of developing an effective and isozyme-specific
CA inhibitor, though in this case the specificity is for CA II rather than the anti-cancer target CA IX. That a single
water-mediated hydrogen bond can confer a pronounced change in K; strengthens the assertion that water should be
a consideration in structure-based drug design. Conceivably an inhibitor of similar length with more hydrophilic
properties along the backbone could achieve a highly desired, CA IX specific inhibitor that could be used to combat

solid tumor growth in numerous cancers.
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Figure Legend

Figure 1 2-ethylestra compound formulas and names. Letters indicate ring designations.

Figure 2 Structural comparisons between wt CA IX, CA IX mimic and CA 1II. (A) Superposition of wt CA IX (PDB
ID 3iai) and CA IX mimic (PDB ID 3dc3) in complex with AZM. AZM is represented by lines; side chains by
sticks. Coloring scheme is as follows: wt CA IX carbons, light blue; CA IX mimic carbons, yellow; oxygen, red;
nitrogen, blue; and sulfur, gold. The large gray spheres represent Zn>*. Waters are small spheres colored the same as
their respective carbons. The orientation of compounds 14, 15, and 16 in a surface rendering of the CA II (B) and
the CA IX mimic (C) active sites. Hydrophobic regions are colored purple, hydrophilic regions are blue. Stick
coloring is as follows: CA-14 complex carbons are colored magenta; CA-15 complex carbons, yellow; CA-16
complex carbons are teal. Oxygen, nitrogen, sulfur, water, and zinc are colored as described in (A). Stereo image of
(D) 14, (E) 15, and (F) 16 active site superpositions with interacting residues shown as sticks. Residues are colored
as follows: carbons from the CA II complex, light blue; carbons from the CA IX mimic complex, orange; oxygens,
red; nitrogens, dark blue; sulfur, gold. Zn>" is represented by a large gray sphere. Small spheres colored the same as

their respective carbons represent waters. Figure generated in Pymol [36].
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Table 1 Experimental inhibition constants and theoretical energy calculations of CA-compound complexes.

Complex K; (nM) AG (kcal/mol)
CAII-14 880 + 70 -4.2
CA IX mimic - 14 680 + 40 -3.2
CA IX:" CA1I-14 n/a’ -3.6
CA IX: CA IX mimic-14 n/a -3.7
CAII-15 440 £ 50 -2
CA IX mimic — 15 590 + 30 -2.6
CAIX: CAII-15 n/a -2.9
CA IX: CA IX mimic-15 n/a 2.5
CAII-16 180 £ 10 -4
CA IX mimic — 16 2100 £220 -1.2
CAIX: CAII-16 n/a -2.8
CA IX: CA IX mimic-16 n/a -1.9

*CA IX values are obtained the insertion of compound coordinates from the least-squares superposition of wt-CA IX
(PDB ID 3iai chain A) onto the coordinates of the respective complex.
PExperimental inhibition constants are not available
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14: 2-Ethylestradiol-3.17-0,0-bis-sulfamate

15: 2-Ethylestrone-3-0-sulfamate
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16: 2-Ethylestradiol-3-0-sulfamate
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Fig. (1). 2-ethylestra compound formulas and names. Letters indicate ring designations.



Fig. (2). Structural comparisons between wt CA IX, CA IX mimic and CA IL (A) Superposition of wt CA IX (PDB ID 3iai) and
CA IX mimic (PDB ID 3dc3) in complex with AZM. AZM is represented by lines; side chains by sticks. Coloring scheme is as
follows: wt CA IX carbons, light blue; CA IX mimic carbons, yellow; oxygen, red; nitrogen, blue; and sulfur, gold. The large
gray spheres represent Zn2+. Waters are small spheres colored the same as their respective carbons. The orientation of compounds



14, 15, and 16 in a surface rendering of the CA II (B) and the CA IX mimic (C) active sites. Hydrophobic regions are colored
purple, hydrophilic regions are blue. Stick coloring is as follows: CA-14 complex carbons are colored magenta; CA-15 complex
carbons, yellow; CA-16 complex carbons are teal. Oxygen, nitrogen, sulfur, water, and zinc are colored as described in (A).
Stereo image of (D) 14, (E) 15, and (F) 16 active site superpositions with interacting residues shown as sticks. Residues are
colored as follows: carbons from the CA II complex, light blue; carbons from the CA IX mimic complex, orange; oxygens, red;
nitrogens, dark blue; sulfur, gold. Zn2+ is represented by a large gray sphere. Small spheres colored the same as their respective
carbons represent waters. Figure generated in Pymol [36].



