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Sweet Binders: Carbonic Anhydrase IX in Complex with Sucralose
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ABSTRACT: Carbonic anhydrase IX (CA IX) expression is important for the
regulation of pH in hypoxic tumors and is emerging as a therapeutic target for the
treatment of various cancers. Recent studies have demonstrated the selectivity of
sucrose, saccharin, and acesulfame potassium for CA IX over other CA isoforms.
Reported here is the X-ray crystal structure of CA IX-mimic in complex with
sucralose determined to ~1.5 A resolution. Furthermore, this structure is
compared to the aforementioned sweetener/carbohydrate structural studies in
order to determine active site properties of CA IX that promote selective binding.
This structural analysis provides a further understanding of CA IX isoform specific
inhibition to facilitate the design of new inhibitors and anticancer drugs.
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olid tumors often exhibit an acidic tumor microenviron- obesity.”' ~>* CAs are classically inhibited by sulfonamide-based

ment that can be attributed in part to hypoxia." Hypoxia is compounds (SO,NH,) that bind directly to the active site zinc,
predominantly characterized by a low level of oxygen diffusion displacing a zinc-bound solvent (ZBS) that is essential for
due to the development of abnormal vasculature in response to catalysis.” However, there are 15 CA isoforms expressed in
tumor growth.” Subsequently, rapidly proliferating cells under- humans that share structural homology within the active site.
go a metabolic switch from oxidative phosphorylation to Therefore, many of the current clinically administered CA
anaerobic glycolysis, termed the Warburg effect. This inhibitors (CAlIs) bind multiple isoforms nonspecifically, thus
phenomenon results in an increased production of lactic acid decreasing the bioavailability of the compounds.”*”” Con-
that is subsequently exported from the cell, decreasing the sequently, nonclassical CAls are being sought to identify new
extracellular pH.> While healthy cells are unable to thrive in classes of compounds that selectively inhibit CA IX.”*
these unfavorable conditions, neoplastic cells adapt in order to Recent studies of nonclassical CAls have identified classes of
grow and proliferate.4 Hypoxic conditions induce the compounds, such as carboxylic acids, diols, and coumarins, that
expression of genes regulated by hypoxia inducible factor 1 inhibit CA activity by anchoring through the ZBS or occluding
(HIF-1), such as carbonic anhydrase IX (CA IX).”° CAIX is an the entrance of the active site.”*>° These binding modes
isoform from a family of zinc metalloenzymes that catalyze the increase the probability of forming interactions with isoform
interconversion of carbon dioxide and water to bicarbonate and specific residues, potentially increasing the selectivity of such
a proton.”® In healthy tissue, CA IX expression is limited to the compounds for CA IX. Several recent studies have also
GI tract; however, overexpression of this isozyme has been indicated artificial sweetener- and carbohydrate-based inhibitors
observed in several aggressive cancers, including breast as promising lead compounds for selective CA IX inhibition,
cancer.””'" The catalytic activity of CA IX produces incl;lldigg sucrose, saccharin, and acesulfame potassium (Ace
bicarbonate that can act as a buffer in the surrounding K).” ™" Such compounds have been observed to exhibit
microenvironment or be transported into the cell to maintain multiple binding modes binding directly to zinc, anchoring to
intracellular pH.">* CA IX has therefore been recognized as a ZBS, and binding to the entrance of the active site. This class of
biomarker and therapeutic target for the development of CAls is attractive for drug development since these sweeteners
potential breast cancer treatments due to its role in tumori- have already been approved for safe human consumption (Title

genesis.’>'5"1® Previous mouse studies have shown the 21 US Code of Federal Regulations (CFR) Sec. 172.800 (Ace
therapeutic benefits of CA IX inhibition in relation to decreased

tumor volume and prolonged survival.'>'**° Received: February 28, 2018
CAs have been the target of drug development for several Accepted: May 10, 2018
disorders including glaucoma, altitude sickness, epilepsy, and Published: May 10, 2018
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K) and 180.37 (saccharin)). Therefore, other sugars and
sweeteners are being studied to identify pharmacophores to use
in the design of isoform specific inhibitors.

