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A B S T R A C T

Up-regulation of carbonic anhydrase IX (CA IX) expression is an indicator of metastasis and associated with poor
cancer patient prognosis. CA IX has emerged as a cancer drug target but development of isoform-specific in-
hibitors is challenging due to other highly conserved CA isoforms. In this study, a CA IXmimic construct was used
(CA II with seven point mutations introduced, to mimic CA IX active site) while maintaining CA II solubility that
make it amenable to crystallography. The structures of CA IXmimic unbound and in complex with saccharin (SAC)
and a saccharin-glucose conjugate (SGC) were determined using joint X-ray and neutron protein crystallography.
Previously, SAC and SGC have been shown to display CA isoform inhibitor selectivity in assays and X-ray crystal
structures failed to reveal the basis of this selectivity. Joint X-ray and neutron crystallographic studies have
shown active site residues, solvent, and H-bonding re-organization upon SAC and SGC binding. These ob-
servations highlighted the importance of residues 67 (Asn in CA II, Gln in CA IX) and 130 (Asp in CA II, Arg in CA
IX) in selective CA inhibitor targeting.

1. Introduction

Carbonic anhydrases (CAs) are zinc metalloenzymes that catalyze
the reversible hydration of carbon dioxide (CO2) to produce bicarbo-
nate (HCO3

−) and a proton (H+) (Silverman & McKenna, 2007). Hu-
mans encode 15 α-class CA isoforms (Supuran, 2016). For α-class CAs,
in the hydration reaction, CO2 enters the active site cavity and binds in
a hydrophobic pocket, displacing a water molecule (termed Deep Water
(DW)) in a side-on orientation and permitting nucleophilic attack by a
zinc-bound OH− (Domsic et al., 2008). As the resultant HCO3

− exits
the active site, a water molecule fills the vacant space and binds to the
zinc. For the next cycle of catalysis to occur, the zinc-bound water (ZW)
has to be deprotonated to form OH− with the H+ transferred out of the
active site. This proton transfer occurs via a H-bonded water network to
a proton shuttling residue (in most human CAs a histidine), positioned
on the edge of the active site. This histidine, in the protonated form,
rotates and “flips” conformation towards the bulk solvent, delivering

the H+ to the bulk solvent (Michalczyk et al., 2015; Mikulski et al.,
2013).

The membrane anchored CA IX (CA IX) is one of the 15 isoforms
expressed in humans and up-regulated by hypoxia in a broad range of
tumour cells, while in normal tissues its expression is low to none
(Wykoff et al., 2000; Pastorek & Pastorekova, 2015). Hence, the up-
regulation of CA IX is an indicator of metastasis and is associated with
poor patient survival, as indicated by a meta-analysis of over a hundred
independent studies (van Kuijk et al., 2016). The development of CA IX
specific compounds is therefore of interest to the medical field, in-
cluding ligands for use in tumour imaging, cancer detection, cancer
staging, and inhibitors as therapeutic drugs to target CA IX-positive
cancers (Pastorek & Pastorekova, 2015). CA IX is a multi-domain, gly-
cosylated, membrane protein that functions as a homodimer. It contains
an extra-cellular proteoglycan-like domain and a catalytic domain,
which are anchored to the cell surface via a trans-membrane domain
that connects to an intracellular C-terminal domain (Alterio et al.,
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2009). The high degree of structural homology and sequence simila-
rities within the active sites of the human CA isoforms makes the design
and development of selective CA inhibitors (CAIs) challenging
(Aggarwal et al., 2013; Alterio et al., 2012). To facilitate crystal-
lographic studies of ligand binding to CA IX, a mimic to recapitulate the
active site environment of CA IX was constructed based on CA II se-
quence differences. This construct termed CA IXmimic is used in the work
reported here. The mutations introduced to CA II to “mimic” the CA IX
active site were as follows: Ala65Ser, Asn67Gln, Glu69Thr, Ile91Leu,
Phe131Val, Lys170Glu, and Leu204Ala (Pinard et al., 2013).

There are several classes of CAIs (Supuran, 2008; Lomelino et al.,
2016). The majority of clinically used CAIs are sulfonamides and their
bioisosteres that bind directly to the zinc and inhibit catalysis by dis-
placement of the zinc-bound solvent (McKenna & Supuran, 2014;
Supuran, 2008, 2012). Recently, joint X-ray/neutron crystal structures
of the clinical sulfonamide-based CAIs, brinzolamide, dorzolamide, and
ethoxzolamide, in complex with CA II were determined, and demon-
strated that in all three cases the sulfonamide moiety is in the depro-
tonated, anionic form (Fisher et al., 2012; Kovalevsky et al., 2018).
Additionally, these studies showed the ethylamino group of dorzola-
mide to be protonated, thus having an overall neutral charge
(Kovalevsky et al., 2018). The neutron structures also showed a number
of H-bonded water molecules retained in the active site, connecting the
CAIs to hydrophilic active site amino acids.

