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Abstract

Glucokinase and hexokinase from pathogenic protozoa Trypanosoma cruzi are potential drug
targets for antiparasitic chemotherapy of Chagas’ disease. These glucose kinases phosphorylate D-
glucose with co-substrate ATP and yields glucose 6-phosphate and are involved in essential
metabolic pathways, such as glycolysis and the pentose phosphate pathway. An inhibitor class was
conceived that is selective for T. cruzi glucokinase (TcGIcK) using structure-based drug design
involving glucosamine having a linker from the C2 amino that terminates with a hydrophobic
group either being phenyl, p-hydroxyphenyl, or dioxobenzo[b]thiophenyl groups. The synthesis
and characterization for two of the four compounds are presented while the other two compounds
were commercially available. Four high-resolution X-ray crystal structures of TcGlcK inhibitor
complexes are reported along with enzyme inhibition constants (K;) for TcGlcK and Homo
sapiens hexokinase IV (HsHxKIV). These glucosamine analogue inhibitors include three strongly
selective TcGlcK inhibitors and a fourth inhibitor, benzoyl glucosamine (BENZ-GIcN), which is a
similar variant exhibiting a shorter linker. Carboxybenzyl glucosamine (CBZ-GIcN) was found to
be the strongest glucokinase inhibitor known to date, having a K; of 0.71 + 0.05 pM. Also reported
are two biologically active inhibitors against in vitro Trypanosoma cruzi culture that were BENZ-
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GIcN and CBZ-GIcN, with intracellular amastigote growth inhibition 1Csq values of 16.08 + 0.16
UM and 48.73 £ 0.69 UM, respectively. These compounds revealed little to no toxicity against
mammalian NIH-3T3 fibroblasts and provides a key starting point for further drug development
with this class of compound.
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1. Introduction

Trypanosoma cruzi protozoa are human pathogenic Kinetoplastid parasites that cause
Chagas’ disease. There are approximately 6—7 million people infected worldwide with T.
cruzi parasites and a majority are from 21 Latin American countries (1). The Centers for
Disease Control and Prevention estimates that there are over 300,000 people infected in the
United States (2). The endemic regions span from Argentina to Mexico (3-5) and T. cruzi
parasites are an increasing danger to the U.S. public health (6) since 10 states (primarily in
the Southwest) have reported T. cruzi-infected specimens of triatomine insect vector species
(7). First-line clinically available drugs used in Latin America, such as benznidazole and
nifurtimox (Figure 1), which have still been in use since 1985 and earlier, are highly
effective against T. cruzi parasites in the acute stage with parasitological cures upwards to
80% (8).

However, in the chronic stage, the same antiparasitic therapy has substantially lower
efficacy for reasons that are not well understood (9). These drugs have tolerability issues
because they produce harsh side effects, including allergic dermopathy, anorexia, peripheral
polyneuropathy, and vomiting (10, 11), and as a result, there is weak patient compliance.
Furthermore, different T. cruzi strains were observed to respond much differently to certain
inhibitors from in vitro biological inhibition assays, such as posaconazole, indicating that a
drug that gives rise to good biological activity from one strain may not have the same
effectiveness towards another (12). In order to develop new and improved drugs, the major
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challenges such as drug efficacy of chronic stage Chagas’ disease, drug tolerability, and
universal compound effectiveness simply need to be overcome.

Glycolysis and the pentose phosphate pathway (PPP) are implicated as targets in T. cruzi for
antiparasitic drug development (13, 14). Glycolytic enzymes have been studied as potential
drug targets for the treatment of trypanosomatid diseases (13-15), especially the
hexokinases from T. cruzi (16-18) and T. brucei (19-22). Metabolic studies have
demonstrated that T. cruzi trypomastigotes and amastigotes use glucose as their preferred
carbon source in glucose-rich media (23). Additionally, a metabolic control analysis study
involving RNA interference (RNAI) against five important T. brucei glycolytic enzymes
was assessed for the role of glycolytic flux (i.e., as glucose consumption and pyruvate
production) on the growth trend of the parasite’s bloodstream life-stage and good evidence
was revealed for T. brucei hexokinase (TbHxK) as a validated drug-target (24). T. cruzi
parasites are highly dependent on glucose for cell growth and differentiation (25-27) and
inhibition of mostly any of the glycolytic enzymes in T. cruzi will likely lead to prompt cell
death (14).