Supplemental Information

Chemical Synthesis

All chemicals were purchased from Aldrich Chemical Co. Organic solvents of A.R. grade were
used as supplied. Anhydrous N, N-dimethylformamide and N, N-dimethylacetamide were purchased from
Aldrich and stored under a positive pressure of N, after use. Tetrahydrofuran was distilled from sodium.
Sulfamoyl chloride was prepared by an adaptation of the method of Appel and Berger and stored in a
tightly sealed container in the fridge (1). Chromatography was performed on silica gel (70-230 mesh,
Macherey Nagel). Thin layer chromatography was performed on Alugram® SIL G/UV;s4 aluminium
backed plates (Macherey Nagel). Products were visualized with basic potassium permanganate solution.
'H NMR spectra were recorded in deuterated chloroform solution (unless otherwise indicated) with a
Varian 400 NMR spectrometer at 400 MHz. Chemical shifts are reported in parts per million (ppm, d)
relative to tetramethylsilane (TMS) as an internal standard. The chemical formula for intermediate
compounds 1, 2, 3, 4, 5, and 13 are described in Supplemental Fig. 2 and for compounds 14, 15, and 16
are in Fig. 1.

17,17-Ethylenedioxy Estrone. 17,17-Ethylenedioxy estrone was synthesized according to a
literature procedure (2). A suspension of estrone (27.24 g, 101 mmol), toluene (300 cm®), ethylene glycol
(30.00 cm’®, 592 mmol) and p-toluenesulfonic acid (0.250 g, 1.45 mmol) was refluxed for 16 hours under
Dean-Stark conditions. About 2.20 ml of water was collected. The purple reaction mixture was cooled to
ambient temperature and poured onto a saturated solution of sodium hydrogen carbonate (300 cm’) and
diluted with ethyl acetate (500 cm®). The organic layer was separated and the aqueous layer was extracted
with additional ethyl acetate (200 cm’). The combined organic extract was washed with water (400 cm®)
and brine (400 cm”). The yellow organic extract was dried over sodium sulfate, filtered and evaporated to
give crude compound 2 (31.5 g, 100 mmol, 99% yield) as an off-white solid which was used without
further purification. An analytical sample was prepared by recrystallization from methanol: 'H NMR (400
MHz, CDCl;)d 7.14 (d, J= 8.4 Hz, 1H), 6.61 (dd, J=2.7, 8.4 Hz, 1H), 6.55 (d, /= 2.7 Hz, 1H), 5.10 (s,
1H), 4.00-3.84 (m, 4H), 2.91-2.70 (m, 2H), 2.40-1.20 (m, 13H), 0.88 (s, 1H). The NMR data matched
those in the literature (2).