New classes of CAIs chemical scaffolds are being explored and some
exhibit higher selectivity for CA IX over other isoforms (Lomelino et al.,
2016; Supuran, 2017). Previous studies have highlighted the potential
of saccharin (SAC) and SAC-based derivatives for selective inhibition
towards CA IX (Fig. 1A) (Moeker et al., 2014a; D’Ascenzio et al., 2017).
SAC is a cyclic secondary sulfonamide, which utilizes both the sulfo-
namide and lactam carbonyl group to interact with the zinc. It shows
60-fold specificity towards CA IX (Ki = 100 nM) in comparison to the
ubiquitously distributed CA II (Ki = 6000 nM) (Köhler et al., 2007;
Mahon et al., 2015a). Based on X-ray crystal structures of SAC binding
to CA II and CA IXmimic, it was not possible to ascertain which inter-
actions conferred isoform selectivity (Fig. 1A). It was postulated that
the hydrophobic face of the active site affects how SAC enters the active
site with a bulky Phe131 in CA II (Val131 in CA IX) causing steric

clashes and reducing binding affinity (Moeker et al., 2014a, Mahon
et al., 2015a). A SAC-derivative, produced by addition of a triazole
linker and sugar to the SAC (SAC-glucose conjugate (SGC)), was re-
ported to be a better inhibitor of CA IX (Ki = 50 nM, Fig. 1A). Mod-
ification of SAC in this way led to 2-fold improvement in binding se-
lectivity to CA IX (SGC Ki = 50 nM and SAC Ki = 100 nM) while
decreasing its inhibition against CA II almost 10-fold (SGC
Ki≥ 50000 nM and SAC Ki = 6000 nM) (Moeker et al., 2014b). In ad-
dition to SGC binding to the metal ion, the inhibitor also interacts with
regions around the active site, contributing to isoform-specific inhibi-
tion. For designing new or improved isoform-specific inhibitors, it is
crucial to have more detailed structural information about ligand
binding interactions. Such information includes how ligand binding
influences H-bonds and water displacement and re-organization. Neu-
tron protein crystallography offers the only unambiguous approach for
locating hydrogen atoms (H) and can contribute knowledge that feeds
back into the drug design process, leading to ligands with improved
characteristics.

Approximately half of the atoms in proteins are H atoms and they
play a crucial role in protein folding, enzyme catalysis, water co-
ordination, and ligand binding interactions. However, it is very chal-
lenging to determine H positions using X-ray scattering alone, due to
the small atomic Z number (H has 1 electron). In neutron scattering,
deuterium (D) has a strong positive coherent scattering length (6.67 fm)
in comparison with H (−3.74 fm), and a significantly smaller in-
coherent component: ∼2.05 barn vs. 80.3 barn for D and H, respec-
tively. To benefit from these intrinsic scattering properties and max-
imize the signal-to-noise ratio in crystallography, H is often exchanged
with D in proteins to increase the signal-to-noise ratio, reduce back-
ground, and to obtain better nuclear scattering length density maps
from neutron protein crystallography experiments (Blakeley et al.,
2015).

Based on the neutron’s unique sensitivity to isotopes, it is possible to
“see” numerous features involved with ligand binding to proteins that
X-rays alone cannot reveal. These include the charged state of ligands,
protonation and H-bonding capacity of amino acid residues, water
networks, H-bonds, and how water molecules may mediate ligand
binding, and the possibility to discern solvent species (H+ vs OH− vs

Fig. 1. (A) Structure formulae of SAC and SGC. H and exchanged D atoms are indicated, (B) Ribbon diagram of CA IX with active site residues (stick) and zinc (pink
sphere) shown. Mutated residue Q67 is labeled in red, other residues that are conserved in CA II are labeled in black.
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H2O vs H3O+) (Weber et al., 2013; Kovalevsky et al., 2011; Ikeda et al.,
2017). The SAC and SGC used in this study have both exchangeable and
non-exchangeable H atoms (Fig. 1A). For neutron studies it is expected
that –CH groups may show signal cancellation due to the negative
troughs created by H atoms, while exchanged –OD, –SD or –ND groups
should show positive neutron scattering due to the scattering length of
D.