Two enzymes responsible for the catalysis of D-glucose to glucose 6-phosphate (G6P), in
the presence of ATP and Mg?*, include hexokinase and glucokinase. The inhibition of these
enzymes appears to be a good strategy for targeting since glycolysis and the PPP should
encounter a direct impact by functioning with lower metabolic flux. T. cruzi hexokinase
(TcHxK) has higher activity and is found at a higher percentage than T. cruzi glucokinase
(TcGlIcK) in the parasite (28), it is currently proposed that TcHxK is a potential drug target
(16), but the status of TcGlcK is unclear. Genetic validation by RNAI cannot be carried out
in T. cruzi parasites due to a nonfunctional RNAI pathway (29, 30). However, the structure
of TcGlcK was solved in recent years through X-ray crystallography by Cordeiro and
colleagues (31) and there is still no solved crystal structure for any trypanosomal (T. cruzi or
T. brucei) hexokinase.

Hexokinases have a broad substrate range where various monosaccharides can be
phosphorylated at appreciable rates, including D-glucose, D-mannose, D-galactose, and D-
fructose; in addition, hexokinases are inhibited by G6P. Hexokinases also have a higher
affinity for D-glucose than glucokinases. Glucokinases exhibit high specificity for D-
glucose catalysis, they are not inhibited by G6P, and they have lower affinity for D-glucose
(compared to hexokinases) (32). Glucose kinases (hexokinases or glucokinases) are
categorized into two nonhomologous families, the hexokinase family and the ribokinase
family. Within the hexokinase family (the subject of the work herein), there are three groups
where glucose kinases are further subdivided on the basis of conserved amino acid 1°
structure, which include (1) the hexokinase group, (2) group A, and (3) group B. Between
these groups, conservation is lost when 1° structure sequence alignments are performed
(e.g., protein BLAST). Additionally, the molecular mass of a hexokinase group enzyme (50—
54 kDa per subunit) is generally higher on a subunit basis compared to group A (35-42 kDa
per subunit) or group B (30-36 kDa per subunit) enzymes (32). T. cruzi has a hexokinase
(from the hexokinase group; subunit MW of ~52 kDa) and a glucokinase (from group A;
subunit MW of ~42 kDa), which is especially unusual because trypanosomatids are the only
organisms known to have both enzymes present; various Leishmania spp. also have both a
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hexokinase and a group A glucokinase. Moreover, the functionality of both TcGlcK and
TcHxK are quite similar because they perform as true glucokinases (as mentioned above)
(16, 28). On the basis of percent sequence identity from a BLAST against 1° structure of
hexokinases found in the GenBank database, TcHxK aligns with various existing conserved
motifs, but this is not the case when aligning against glucokinases, such as TcGIcK. TcHxK
and TcGlcK also have an approximate 17-fold difference in their Ky, values for D-glucose
catalysis of 0.060 mM (16) and 1.00 mM (28), respectively.

E. coli glucokinase (EcGIcK) has a representative X-ray crystal structure for group A
glucokinases (32). A structure-based sequence alignment between TcGlcK (PDB entry
2Q2R) (31) and EcGlcK (PDB entry 1S7?2) (33) was found to be consistent with secondary
structural elements (31) even though the 1° sequence alignment was less than 16% identical.
The quaternary structure of TcGlcK (dimeric form) is also very similar to that of EcGIcK.
Additionally, there are four Homo sapiens hexokinase (HsHxK) isoenzymes I-1V and
HsHxKIV has a representative structure among them. The crystal structures were solved for
all four isoenzymes and they are among the hexokinase group even though HsHxKI1V has
been termed glucokinase based on its in vivo physiological activity (31). The structural
comparison provided by Lunin et al. (33) for EcGlcK and the C-terminal half of HsSHxKI
(residues 475-917) showed that the tertiary structures and active sites were similar. The 3°
structure of EcGIcK (the group A structural prototype) compares very well to both TcGlcK
and HsHxKI (C-terminal half).