Compound 3. Compound 3 was synthesized according to a literature procedure (2). Sodium
hydride (60% dispersion in oil, 5.72 g, 143 mmol) was added in a portionwise manner to a stirred 0°C
solution of compound 2 (30.0 g, 95 mmol) in anhydrous N, N-dimethylformamide (420 cm®). The cooling
bath was removed and stirring was continued at ambient temperature until the evolution of hydrogen had
ceased. This took about 4 hours. The orange reaction mixture was recooled to 0°C and methyl
chloromethyl ether (14.50 cm’, 191 mmol) was cautiously added dropwise. Upon complete addition, the
cooling bath was removed and the milky reaction mixture was allowed to stir at ambient temperature for
16 hours. Ammonia (2 M, 180 cm’) was cautiously added to destroy excess methyl chloromethyl ether
and sodium hydride. The aqueous reaction mixture was extracted once with ethyl acetate (850 cm’) and
the organic extract was washed with brine (5 x 300 cm®). The organic extract was dried over sodium
sulfate, filtered and evaporated to give an oil. Column chromatography (10% ethyl acetate/hexane)
afforded compound 3 (28.12 g, 78 mmol, 82% yield) as a viscous colourless oil that solidified on
standing: R;0.54 (9:1 hexane/ethyl acetate). '"H NMR (400 MHz, CDC/;) d 7.20 (d, J = 8.5 Hz, 1H), 6.82
(dd, J=2.7,8.5Hz, 1H), 6.76 (d, J = 2.7 Hz, 1H), 5.13 (s, 1H), 4.02-3.84 (m, 4H), 3.47 (s, 3H), 2.90-
2.77 (m, 2H), 2.40-2.17 (m, 2H), 2.10-1.20 (m, 11H), 0.88 (s, 3H). The NMR data matched those in the
literature (2).

Compound 4. Compound 4 was synthesized according to a modified literature procedure (2). A
well-stirred solution of tetramethylethylenediamine (20.00 cm’, 133 mmol) in dry tetrahydrofuran (210
cm’) was cooled to —78°C and then treated with n-butyllithium (1.6 M, 80.00 cm’, 128 mmol) over 10
minutes. The reaction mixture was stirred at that temperature for an additional 15 minutes. Compound 3
(15.01 g, 41.9 mmol) in dry tetrahydrofuran (210 cm’) was added by way of canula over 10 minutes. The
reaction mixture was allowed to gradually warm to 0°C. This took about 6 hours. The reaction mixture



was maintained at this temperature for an additional 30 minutes and then allowed to stir at ambient
temperature for 15 minutes. The reaction mixture was re-cooled to —78°C and iodoethane (10 cm’, 124
mmol) was added over 5 minutes. The reaction mixture was allowed to warm to ambient temperature over
2 hours and then carefully quenched with a saturated solution of aqueous ammonium chloride (50 cm®).
The aqueous reaction mixture was diluted with ethyl acetate (1000 cm’) and water (50 cm”) and the
organic phase was separated. The organic extract was washed with an aqueous solution of sodium
thiosulphite (10% m/v, 200 cm’), more water (2 x 100 cm’) and finally with brine (100 cm’). The organic
extract was dried over sodium sulfate, filtered and evaporated to give a pale yellow oil (17.02 g). Two
column chromatographic (2.5% ethyl acetate/hexane) purifications afforded compound 4 (7.00 g, 18.1
mmol, 43% yield) as a viscous colourless oil. An analytical sample was recrystallized from methanol: R,
0.10 (97.5:2.5 hexane/ethyl acetate). 'H NMR (400 MHz, CDCl5) d 7.08 (s, 1H), 6.78 (s, 1H), 5.16 (s,
2H), 4.02-3.82 (m, 4H), 3.48 (s, 3H), 2.92-2.73 (m, 2H), 2.62 (q, J = 7.4 Hz, 2H), 2.41-2.16 (m, 2H),
2.10-1.95 (m, 1H), 1.94-1.70 (m, 4H), 1.70-1.28 (m, 6H), 1.19 (t, J = 7.5 Hz, 3H), 0.88 (s, 3H). The
NMR data matched those in the literature (2). Further elution of the column afforded starting material
(8.00 g, 22.3 mmol, 53% recovery).

Compound 5. Compound 5 was synthesized according to a literature procedure (2). Methanol (68
cm’) was cooled to 0°C and cautiously treated with acetyl chloride (24 cm’) and stirred for 10 minutes
under nitrogen. The methanolic HCI solution was then added to a slurry of compound 4 (5.000 g, 12.94
mmol) in methanol (32 cm’) and stirred for 1 hour until all the solids had dissolved. Water (100 cm®) was
added slowly, and the reaction mixture was cooled in an ice-bath causing precipitation of the product as a
white powder which was collected by filtration and washed with water (2 x 50 cm®). The solid was air-
dried under suction for 2 hours before being further dried under high-vacuum for 1 hour to afford
compound 5 (3.750 g, 12.57 mmol, 97% yield) as a fluffy white solid. An analytical sample was
recrystallized from methanol: R, 0.55 (1:2 hexane/ethyl acetate). 'H NMR (400 MHz, CDCl;) d 7.05 (s,
1H), 6.52 (s, 1H), 4.63 (s, 1H), 2.88-2.79 (m, 2H), 2.60 (q, J = 7.6 Hz, 2H), 2.56-2.37 (m, 2H), 2.29-1.91
(m, 5H), 1.72-1.34 (m, 6H), 1.22 (t, J = 7.6 Hz, 3H), 0.91 (s, 3H). The NMR data matched those in the
literature (2).