Previous work using X-rays alone did not reveal the level of mole-
cular detail needed to understand the different inhibition constants for
SAC and SGC to CA II and CA IXmimic (Mahon et al., 2015a). For the
structural studies presented in this article a CA IXmimic construct was
used. The original construct was designed by Genis et al. and further
modified by Pinard et al. (Genis et al., 2009; Pinard et al., 2013).
Briefly, CA IXmimic was produced via site-directed mutagenesis of the
active site of CA II to generate a structural and functional analogue to
the native CA IX active site (Fig. 1B, Fig. S1). To investigate SAC and
SGC binding the joint X-ray/neutron crystal structures for three dif-
ferent forms were determined: CA IXmimic (no ligand), CA IXmimic:SAC,
and CA IXmimic:SGC. The structures reveal the details of inhibitor
binding to the protein, associated water displacement, and a detailed
view of the re-organization of H-bonds in the CA IX active site in re-
sponse to inhibitor binding. Using this approach provided insight as to
how these inhibitors exhibit CA IX selective inhibition.

2. Experimental section

2.1. CA IXmimic expression and purification

The CA IXmimic coding region was codon optimized for expression in
E. coli and cloned into pET-26b (+) (Novagen) using NdeI/XhoI by
Genscript. Active site mutations of CA II in the CA IXmimic include
Ala65Ser, Asn67Gln, Glu69Thr, Ile91Leu, Phe131Val, Lys170Glu, and
Leu204Ala (Pinard et al., 2013) as marked on (Fig. S1) and give an
active site that is approximately ∼95% homologous to wild type CA IX.
Inhibitor interactions that occur in CA IXmimic should be very similar to
the interaction in wild type CA IX (Mahon et al., 2015b). CA IXmimic was
expressed in E. coli BL21(DE3) cells grown in LB Broth, Miller (Difco) at
37 °C in the presence of kanamycin (50 µg/mL). Upon reaching an
OD600 of 1, IPTG was added to the culture at 1mM final concentration
to induce protein expression in the presence of 1mM ZnSO4. After 3 h
the cells were harvested by centrifugation at 6000×g and cell pellets
were frozen at −20 °C until lysis. The pellets were thawed and diluted
in wash buffer 1 (0.2M Na2SO4, 100mM Tris, pH 9.0) before passed
dropwise twice through the French press cell at 20 000 psi. Cell lysate
was clarified by centrifugation at 14000×g for 60min at 4 °C prior to
purification by affinity chromatography using p-amino-methyl-benze-
nesulfonamide (Sigma Aldrich). Cell lysate was loaded on the column
and non-specifically bound proteins were washed off by 10 column
volumes (CV) of wash buffer 1. The column was then washed with wash
buffer 2 (0.2M Na2SO4, 100mM Tris, pH 7.2). Bound protein was
eluted from the column with elution buffer (50mM Tris pH 7.8, 0.4 M
NaN3). The eluted protein was concentrated with Amicon Ultra Cen-
trifugal Filter Units (Merck) with weight cut-off 10 kDa filters and
subsequently purified by size exclusion chromatography HiLoad 26/
600 Superdex 75 (GE Healthcare Life Sciences) in 50mM Tris pH 8.5.
Fractions eluted from affinity chromatography and size exclusion
chromatography were analyzed by sodium dodecyl sulfate−polyacry-
lamide gel electrophoresis (SDS−PAGE) to assess protein purity and
homogeneity (Fig. S2A). Elution fractions containing target protein
were concentrated to 20mg/mL by using Amicon Ultra Centrifugal
Filter Units (Merck) with molecular weight cut-off 10 kDa.

2.2. Crystallization

Crystallization of purified CA IXmimic was carried out in a sitting
drop in siliconized glass plate Sandwich Box setup (Hampton Research).

This technique allows to set up larger crystallization drops, in this case
100–250 µL by mixing 1:1 ratios of reservoir solution (1.4M sodium
citrate, 0.1 M Tris pH 8.5) and 20mg/mL CA IXmimic and 5 µL of ad-
ditive (No.2 from Detergent Screen #HR2-410, Hampton Research),
against 25 mL of reservoir solution. Crystal trays were sealed and in-
cubated at 20 °C to undergo vapour diffusion over a period varying from
1 to 3months. Crystals larger than 1mm3 typically took ∼6weeks to
grow (Fig. S2B-C) and were then used to prepare complexes with li-
gands (Fig. S2D-E).