Here, the X-ray crystal structure of CA IX-mimic in complex
with sucralose is presented at ~1.5 A resolution and compared
to the binding of aforementioned sweeteners/carbohydrates to
identify interactions within the CA IX active site that promote
preferential binding. This structural analysis provides an
understanding of CA IX isoform specific inhibition for the
design of new anticancer drugs.

The sucralose binding site was identified using X-ray
crystallography. CA IX-mimic crystals soaked in 1 M sucralose
diffracted to 1.5 A resolution (crystallography statistics in
Supplementary Table 1). Unambiguous electron density in the
initial Fo—Fc omit map was observed for sucralose at the
entrance of the active site (Figure 1). Sucralose binding is
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Figure 1. Sucralose binding site in CA IX-mimic. The 2Fo—Fc
electron density map is contoured to o = 0.8. Hydrogen bonds are
shown as black dashes with lengths in Angstroms.

primarily stabilized through hydrogen bonds with residues on
the hydrophilic side of the active site. The only direct side chain
hydrogen bond was observed between the C3 hydroxyl of the
fructofuranose moiety and Q92 (3.2 A). Additionally, several
other hydrogen bonds are observed between hydroxyl groups
of sucralose and solvent molecules in the active site, which
further bridge to residues Q67 and T200. Sucralose is also
stabilized by van der Waals interactions with residues on the
hydrophobic side of the active site, including L91, V121, V131,
and L141 (Figure 1). The CO, substrate binding site was not
impeded, and the proton wire was conserved in the presence of
sucralose binding. Therefore, inhibition is most likely a result of
obstruction of the hydrophobic side of the active site, inhibiting
the access of CO, to the catalytic zinc. In the presence of
sucralose, there is still a small opening of ~6 A on the
hydrophilic side of the active site entrance, but due to the
hydrophobic nature of CO,, it is energetically unlikely that it
would enter through this opening (Figure 2A).
To further annotate the binding mode of sucralose, it was
compared to the previously published structures of CA IX-
mimic in complex with other sweeteners, including sucrose,
saccharin, and ace K (Figure 3). #1733 These sweeteners cover
an interface surface area of 200—300 A* within the active site,
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Figure 2. Surface representation of CA IX-mimic illustrating the CO,
substrate pathway to the active site. (A) Bound sucralose (pink) and
(B) sucrose (yellow) are represented as spheres. The size of each
sphere is representative of the van der Waals radii of that atom.
Proposed CO, pathways are indicated by gray arrows.
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Figure 3. Sweetener binding in CA IX-mimic. (A) Sucralose (pink),
(B) sucrose (yellow, PDB: 4YWP), (C) saccharin (green, PDB:
4RIV), and (D) ace K (blue, PDB: SWGP). Hydrogen bonds are
represented by black dashes (lengths given in Angstroms), and active
site residues are labeled.

with the compounds that bind at the entrance exhibiting a
larger buried surface area. Compounds that bind directly to the
zinc displace more water molecules, including three waters of
the proton wire (ZBS, DW, W1), and form fewer hydrogen
bonds in comparison to the disaccharides (Table 1). Not
surprisingly, sucralose binds in a s1rn11ar posmon to sucrose due
to their common chemical structures.”’ Sucralose is produced
by substituting chlorine atoms for hydroxyl groups at the C4
and C1, C6 positions of the glucopyranose and fructofuranose
rings in sucrose, respectively. ** Both compounds interact

Table 1. Sweetener Binding Properties

K (nM)
# waters # H-  interface surface
CAII CA X displaced  bonds area (A?)
sucralose 300 2200 3 N 300
sucrose >20000 >20000 N 6 260
saccharin 6000 100 6 4 200
ace K >20000 2400 6 3 180
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primarily through hydrogen bonding and do not displace the
solvent molecules of the proton wire. Additionally, both
sucralose and sucrose maintain van der Waal interactions
with residues in the hydrophobic cleft (Figure 3A,B).
Interestingly, sucralose inhibits CA IX activity (K; = 2 uM),
whereas sucrose does not. This difference in inhibitory
potential is most likely attributed to the aforementioned
chlorine atom substitutions. In comparison to sucrose binding,
the fructofuranose ring of sucralose is rotated nearly 180° and
shifted ~4—5 A toward the hydrophobic pocket (Figure 4).