The basis of the presented work was to use structure-based drug design (SBDD) and a
surrogate X-ray crystallography approach, in which we conceived of competitive inhibitors
by using SBDD on TcGlcK (PDB entry 2Q2R) with the intention of inhibiting TcGIcK
(only) or both TcGlcK and TcHxK. In order to achieve selectivity from an inhibitor design
(e.g., the inhibitor can bind stronger to TcGlcK and avoid binding with any of the four
human hexokinase isoenzymes), visual assessments were made after the crystal structure of
TcGlcK was superimposed onto the crystal structure of HsSHXKIV. Another goal of the study
was to determine if the TcGlcK inhibitors would also inhibit TcHxK because both enzymes
phosphorylate D-glucose through catalysis. The active site regions in TcGlcK and TcHxK
are assumed to compare well structurally, albeit a 19% global pairwise 1° structural
alignment between the two enzymes. Furthermore, we sought to determine if TcGIcK was a
chemically-validated drug-target by using glucosamine analogue inhibitors.

Here, we report the X-ray crystal structures of TcGlcK in its complexes with inhibitors
BENZ-GIcN, CBZ-GIcN, HPOP-GIcN, and DBT-GIcN (Figure 1). These inhibitors present
the molecular details for affinity in the active site and may disclose more inhibitor design
possibilities that can be used for optimized selectivity and affinity. We present inhibitor
kinetic parameters of the aforementioned inhibitors with enzymes TcGIlcK and HsHxKIV.
The synthesis and characterization are shown for HPOP-GIcN and DBT-GIcN whereas
inhibitors BENZ-GIcN and CBZ-GIcN were commercially available. Finally, we show
effective in vitro inhibition assays against T. cruzi amastigote parasites for BENZ-GIcN and
CBZ-GIcN.
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2. Materials and methods

2.1. Materials

N-Cbz-D-glucosamine (CBZ-GIcN), 2-benzamido-2-deoxy-D-glucopyranose (BENZ-
GIcN), and isopropyl f-D-thiogalactopyranoside (IPTG) were purchased from Carbosynth.
Dulbecco’s modified Eagle’s medium (DMEM) was purchased from CellGro. N-Benzyl-2-
nitro-1H-imidazole-1-acetamide (benznidazole, 97%), hexadeuterodimethyl sulfoxide (Dg-
DMSO, 99.96 atom%), tetrahydrofuran (anhydrous grade), 3-(4-hydroxyphenyl)propionic
acid N-hydroxysuccinimide ester (=97.0%), ammonium formate (HPLC grade, >99.0%),
acetonitrile (HPLC grade), chlorophenol red-p-D-galactoside (CPRG),
ethylenediaminetetraacetic acid tetrasodium salt hydrate (>99.0%), imidazole (99+%),
bovine pancreas deoxyribonuclease | (DNase 1), bovine pancreas ribonuclease A (RNase A),
D-(+)-glucosamine hydrochloride (=99%), triethanolamine (=99.0%), sodium citrate tribasic
dihydrate (=99.0%), carboxymethyl (CM) cellulose, Saccharomyces cerevisiae glucose 6-
phosphate dehydrogenase (type XV), B-nicotinamide adenine dinucleotide phosphate
hydrate (NADP™, 295%), adenosine 5'-triphosphate disodium salt hydrate (ATP, 99%), D-
glucose 6-phosphate sodium salt (=98%), and all buffer salts (=98%) were purchased from
Sigma. Cobalt-nitrilotriacetic acid (Co-NTA) resin, methanol, ethyl acetate, lysozyme (type
VI), triethylamine, DL-dithiothreitol, 2xYT broth, lysogeny broth (LB), kanamycin sulfate,
protease inhibitor tablets (EDTA-free), 1,1-dioxobenzo[b]thiophen-2-yImethyl N-succimidyl
carbonate (95%), and all other chemicals were purchased from Fisher Scientific.