SAC (Sigma product No 240931) stock solution was prepared by
dissolving the powder in reservoir solution to the final concentration of
20mM. The ligand solution was then injected in 5–10 µL batches into a
drop containing large CA IXmimic crystals to the final concentration of
20mM. Crystals were incubated for several weeks at 20 °C to allow
soaking of the ligand into the crystal and then mounted in a quartz
capillary with D2O mother liquor for X-ray and neutron data collection
SAC-glucose-conjugate-inhibitor
([1‐(1,1,3‐trioxo‐2H‐1λ⁶,2‐benzothiazol‐6‐yl)‐1,2,3‐triazol‐4‐yl]-me-
thyl-β-D-glucopyranoside) was synthesized by Red Glead Discovery
(Lund, Sweden) according to a published procedure (Moeker et al.,
2014b). We refer to this inhibitor as saccharin-glucose-conjugate (SGC).
Despite numerous efforts, simple soaking used for SAC did not work for
SGC. Instead we used the dry co-crystallization method as described by
Gelin et al. (Gelin et al., 2015). It is challenging to move large drops
together with crystals and it did result in some mechanical damage (Fig.
S2D-E), but the crystals survived well enough and still gave very good
diffraction (Table S3).

A stock solution of 20mM inhibitor SGC was prepared in water and
150 µL of stock solution was dried overnight at room temperature in a
well of a siliconized glass plate in the Sandwich Box setup (Hampton
Research). Large CA IXmimic crystals were selected by visual inspection
and moved together with the crystallization drop (∼100–150 µL) in the
dry well against fresh 25mL of 1.4M Na-Citrate in reservoir solution.
Crystals were incubated for several weeks at 20 °C prior X-ray and
neutron data collection.

Large single crystals (0.7–1.8mm3) were mounted in a 3mm dia-
meter quartz capillaries as described before (Fisher et al., 2012) and
allowed to undergo hydrogen/deuterium-exchange of labile H atoms
inside the capillary (Fig. S2C). According to a report by Bennett and
colleagues, up to 80% of the amide backbone exchanges in four weeks
(Bennett et al., 2008). All described crystals were allowed to exchange
for at least 6 weeks before transportation to X-ray and neutron facilities.
Smaller crystals (0.05–0.10mm3) for room temperature X-ray diffrac-
tion experiments were prepared in exactly the same way as the neutron
samples.

Neutron and X-ray diffraction data sets of H/D exchanged large
crystals were collected at room temperature, to resolutions ranging
from 1.2 to 2.0 Å. All data collection and model refinement statistics are
given for unbound CA IXmimic (Table S1), CA IXmimic:SAC (Table S2),
and CA IXmimic:SGC (Table S3).

2.3. X-ray and neutron data collection and processing

X-ray diffraction data from the CA IXmimic crystal were collected at
room temperature (RT) on the I911-2 Cassiopeia beamline at MAX lab
(Lund, Sweden). The CA IXmimic:SAC complex data were collected at
room temperature on the I911-3 beamline at MAX lab. Diffraction data
for the CA IXmimic:SGC complex were collected at RT on the BM-30/FIP
beamline at ESRF (Grenoble, France). X-ray data collection, data set
statistics are shown in Table S1-3.

RT neutron diffraction data on the CA IXmimic crystal were collected
using the LADI-III instrument at ILL (Blakeley et al., 2015). As LADI-III
is a quasi-Laue instrument, only 28 images were collected. The CA
IXmimic:SAC and CA IXmimic:SGC data were collected on the Biodiff
beamline at the FRM-II reactor source (Garching, Germany). Neutron
data collection and data set statistics are shown in Table S1-3. All X-ray
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data sets were processed and scaled using XDS and XSCALE (Kabsch,
2010). Neutron data collected at Biodiff were processed with either
HKL2000 (v.705b) (Otwinowski & Minor, 1997). Neutron data col-
lected at LADI-III were processed using LAUEGEN (Campbell, 1995).
LSCALE was used to determine the wavelength-normalization curve
using intensities of symmetry-equivalent reflections observed at dif-
ferent wavelengths and the data were merged in SCALA (Evans, 2006).

2.4. Joint X-ray and neutron refinement

The models were initially refined against the X-ray data alone in
phenix.refine (Adams et al., 2011) using the previously determined CA
IXmimic crystal structure as the starting model (PDB entry 4riv). All
waters, metals, and ligands were removed prior to starting iterative
rounds of refinement. Once the R-factors converged and all metals,
solvent, and ligands were properly placed, H and D atoms were gen-
erated in the (X-ray only) refined model.