Compound 13. Compound 5 (0.300 g, 1.00 mmol) was added to a solution of water/
tetrahydrofuran/ ethanol (1:1:1, 30 cm®) and stirred at 0°C. Sodium borohydride (0.076 g, 2.01 mmol) was
added in one portion. Stirring was continued for 16 hours. Excess sodium borohydride was decomposed
with acetic acid (1.00 cm’), the solvent evaporated, and the residue extracted with ethyl acetate (10 cm?).
The organic extract was washed with water (5 cm’) and brine (5 cm’). The organic extract was dried over
sodium sulfate and evaporated to give a white powder. The powder was recrystallized from diethyl
ether/hexane to give compound 13 (0.280 g, 0.93 mmol, 93% yield) as a fluffy white powder: 'H NMR
(400 MHz, CDCl;)) d 7.05 (s, 1H), 6.49 (s, 1H), 4.59 (s, 1H), 3.73 (t, J = 8.5 Hz, 1H), 2.87-2.70 (m, 2H),
2.59 (g, J = 7.5 Hz, 2H), 2.40-2.28 (m, 1H), 2.24-2.05 (m, 2H), 1.99-1.92 (m, 1H), 1.91-1.81 (m, 1H),
1.76-1.62 (m, 1H), 1.56-1.19 (m, 11H, containing t, /= 7.5 Hz, 3H), 0.78 (s, 3H).

Compound 14. Sulfamoyl chloride (0.231 g, 2.00 mmol) was added to an ice-cold solution of
compound 13 (0.100 g, 0.33 mmol) in N, N-dimethylacetamide (5.00 cm’). The reaction was allowed to
warm to ambient temperature overnight. Cold brine (5 cm®) was added and the aqueous reaction mixture
was extracted with ethyl acetate (3 x 20 cm®). The organic layer was dried over sodium sulfate, filtered
and evaporated to to give a yellow solid. Column chromatography (10% acetone/chloroform) followed by
trituration with chloroform/hexane mixtures afforded compound 14 (0.065 g, 0.14 mmol, 43% yield) as
an off-white solid. The solid was stored in the freezer when not in use: R,0.10 (1:9 acetone/chloroform).
'H NMR (400 MHz, ds-DMSO) d 7.71 (br s, 2H), 7.17 (br s, 2H), 7.16 (s, 1H), 7.06 (s, 1H), 4.39 (dd, J =
7.0, 9.0 Hz, 1H), 2.86-2.77 (m, 2H), 2.67 (q, J = 7.5 Hz, 2H), 2.44-2.14 (m, 3H), 2.07-1.98 (m, 1H), 1.94-
1.85 (m, 1H), 1.82-1.71 (m, 2H), 1.51-1.13 (m, 9H, containing t, /= 7.5 Hz, 3H), 0.82 (s, 3H).