2.2. Cloning

The following genes: Trypanosoma cruzi glucokinase, strain CL Brener (GenBank accession
number XP_821474) and Homo sapiens hexokinase IV (UniProtKB accession code P35557)
were cloned into separate kanamycin-resistant pET-28a(+) Escherichia coli expression
vectors at restriction sites 5 Ncol and 3’ Hindlll at Genewiz, Inc. (South Plainfield, NJ).
Codons in all plasmids were optimized for protein expression. These plasmid constructs
were designated as pET-TcGlcK-xtal and pET-HsHxKIV-xtal, respectively. Each construct
encodes for an N-terminal hexahistidine tag. The pET-TcGlcK-xtal plasmid encodes the
segment MGRGSHHHHHHGMA that precedes the start methionine and the 9-residue
segment VGKKQKAQL at the C-terminal region was not included. The CL Brener strain of
T. cruzi glucokinase differs at eight positions compared to the previously reported construct
used by Cordeiro and colleagues in the first X-ray crystal structure determination of
TcGlcK; see PDB entry 2Q2R. These positions in the CL Brener strain of TcGlcK include
the following changes: A22V, 165L, M81l, H125R, L213I, F232L, H327R, and S344T. The
pET-HsHxKIV-xtal plasmid encodes the segment MGHHHHHHENLYFQGM that precedes
residue K12 (N-terminal segment M1 — A11 of HsHxKIV was not inlcuded) and the 8-
residue segment KKACMLGAQ at the C-terminal region was also not included. This pET-
HsHxKIV-xtal construct was based off of one used in X-ray crystallography experiments
(34).

2.3. Standard Methods

Standard methods are presented in the Supplementary Information section for the following:
(1) the expression and purification of TcGlcK and HsHxKIV, (2) activity assays of TcGlcK
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and HsHxKIV, (3) crystallization of TcGlcK, (4) X-ray crystal structure determinations, (5)
general procedures for the synthesis of glucosamine analogues, (6) the synthesis of HPOP-
GIcN, (7) the synthesis of DBT-GIcN, and (8) biological assays. X-ray diffraction data
collection and refinement statistics for the TcGlcK inhibitor complexes are shown in Table
1.

3. Results and discussion

3.1. Structural Comparison between TcGlcK and HsHxKIV

TcGlcK is a dimeric enzyme with two identical subunits. Each monomer has a large a + 3
domain (residues 145 — 352) and a small a/p domain (residues 1 — 130 and 353 — 367)
(Figure 2).

TcGlcK selective inhibitor designs were based on structural details of the HsSHXKIV and
TcGlcK active sites. HSHxKIV has a large loop segment (L165 — G178) and a shorter loop
segment (S281 — Q287) found adjacent to the glucose binding site. Various residue side
chains stem off of these loops and cluster near each other in addition with some other
residues not part of the loops; and they all include residues: K56, P153, N166, T168, and
Q286 (Figure 3a). When hydroxyphenyloxopropyl glucosamine (HPOP-GIcN) (Figure 1) is
modeled into the glucose binding site (without having any energy minimization performed),
the p-hydroxyphenyl moiety is extended by a linker into the clustered side chains region,
and the linker is positioned between a narrow channel, which is bordered by P153 and T168
(Figure 3b). From the proximity of all of these residues, we predict a steric clash situation
would result. On the other hand, the same region and channel observed in TcGlcK that is
next to the glucose binding site (Figure 3c) has some residue side chains, P103 and N105, on
the large loop segment (G102 — 1110) that are not tightly clustered together; in addition, the
side chains of P94 and N105 make up the borders of a much wider channel for the linker to
extend through (Figure 3d). Modeling HPOP-GIcN in TcGlcK (by the same method
implemented for HsHxKIV) reveals that the linker and p-hydroxyphenyl moiety are not
involved in any significant steric clashes, based on our visual assessment.