The next phase was joint X-ray and neutron refinement in phe-
nix.refine and involved several rounds of maximum-likelihood-based
refinement of individual coordinates, individual B-factors and occu-
pancies of H/D atoms against both neutron and X-ray experimental data
sets. After every round of joint refinement the model was visually in-
spected and manipulated in Coot using a series of Fo-Fc and 2Fo-Fc
positive electron density maps and both positive and negative Fo-Fc and
2Fo-Fc nuclear scattering length density maps to guide modeling of
solvent and protein H/D atoms (Emsley & Cowtan, 2004). Extra care
was taken with waters as the D atom positions could be ambiguous and
the maps were often challenging to interpret. Water oxygen atoms were
initially placed based on omit density in the electron density maps and
subsequently refined until the R-factors converged. In preparation for
joint refinement, all waters are generated as D2O molecules. During
joint refinement the water molecule positions were manually inspected,
aided by successive omit map generation. Water molecules (as D2O)
were manually oriented as phenix.refine can place them in random
orientations (i.e. not in chemically possible positions). After modeling
into omit Fo-Fc maps, new 2Fo-Fc maps are then intermittently calcu-
lated to check that the placement was sensible. The same approach was
used in a consistent way for all three structures reported here. Final
model statistics are shown in Table S1-3. Figures were generated with
Pymol (Schrödinger, 2015).

3. Results & discussion

3.1. Crystallography

All three structures were determined from joint refinement against
room temperature X-ray and neutron diffraction data and a brief sum-
mary is shown in Table 1. Model coordinates and experimental data
were deposited with the Protein Data Bank under accession codes PDB:
6fji for CA IXmimic structure; 6fjj for CA IXmimic:SAC; 6gcy for CA
IXmimic:SGC. The space group for all six crystals was P21 with mean unit
cell dimensions a=42.6, b=41.9, c=72.8 Å, β=104.1. The struc-
tures were highly homologous with least squares superposition for all
atom positions across the three structures having an rmsd of ∼0.8.

3.1.1. Unbound CA IXmimic

Fig. 2 shows the active site of the joint X-ray/neutron (X/N) struc-
ture of unbound CA IXmimic with amino acid side chains, solvent, and H-
bonds indicated. Within the active site of unbound CA IXmimic we ob-
served an organized H-bonded water network that was homologous to
that previously seen in CA II neutron and CA IXmimic X-ray crystal
structures (Genis et al., 2009; Fisher et al., 2011). The DW is present, as
was observed in CA II (Domsic et al., 2008). The network of ordered
waters extends from the catalytic ZW to the proton shuttling residue,
His64. A network of H-bonds can connect the ZW to His64 and re-
present four possible pathways for protons to leave the active site: ZW-
W1-W2, ZW-W1-W2-W3a, ZW-W1-W4-W3b, or ZW-W1-W2-W3b
(Fig. 2). The structure reveals most of the positions of D atoms on the
water molecules, allowing detailed mapping of thirteen observed H-
bonds between waters and water to side-chains. Five hydrophilic amino
acid residues are involved in coordinating the water network: Tyr7,
Gln67, Gln92, Thr199, and Thr200. The least ordered waters are W3b,
W4, and W5 with poorly defined nuclear scattering length density and
high crystallographic B-factors (∼34 Å2 vs. ∼14 Å2 for the other active
site waters).

There are some key similarities and differences in how the waters
are H-bonded to each other and the CA IXmimic compared to the pH 7.8
neutron structure of CA II (Fisher et al., 2011). Of note, DW, ZW, W1
are in the same orientations as their counterparts in CA II. ZW acts as H-
bond donor to OG1 of Thr199. Whereas, W1, while in the same general
orientation as observed in CA II, is now a H-bond acceptor from Thr200,
the opposite to CA II (Fig. 2). Also, W2, W3a, and W3b are in different
orientations and thus make different H-bonds compared to CA II.

Glutamine at position 67 (Gln67) (position 67 is an asparagine re-
sidue (Asn67) in CA II) is observed as a H-bond donor to W3b (Fig. 2),
and unlike CA II, there is no H-bond between W3b and Asn62 (Fisher
et al., 2011). Kinetic measurements of kcat/KM (M−1s−1) show about a
2-fold difference between CA II and the native CA IX domain, at
1.2× 10−8 M−1s−1 and 0.55×10−8 M−1s−1, respectively. The
proton transfer rate constant kB (s−1) for CA II and CA IX is also about
2-fold different at 0.8× 10−6 s−1 and 1.4×10−6 s−1, respectively
(Mahon et al., 2016). The measured differences in kinetic parameters
could be due to the presence of Gln67 (Asn67 in CA II) and the asso-
ciated alternative organization of the H-bond donors/acceptors around
the Zn center, specifically W1.