Selective
1 Pocket

Figure 4. Overlay of sweeteners in complex with CA IX-mimic.
Sucralose (pink), sucrose (yellow), saccharin (green), and ace K
(blue) are shown as sticks. CA IX isoform unique residues are shaded
dark blue on the surface.

This conformational shift is likely caused by the increase in
bond length of C—Cl (1.8 A) in comparison to C—OH (1.4—
1.5 A), which induces rotation of the compound to prevent
steric clashes with active site residues. This reorientation also
allows the formation of interactions between hydrophobic
chloride ions of the fructofuranose ring and residues of the
hydrophobic pocket.*>*° These interactions are not observed in
sucrose binding, leaving an opening along the hydrophobic
pocket through which CO, could enter to initiate catalysis
(Figure 2B).

In contrast to sucralose and sucrose binding, saccharin and
ace K bind further into the CA IX active site and interact
directly with the zinc, inhibiting activity by displacement of the
ZBS (Figure 3C,D).**** Both saccharin and ace K are stabilized
through hydrogen bonds with conserved residues T199 and
T200. As fragmentation studies show that the most potent
inhibitors result from the combination of small molecules, the
combination of a cyclic sulfonamide (such as saccharin or ace
K) linked to a disaccharide (such as sucralose or sucrose) has
the potential to produce efficacious CA IX inhibitors. The
chemical linker would provide the spacial requirements to
optimize interactions with residues in the selective pocket of
the active site, improving selectivity for CA IX and preventing
off target inhibition of CA II. Such compounds would
simultaneously inhibit activity through two mechanisms-
displacing the ZBS essential for catalysis and occluding the
active site for substrate binding (Figure 4).
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In conclusion, the field of CA inhibition research is
expanding to include nonclassical/nonsulfonamide compounds.
New modes of binding have the potential to increase inhibitor
specificity for cancer associated CA IX by promoting
interactions with isoform unique residues located in the
selective pocket of the active site. Recent studies have identified
inhibitors with novel binding modes that anchor through the
zinc-bound water, block substrate entry into the active site, or
bind outside of the active site. Sweetener- and carbohydrate-
based compounds are now being studied due to their inhibitory
properties of CA activity. Further benefits of carbohydrate-
based compounds include properties of delivery and digestion.
Sweeteners are typically water-soluble but can also be modified
to ensure impermeability of the cell membrane, selecting for the
extracellular catalytic domain of CA IX and avoiding off-target
inhibition of cytosolic CAs. In addition, artificial carbohydrates
such as sucralose are not naturally digested and have therefore
been optimized for stability in the range of conditions and
temperatures experienced during digestion.

The insights gained from the structural comparisons of
saccharin, ace K, sucrose, and sucralose binding can be utilized
to rationalize structure-guided drug design of CA IX specific
inhibitors. The fructofuranose ring of a disaccharide was
confirmed to orient toward the active site and interact with
residues in the selective pocket, determining the specificity of
binding. A disaccharide can therefore be utilized as a lead
compound and the stereochemistry or composition of the six-
membered ring sugar altered to optimize hydrogen bonding
with isoform specific residues. Combining these compounds
with the sweeteners that bind directly to the catalytic zinc
demonstrate the potential to inhibit CA activity through two
simultaneous mechanisms. Therefore, carbohydrate-based
compounds provide a promising approach for the design of
CA IX specific inhibitors in the treatment of breast cancer.
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