HPOP-GIcN may not favor binding in HsHxKIV, but will most likely favor binding in
TcGlcK and thus give rise to selectivity. The clustered side chains in HSHxKIV are mostly
flexible, and if HPOP-GIcN truly binds in this active site, as a consequence, we expect the
flexible side chains of residues K56, N166, T168, and Q286 to reposition (see orange dashes
in Figure 3b). However, an inhibitor with a bulkier tail group such as dioxobenzylthiophenyl
glucosamine (DBT-GIcN) (Figure 1) is proposed to have substantial steric effects in that
region regardless of side chain repositioning because of little available space. In regard to
the channels that the linkers extend through, residue P153 (of HsHxKIV) has a rigid side
chain that we predict will not be able to avoid close contact interactions with the linker
groups of any of the glucosamine analogues (Figure 1) because there are key glucose-moiety
binding interactions that must be maintained at the glucose binding site. P94 (of TcGlcK) is
the comparable residue to P153 (Figure 4), but it is positioned differently to avoid steric
hindrance of an extending linker (Figure 3d), and thus, gives rise to a wider channel to make
easy access for glucosamine analogues in TcGlcK.
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The determination of a good competitive inhibitor for hexokinase was previously
accomplished by the early work of Anderson et al. (39) and Steitz et al. (40), in which an o-
toluoyl glucosamine compound was complexed with yeast hexokinase through X-ray
crystallography (PDB entry 2YHX). This finding proceeded to the development of modestly
potent benzoyl glucosamine-based inhibitors for TbHxK (22, 41), including the m-bromo-
benzoyl glucosamine inhibitor that had a determined K; of 2.8 uM (22). We also tested one
inhibitor that was shorter than the rest, benzoyl glucosamine (BENZ-GIcN), because the
chemical structure for this compound was very similar to o-toluoyl glucosamine and this
was a class of compound that was never tested on a T. cruzi hexokinase/glucokinase.

3.2. X-ray Crystallography of TcGlcK Inhibitor Complexes

The glucosamine analogues all share a common glucose moiety that preserves key enzyme-
substrate hydrogen bonding interactions with the monosaccharide hydroxy! groups from C1,
C3, C4, and C6. The C2 hydroxyl is replaced by a NH group and also participates in the key
hydrogen bonding. However, each compound differs in its linker and tail group designated
to interact with the intersubunit region adjacent to the glucose binding site. Crystal growth
of TcGlcK in the absence of D-glucose followed by soaks of glucosamine analogues at room
temperature allowed inhibitors to bind in the active site as confirmed by X-ray
crystallography. All of the TcGlcK inhibitor complexes in this work crystallized as a
homodimer (in the asymmetric unit) in the P24 space group and were found in a near fully-
closed conformation between the large and small domains. The homodimeric subunit-
subunit interface is stabilized by a large contact surface area of 1,912 A2 (~12% of the total
surface area) as determined by the Protein Interfaces, Surfaces, and Assemblies (PISA)
server (42). This is in contrast to the loose tetramer that is observed for the TcGlcK-D-
Glucose-ADP complex (PDB entry 2Q2R), which crystallizes in a P21242 space group and
was found as a fully-closed conformation (31). This tetramer is stabilized by having large
contact surface areas as well as by having intermolecular ionic interactions (e.g., salt
bridges) and hydrogen bonds. In the P24 space group the intermolecular ionic interactions
that normally result from residues 1219, D220, and Q223 are essentially absent. A
superposition of the TcGlcK P2, crystal form (dimer) onto the P2,242 crystal form
(tetramer) reveals that the dimers having higher surface area contact are essentially identical
(results not shown).