His64, located on the edge of the active site, is the proton shuttling
residue during catalysis and observed in numerous X-ray crystal
structures to be alternating between two conformations (Tu et al., 1989;
Nair & Christianson, 1991). Likewise, in CA IXmimic His64 is observed in
both an “in” and “out” conformation, with the “in” conformation
slightly favored with occupancy refined to ∼0.6 “in” vs. 0.4 “out”. Due
to the dual conformation, it is not possible to unambiguously orient the
imidazole ring around χ2 angle or to observe the protonation state of
the “in” or the “out” form.

3.1.2. CA IXmimic:SAC complex
SAC binds to CA IXmimic primarily by coordination of the deproto-

nated N atom to the active site zinc, similar to the sulfonamide-based
CAIs, acetazolamide and dorzolamide, to CA II in neutron structures

Table 1
Summary of crystal structures presented in this work. For complete crystallographic statistics see Supplemental Information (Tables S1–S3).

CA IXmimic CA IXmimic:SAC CA IXmimic:SGC.

PDB ID 6fji 6fjj 6gcy
Resolution X/N 29.00–1.60 (1.70–1.60)

40.00–2.00 (2.11–2.00)
35.00–1.20 (1.23–1.20)
26.90–2.00 (2.07–2.00)

36.00–1.30 (1.40–1.30)
29.00 – 2.00 (2.06 – 2.00)

Source X/N MAX lab (Lund, SE)
ILL (Grenoble, FR)

MAX lab (Lund, SE)
FRM-II (Garching, DE)

ESRF (Grenoble, FR)
FRM-II (Garching, DE)

Rcryst/Rfree X 12.9/16.1 13.5/16.5 14.8/15.5
Rcryst/Rfree N 18.5/22.2 20.4/21.7 19.1/21.4
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(Fig. 3A) (Fisher et al., 2012; Kovalevsky et al., 2018). The –NH group
in SAC has a pKa of ∼1.3 and the observed anionic form is expected at
the crystallization pH of 8.3 (Pearson, 2001). The O8 of SAC is an H-
bond acceptor from Thr200 and forms a H-bond network involving
Tyr7, W2, and W3a (Fig. 3A-B). In the unbound CA IXmimic structure,
Thr199 is an H-bond acceptor from ZW with an O…O distance of 2.8 Å
and an H-bond donor to Glu106. SAC binds as an anion and the cyclic
sulfonamide N to Thr199 OG1 distance is 3.3 Å. Thr199 is engaged with
Glu106 as H-bond donor. The side chain of Gln67 has flipped and there
was a compensatory rearrangement of W3b to maintain the H-bond.
The loss of W4 also facilitates the re-orientation of W3b that is now only
weakly coordinated by Gln67 and Gln92, with corresponding weak
density (Fig. 3). The modeling of W3b is further complicated as there is

no electron density for it and we were only guided by the weak nuclear
density. The aromatic ring of SAC packs against a hydrophobic patch in
the CA IXmimic active site composed of Val121, Val 141, and Leu198
(Fig. S3).

SAC binding displaces four ordered water molecules: DW, ZW, W1,
and W4 (Figs. 2 and 3). The C1, C7, N9, and S10 atoms of the SAC
molecule overlap closely with the oxygen atoms of the four displaced
water molecules. The binding of SAC results in a net loss of six H-bonds
between the water and protein while seven H-bonds are retained “as is”
or through some re-organization of water to accommodate SAC. Water
molecules W3a, W2, W3b, and W5 are still in place, with W3b dis-
playing the most disorder. His64 retains its mobility with about 0.5
occupancy for both the “in” and “out” conformations. This is unusual

Fig. 2. Stick representation of unbound CA
IXmimic active site. Observed H-bonds are
shown as black dashed lines. The 2Fo-Fc
nuclear density map is contoured at 1.5σ
and is shown in blue mesh. The 2Fo-Fc
electron density map is contoured at 1.0 σ
for all residues and 1.5 σ for water mole-
cules and is in green mesh. Residues and
solvent are as labeled, Zn2+ is represented
as a magenta sphere.