Compound 15. Synthesized according to a literature procedure (2). Sulfamoyl chloride (0.347 g,
3.00 mmol) was added to an ice-cold solution of compound 5 (0.300 g, 1.00 mmol) in N, N-
dimethylacetamide (1.50 cm®). The reaction was allowed to warm to ambient temperature overnight.
Ethyl acetate (25 cm’) and water (25 cm®) were added, and the organic layer was separated and washed



with additional water (4 x 25 cm®) and brine (25 cm’). The organic extract was dried over sodium sulfate,
filtered and evaporated to give a yellow oil. Column chromatography (10% acetone/chloroform) afforded
compound 15 (0.300 g, 0.80 mmol, 79% yield) as a white powder. The solid was stored in the freezer
when not in use: R;0.4 (1:9 acetone/chloroform). 'H NMR (400 MHz, CDCl;) d 7.20 (s, 1H), 7.11 (s,
1H), 4.93 (s, 2H), 2.95-2.85 (m, 2H), 2.70 (q, J = 7.6 Hz, 2H), 2.56-2.38 (m, 2H), 2.34-2.22 (m, 1H),
2.22-1.91 (m, 4H), 1.70-1.37 (m, 6H), 1.22 (t, J = 7.6 Hz, 3H), 0.91 (s, 3H). The NMR data matched
those in the literature (2).

Compound 16. Synthesized according to a literature procedure (2). To a solution of compound 15
(0.150 g, 0.40 mmol) in tetrahydrofuran (2.5 cm®) and 2-propanol (10 cm®) was added sodium
borohydride (0.030 g, 0.79 mmol) in a portionwise manner. The reaction was stirred at ambient
temperature for 2 hours. A saturated solution of ammonium chloride (1.50 cm®) was carefully added to
the reaction mixture and the aqueous reaction mixture was left to stand overnight. Water (30 cm®) was
added and the aqueous reaction mixture was extracted with ethyl acetate (2 x 50 cm®). The organic extract
was washed with water (20 cm®) and brine (20 cm’). The organic extract was dried over sodium sulfate,
filtered and evaporated to give a yellow solid. Column chromatography (20% ethyl acetate/hexane)
afforded compound 16 (0.137 g, 0.36 mmol, 91% yield) as a white solid. The solid was stored in the
freezer when not in use: R;0.40 (3:2 hexane/ethyl acetate). 'H NMR (400 MHz, CDCl; + 2 drops ds-
DMSO) d 7.18 (s, 1H), 7.10 (s, 1H), 6.63 (brs, 2H), 3.83-3.62 (m, 1H), 2.83 (dd, J = 4.1, 8.8 Hz, 2H),
2.71 (q,J = 7.5 Hz, 2H), 2.53 (d, J = 5.60 Hz, 1H), 2.38-2.29 (m, 1H), 2.25-2.04 (m, 2H), 1.98 (td, J =
3.3,12.6 Hz, 1H), 1.93-1.84 (m, 1H), 1.75-1.63 (m, 1H), 1.56-1.16 (m, 11H containing t, /= 7.5 Hz, 3H),
0.77 (s, 3H). The NMR data matched those in the literature (2).



Supplemental Table 1. Data and refinement statistics.

Data Statistics 14 - CA IX mimic 15-CA 1l 15 - CA IX mimic 16 - CA Il 16 - CA IX mimic
Space Group P2, P2, P2, P2, P2,
Unit-cell parameters (A,°) a=42.2 a=42.2 a=423 a=42.2 a=42.1
b=413 b=41.2 b=413 b=41.2 b=413
c=722 c=7L5 c=724 c=713 c=71.6
f=104.3 B=104.1 f=104.3 B =104.0 B=104.1
Resolution (A) 25.3-1.5(1.55-1.5)" 23.1-1.45(1.5-1.45) 28.7-1.45(1.5-1.45) 23.8-1.45(1.5-1.45) 23.1-1.5(1.55-1.50)
Roym” 0.057 (0.39) 0.055 (0.21) 0.051 (0.181) 0.048 (0.25) 0.025 (0.090)
I/l 25.9 (4.0) 28.4 (6.0) 28.5(8.0) 29.8 (4.5) 48.3 (14.7)
Number of Unique Reflections 35886 40524 40167 39564 36899
Redundancy 5.1 (4.8) 4.7 (3.5) 5.8 (4.5) 4.4 (3.5) 3.6(3.4)
Completeness (%) 93.5 (89.3) 95.3 (80.3) 94.0 (76.9) 94.1 (77.9) 95.9 (91.1)
Refinement Statistics
Reryst/Riiec” (%) 12.9/16.3 14.2/15.9 13.2/14.7 13.4/17.0 13.7/17.4
Non-H atoms
Protein 2256 2245 2293 2246 2235
Solvent / Other 374 /42 359/37 389/57 336/37 388 /27
Root mean square deviation
Bond lengths (A) 0.012 0.009 0.009 0.013 0.012
Angles(°) 1.56 1.40 1.38 1.67 1.50
Average B factors (A?)
Main chain /side chain 12.5/16.7 15.6/19.8 12.7/16.7 17.2/20.4 14.4/18.6
Solvent / inhibitor 15.8/31.3 29.8/254 279/21.8 31.0/17.1 29.2/184
Ramachandran statistics (%)
Most favored 96.9 97.2 96.3 96.3 96.9
Allowed 3.1 2.8 3.7 3.7 3.1
Outliers 0 0 0 0 0
PDB-ID 3oik 3oku 3okv 30im 3oil