For structural comparisons, all four ligand complexes (including subunits) are well
conserved. With the TcGIcK-CBZ-GlcN complex (PDB entry 5BRE) as a reference
structure for superposition, the overall fold of the dimer is essentially identical to that of the
TcGIcK-BENZ-GIcN complex (PDB entry 5BRD), the TcGlcK-HPOP-GIcN complex (PDB
entry 5BRF), and the TcGlcK-DBT-GIcN complex (PDB entry 5BRH). This resulted in a
median root-mean-square deviation (r.m.s.d.) of 0.75 A (range 0.43 — 0.78 A, N=3) for 726
Ca atoms. The dimer of the TcGlcK-CBZ-GIcN complex superimposes onto the dimer (in
the asymmetric unit) of the TcGIcK-Glc-ADP complex (PDB entry 2Q2R) with a r.m.s.d. of
1.02 A for 720 Ca atoms, indicating that their overall folds are similar. A superposition of
the crystal structures reveals conserved features within the active site (Figure 5a). The
monomeric structures of each TcGlcK-glucosamine analogue complex are generally similar.
The r.m.s.d. values, when monomers of each enzyme are superimposed, are as follows: (1)
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TcGIcK-BENZ-GIeN vs. TcGleK-D-glucose-ADP complex (r.m.s.d. of 0.92 A for 352 Ca,
atoms); (2) TcGIcK-CBZ-GIcN vs. TcGlcK-BENZ-GIcN complex (r.m.s.d. of 0.29 A for
367 Ca atoms); (3) TcGlcK-HPOP-GIcN vs. TcGlcK-CBZ-GlcN complex (r.m.s.d. of 0.40
A for 364 Ca atoms); (4) TcGlcK-DBT-GIcN vs. TcGlcK-D-glucose-ADP complex (r.m.s.d.
of 1.00 A for 362 Ca atoms). R.m.s.d. values were determined through the MacPyMOL
software (43).

Simulated annealing omit maps are shown for each glucosamine analogue inhibitor in
Figure 5 (panels b — e) with an occupancy of 100% for all ligand atoms. BENZ-GIcN, CBZ-
GIcN, and DBT-GIcN prefer the § anomer (orientation of the C1 hydroxyl of the glucose
moiety) for active site binding in TcGlcK; however, HPOP-GIcN binds as the a anomer
(Figure 5a). TcGlcK has a 4-fold higher binding preference for the B anomer of D-glucose
over the a anomer based on a Ky, value comparison (31). In an attempt to refine the 8
anomer of HPOP-GIcN (as 100% occupancy for all ligand atoms in the A-chain), negative
electron density (contoured at —3.60) was observed by the C1 hydroxyl O-atom (in the
equatorial position) and positive electron density (contoured at +4.50) was found below the
C1 O-atom (in the axial position) from an almost final |F| — |F¢| map (data not shown). By
refining the a anomer of HPOP-GIcN (C1 hydroxyl O-atom in the axial position) instead of
the B anomer, the negative and positive electron density peaks are completely absent from
the final |Fg| — |F¢| map surrounding the same O-atom.

Hydroxyls of the glucose moiety from all four glucosamine analogues interact the same
way, in that hydrogen bonds are donated to E236, E207, and D131 (interaction with the C4
and C6 hydroxyls); additionally, the C3 hydroxyl of the glucose moiety accepts a hydrogen
bond from the side chain NH» group (N&) of N130 (Figure 5a). From the linker component
of each inhibitor that stems from the glucose moiety C2-atom, a hydrogen bond is donated
from the NH group (of the peptide bond) to E207. The benzene moiety of BENZ-GIcN
makes van der Waals contact with P94, M295, P103, S210, and F337 (residue of the other
subunit) (Figure 5b). The phenyl tail group of CBZ-GIcN and the phenol moiety tail group
of HPOP-GIcN adopt an orientation for favorable van der Waals interactions with F337 and
M334 side chains (residues from the other subunit of the protein dimer (Figure 5, panels ¢
and d)) along with P103 and N105 side chains in the active site cavity. The aromatic groups
of these inhibitors fit in the outer part of the active site hydrophobic pocket and engage in a
m-stacking interaction with the phenyl group of F337, which may give rise to the enhanced
inhibitor binding strength compared to BENZ-GIcN that lacks this particular r-stacking
interaction. DBT-GIcN has a larger aromatic tail group than CBZ-GIcN or HPOP-GIcN, but
the 1,1-dioxobenzo[b]thiophene moiety also fits in the outer part of the active site
hydrophobic pocket (Figure 5e) and there are some notable similarities and differences. The
similarities include tail group orientation to maximize van der Waals contact with residues
P103 and N105 (in the active site region) and residues F337 and M334 of the other subunit.
The phenyl group of F337 and the aromatic 1,1-dioxobenzo[b]thiophene group on DBT-
GIcN are similarly positioned in a r-stacking orientation. Finally, the side chains of F337
and M334 are moved away from their regular positions as observed in all of the other
complexes in order to help situate the bulky 1,1-dioxobenzo[b]thiophene group. The key
difference to the TcGIcK-CBZ-GIcN complex includes the bending region angle. The 1,1-

Mol Biochem Parasitol. Author manuscript; available in PMC 2017 January 14.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Antonio et al.