Fig. 3. Stick representation of CA
IXmimic:SAC complex. Observed H-bonds are
shown as black dashed lines. (A) The 2Fo-Fc
nuclear density map is contoured at 1.5σ
and is shown in blue mesh. The 2Fo-Fc
electron density map is contoured at 1.5σ
and is in green mesh. (B) Close-up of SAC
interactions to Thr200. The 2Fo-Fc nuclear
density map is contoured at 1.0 σ for His and
1.5 σ for water and ligand molecules and is
in blue mesh. Residues and solvent are as
labeled, Zn2+ is represented as a magenta
sphere.
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compared to other inhibited CA structures where His64 is fully in the
“out” conformation (Fisher et al., 2012; Kovalevsky et al., 2018).
Hence, while SAC binding displaces the catalytic ZW and inhibits ac-
tivity, parts of the active site have the same organization as without
SAC.

3.1.3. CA IXmimic:SGC complex
The SAC moiety of SGC binds in a slightly different orientation to

that observed for SAC alone, but still with the deprotonated N co-
ordinating to the zinc (Fig. 4A, Fig. S4). SGC makes three indirect in-
teractions for a total of ten H-bonds to amino acid residues that are
present in the SGC binding site. Similar to SAC binding, O8 is H-bonded
to Tyr7 via W2 and W3a. But unlike the SAC complex, for SGC there is
no H-bond between O8 and Thr200. Instead, Thr200 makes a water-
mediated H-bond to the backbone of neighboring residue Pro201. This
is most probably due to the difference in position of the SAC-moiety of
SGC compared to SAC, that increases the distance between H-bond
donor (O28 of SGC) and acceptor (OG1 of Thr200), from 3.3 to 3.5 Å,
respectively.

The higher X-ray resolution (1.3 Å) structure compared to previous
studies (1.65 Å, PDB ID 4RUI) does not reveal ordered density for the

glucose group and therefore its flexibility makes it challenging to model
(Fig. 4B; Mahon et al., 2015b). At 0.75σ the 2Fo-Fc electron density map
provides partial density for half of the glucose moiety, guiding place-
ment (Fig. 4B). The residues and water molecules around the glucose
group have well-defined nuclear and electron density peaks, somewhat
limiting the area where the glucose moiety may be located. The triazole
linker does not induce any new H-bonds, but based on how the glucose
is modeled, O12 of the glucose group is in a position to make interac-
tions with Gln67 through H-bonds with W5 (Fig. 4A). There are also a
putative H-bonds between O19, W67, and Asp130 (Fig. 4A). Similar to
the SAC structure, DW, ZW, W1, and W4 are displaced by SGC, while
W2, W3a, W3b, and W5 remain in the active site. W3b and W5 have
changed orientations and W5 has moved ∼2.5 Å compared to its po-
sition in the unbound CA IXmimic structure (Fig. 5B). His64 is still seen
in two conformations but now with 0.3 occupancy for the “in” con-
formation. This reduced “in” occupancy could be due to the presence of
the bulkier SGC molecule or slight water rearrangements. These factors
together could also be affecting the pKa of His64, causing the proto-
nated form (i.e. “out” conformation) to be slightly more favoured. As in
the unbound and in the CA IXmimic:SAC complex, the data is very weak
for this mobile His residue and it was modeled as neutral in both “in”

Fig. 4. Stick representation of CA IXmimic:SGC complex. Observed H-bonds are shown as black dashed lines. (A) The 2Fo-Fc nuclear density map is contoured at 1.5σ
and is shown in blue mesh. The 2Fo-Fc electron density map is contoured at 1.5σ and is in green mesh. (B) Electron and nuclear density maps for the glucose moiety of
SGC. The 2Fo-Fc nuclear density map is shown in blue and is contoured at 0.75 σ. The 2Fo-Fc electron density map is shown in magenta and is contoured at 0.75 σ.
Residues and solvent are as labeled, Zn2+ is represented as a magenta sphere.
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and “out” conformations.

3.2. SAC and SGC isoform selectivity

The coordination of sulfonamide N to the zinc and the binding of
SAC, alone and in SGC, against the hydrophobic face (Val121, Val141,
and Leu198) of the active site is similar for the two ligands. Ligand and
active site desolvation are known drivers for favorable binding inter-
actions and here we observe the loss of four water molecules for both
SAC and SGC, and the associated reorganization of existing H-bonds
and formation of new ones. There is a network of seven H-bonds that
mediate the binding of SAC compared to as many as ten H-bond in-
volved with SGC binding. Due to the uncertainty of the glucose moiety
position it could be fewer interactions mediating overall SGC binding.