*Values in parenthesis are for highest resolution shell.
PR gym=(Z[I-<I>|/Z<I>)x100.
cRcryst:(Z‘FobsHFc‘/z‘FObSDX 100.

R e is calculated the same as Rerysi, €xcept it uses 5% of reflection data omitted from refinement.



Supplemental Table 2. Interaction Table. Distances in A listed in parenthesis.

Compound CAll CA IX mimic
(PDB ligand
code)
14 (WZB) *PHB: T199 (2.6 + 3.0), H94 (3.3) HB: T199 (3.0 +2.8), Zn* (1.9)
Zn*" 2.1 HC: H94, P202, L198, V135, F131,
‘HC: P202, 1198, V135, F131 Hé64
YTCA: 3330 A? TCA: 3456 A’
15 (VZ4) HB: T199 (2.9), H96 (3.3), H119 Molecule I -
(3.3), Zn*" (2.0) HB: T199 (2.74), H96 (3.3), H119
HC: P202, L198, F131, L141, V121, (3.3), (wm), Zn*" (2.0)
‘GOL HC: T200, L198, H64, N62, F131,
TCA: 3423 A’ H94, VZ4 molecule 2
TCA: 3364 A’
Molecule 2 —
HB: Q92 (3.3), G132 (wm), Q136
(wm), Q67 (3.2)
HC: P202, L204, 191, F131, VZ4
molecule 1
TCA: 3393 A’
16 (VZ5) HB: H96 (3.3), T199 (2.8 + 3.0), HB: T199 (3.0 + 2.8), H96 (3.3), H94

Zn** (2.0)

HC: L198, H94, V121, L141, F131,
P202, GOL

TCA: 3428 A’

(3.3), Q67 (wm), Zn*" (2.0)
HC: T200, L198, F131, V121, N62
TCA: 3449 A

"Numbering changed for consistency to CA II convention. For residues greater than 126 subtract 1 for the
residue number in the PDB

HB — hydrogen bond

‘HC — hydrophobic contact

TCA — total contact area in A’, as calculated by ArealMol in CCP4i (3).

‘GOL - glycerol present in active site

f(wm) — water-mediated hydrogen bond



‘\ J/g

a GOL - °N62
199
R "{0 %
‘ T2 Hé4

Supplemental Fig. 1. Electron density maps of compounds 14, 15, and 16. All maps are 2F,-F. averaged
kick maps (4). Coloring is as follows: carbons from CA II complex, light blue; carbons from CA IX
mimic complex, orange; oxygens, red; nitrogens, dark blue, sulfur gold. Zinc is represented by a large
gray sphere. Small spheres colored the same as their respective carbons represent waters. (A) 14
complexed with CA IX mimic contoured to 1.2c. (B) 15 complexed with CA II contoured to 0.8c, (C) 15
molecule 1 complexed with CA IX mimic contoured to 0.8¢ (D) 15 molecule 2 complexed with CA IX
mimic contoured to 0.8c. (E) 16 complexed with CA II contoured to 1.0c. (F) 16 complexed with CA IX

mimic contoured to 1.0c. Figure generated in Pymol (5).
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Supplemental Fig. 2: Chemical formulas of intermediate synthetic compounds.
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