Page 9

dioxobenzo[b]thiophene group is much more bulky compared to the phenyl group on CBZ-
GIcN; and, DBT-GIcN is positioned at the interface of the small and large domains. In order
for the N105 and P103 side chains to be in ideal van der Waals contact distance (i.e., 3.4 —
3.6 A), the small domain positions itself in more of a semi-open conformation by 7.7°
(average bending angle from the A- and B- chains) from the fully closed conformation
structure (PDB entry 2Q2R) as determined by the program DynDom (44). However, the
TcGIcK-CBZ-GIcN complex only has an average bending angle of 4.1° from the fully
closed conformation, revealing an even smaller semi-open conformation of the enzyme.

3.3. Inhibition Studies of TcGlcK and HsHxKIV by Glucosamine Analogues

The coupled hexokinase — glucose 6-phosphate dehydrogenase enzymatic colorimetric assay
that produces NADPH (45) was utilized to obtain catalytic activity measurements and
inhibition constants (K;) for TcGlcK and HsHxXKIV. All kinetic measurements are with
respect to substrates D-glucose (used at variable concentrations) and ATP (used at a constant
concentration). For catalytic activity at room temperature (22 °C) and pH 7.6, we report for
Hisg-TcGlcK a Ky of 0.948 + 0.295 mM for D-glucose, which is essentially identical to the
Ky of 1.00 mM observed by Céaceres et al. (28) at room temperature and pH 8.5. However,
with respect to Hisg-HsSHXKIV, we obtain a 7-fold higher Ky, of 41.8 + 8.7 mM for D-
glucose compared to the measurement of 6.0 mM exhibited by the non-His-tagged wt-
HsHxKIV (46). Our construct for Hisg-HsHxKIV is based off of a design used in X-ray
crystallography experiments to promote protein crystal growth (34) and results in an enzyme
having 11 residues truncated from the N-terminus (with an N-terminal 6x His-tag included)
along with 8 residues truncated from the C-terminus. This difference in the Ky, values for
D-glucose is likely resultant from the truncations. Table 2 reveals a comparison of our
kinase kinetic parameters (K, Kcat, and Keai/Km) to reported literature values. Inhibition
constants for glucosamine analogues are provided in Table 3 for both TcGlcK and
HsHxKIV. Representative Lineweaver-Burk plots for all inhibitors tested on both kinases
are found in the Supplementary Information section. The glucosamine analogues are
revealed as competitive inhibitors through X-ray crystallography because they all bind in the
active site; however, the analogues showed mixed-type inhibition from their corresponding
Lineweaver-Burk plots. We suspect that the mixed-type inhibition may be a consequence of
the glucosamine analogue inhibitor preventing the fully closed conformation of the
glucokinase being examined. We were not able to measure the K; for HsHxKIV and DBT-
GIcN because DBT-GIcN at concentrations needed for inhibition caused an interference
with the colorimetric assay by absorbing light at 340 nm. The strongest TcGlcK inhibitor
known to date is CBZ-GIcN, which has a K; of 0.71 £ 0.05 uM. HPOP-GIcN was observed
as a weaker inhibitor by 1.8-fold to TcGlcK compared to CBZ-GIcN, but that is not
surprising since HPOP-GIcN binds as the less-preferred a anomer (31). The trend for
inhibitor affinity of TcGlcK is as follows: CBZ-GIcN > HPOP-GIcN > DBT-GIcN > BENZ-
GIcN. All of the analogues tested had higher inhibitor affinity toward TcGIcK compared to
HsHxKIV. The most selective inhibitors of the series were CBZ-GIcN and HPOP-GIcN with
selectivity ratios of 245 and 186, respectively, and the least selective inhibitor was BENZ-
GIcN with a selectivity value of 12 (Table 3).
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3.4. Analysis of Inhibitor Binding in TcGlcK