The binding interactions between SAC and CA II and native CA IX
should be the same as Thr200 and Tyr7, the residues involved with
direct and water-mediated H-bonding, are conserved in both isoforms.
Similarly, the hydrophobic patch where the aromatic ring of SAC sits is

composed of Val121, Val141, and Leu198 and these residues are also
conserved in CA II and native (or mimic) CA IX (Fig. 5C; Fig. S3). The
only different amino acid between CA II and CA IXmimic in the SAC
binding area is Gln67. The side chain of Gln67 moves in response to
SAC binding, leading to remodeling of H-bonds and water orientations
(Fig. 5A-B). Hence, the presence of a Gln at position 67 most likely plays
a defining role in explaining the difference in measured Ki for SAC
between CA II and native CA IX.

In contrast to the SAC binding site, for SGC binding, there are some
notable differences between CA II and native CA IX in the residues in-
volved. As noted before, the glucose moiety is not well ordered as is
apparent in the 2Fo-Fc electron and nuclear density maps shown in
Fig. 4B. Based on the modeling of SGC, the glucose group can be si-
tuated close to Leu91 (Ile91 in CA II) and Val131 (Phe131 in CA II) (Fig.
S4). The presence of these two bulky hydrophobic residues in CA II
would cause steric clashes with SGC and could explain why SGC binds
so poorly to CA II compared to native CA IX. Asp130 is Arg130 in native
CA IX and an Arg in that position could make a direct H-bond to SGC,
possibly leading to improved binding to CA IX. Furthermore, in the
active site of CA IXmimic, residue Gln67 is responsible for an additional
water-mediated H-bond to SGC. The collective effects of the additional
H-bonds and less bulky hydrophobic residues in native CA IX that are
different to those in CA II, could underlie the observed isoform dis-
crimination by SGC.

Although SAC and SGC share the same chemical SAC group, it is
very interesting to observe that they have different interactions with
Thr200, probably due to a different position of SAC compared to SAC-
moiety in SGC. This could be due to the presence of the additional
triazole linker and glucose group and interactions that glucose may
make to the protein. These interactions could cause the slight shift of
the SAC moiety observed compared to SAC alone (Fig. 5C). Taken to-
gether, these interactions explain the modest 2-fold difference in Ki of
100–50 nM for SAC and SGC towards CA IX.

The selectivity of SAC for native CA IX over CA II is difficult to
interpret as only Gln67 and some water positions are different between
the isoforms. Perhaps this difference is strong enough for the 60-fold
difference in Ki or there are some other effects not observable in static
crystal structures. From the bound SGC structure there are several H-
bond interactions involving CA IXmimic residues (Gln67, Asp130) in
addition to hydrophobic interactions (Leu91, Val131). These interac-
tions observed in the CA IXmimic:SGC complex could explain the ob-
served selectivity between CA isoforms.

4. Conclusions

This study described the jointly refined, room temperature X-ray
and neutron crystal structures of CA IXmimic alone and in complex with
two isoform selective CAIs, SAC and SGC. The differences in how SAC
and SGC bind to CA IXmimic reported here contribute to our under-
standing for the observed differences in Ki to native CA IX. This ap-
proach also can give clues as to the basis for isoform specificity of these
compounds towards native CA IX over CA II.

The structures analyses based on high resolution X-ray and medium
resolution neutron data provided insights to how SGC can be improved
to capitalize on the observed H-bonds. In the same way the Arg at
position 130 in native CA IX may be able to directly H-bond to SGC, it is
possible to modify SGC so it can directly H-bond to Gln67 and displace
W5. The triazole linker is situated very close to the hydrophobic pocket
that interacts with the SAC and glucose moieties. Perhaps the linker can
be methylated or replaced with a more hydrophobic group to encourage
hydrophobic interactions along that side of the active site. The glucose
disorder indicates that there is enough room to add bulkier groups or
more sugars that can fill this area. Unfortunately, the glucose disorder
renders the conclusions speculative and further work is necessary to
explore the application of neutrons in drug design for this target. These
data and analyses do indicate a proof-of-concept that neutrons can

Fig. 5. Overlays of the active site of unbound CA IXmimic and in complex with
SAC and SGC show both similarities and changes that occur in the crystal
structures upon ligand binding. (A) Unbound CA IXmimic in blue and CA
IXmimic:SAC in pink, (B) Unbound CA IXmimic in blue, CA IXmimic:SGC in cyan,
(C) Overlay of the SAC (pink) and SGC (cyan) complexes. The black arrows
indicate the flipping of the Gln67 side chain.
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contribute unique information on inhibitor binding and can give clues
as to which specific interactions drive binding and selectivity. In ad-
dition, having experimental coordinates for the H atoms in a protein
structure can be useful to computational chemistry and improve drug
docking studies.
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