The glucosamine analogues are generally in compliance with the Lipinski’s Rule of Five
(Ro5) (47, 48), from their physiochemical parameters (Table 4). BENZ-GIcN, CBZ-GIcN,
and DBT-GIcN each had a Lipinski score of 4, whereas HPOP-GIcN had a score of 3. The
criteria evaluated for the Ro5 included the following: (1) molecular weight (MW) < 500 g/
mol, (2) CLogP < 5, (3) number of H-bond donors < 5, and (4) number of H-bond acceptors
< 10. In addition, the inhibitors were also in agreement with other key physiochemical
parameters that are common amongst many successful drugs and were previously described
by Luzina and Popov (49), as follows: (1) polar surface area (PSA) < 140 A2, (2) molar
refractivity (MR) in the range of 40 — 130 cm3/mol, and (3) the number of atoms in the
molecule (including hydrogen atoms) in the range of 20 — 70 atoms. All of the inhibitors
follow these criteria except for DBT-GIcN, which has a slightly higher PSA of 162.62 A2.

From an assessment of ligand accessible surface area (ASA) in the active site of TcGlcK and
the K value trend of the glucosamine analogue inhibitors was that as ligand ASA contact
increases from 243 — 365 A2 (Table 5), CBZ-GIcN had not required the upper limit of the
ASA to maintain its relative strong inhibition. This suggests that even though van der Waals
contact and glucose-moiety binding interactions served key roles in the inhibitor’s binding
strength, the m-stacking interaction of the phenyl tail group with the phenyl group of F337
made another key interaction. This is surprising because DBT-GIcN makes similar
interactions as CBZ-GIcN and DBT-GIcN has a much higher ligand ASA contact in the
TcGleK active site (365 A2). It was expected that DBT-GIcN would have stronger inhibition
because of more van der Waals contact in the region (i.e., 365 A2 vs. 275 A2, see Table 5).
The 6-fold weaker inhibition of DBT-GIcN appears to be explained by the larger bending
region angle of 7.7° vs. 4.1° (Table 5). When the two domains are more open from the
closed conformation, more solvent access in the active site is evident and will give rise to
weaker inhibition. This may occur by the destabilization of the hydrophaobic pocket, less
optimal hydrogen bonding geometries (especially with glucose-moiety binding residues,
N130 and D131), and due to an increased dielectric constant within the active site.

CBZ-GIcN has a reasonably low molecular weight of 313 g/mol and is an efficient lead
compound with a ligand efficiency (LE) of 0.38 kcal/mol for TcGlcK inhibition. The
compound therefore has the possibility of further optimization to be a better inhibitor. Table
5 shows LEs for the entire set of glucosamine analogue compounds tested in this study.
HPOP-GIcN had the second highest LE of 0.35 kcal/mol. DBT-GIcN was not as effective,
having an LE of 110 cal/mol less than CBZ-GIcN, primarily due to its MW of 401 g/mol
and slightly higher K value. The LE of BENZ-GIcN was also as low as DBT-GIcN (even
though it has a lower MW of 283 g/mol) with a value of 0.30 kcal/mol, but this is explained
by the fact that its benzene ring does not engage in the key w-stacking interaction as the
other three inhibitors. Although BENZ-GIcN has a lower LE with respect to the other
analogues, it has the possibility for optimization because of its lower MW. The benzene ring
of BENZ-GIcN simply adds to the non-hydrogen atoms (N) and thereby lowers the
efficiency term.
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In order to advance glucosamine analogues for the purpose of crafting stronger TcGlcK
inhibitors, the following parameters should be maintained in the inhibitor design: (1) the
sugar moiety should have the glucose stereochemistry and exhibit the  anomer, (2) the
inhibitor should maintain a bending region angle in TcGlcK to be less than 5.0° from the
closed conformation (as demonstrated by an X-ray crystal structure of a TcGIcK complex),
(3) the ligand ASA in the active site should be = 275 AZ to help maximize van der Waals
interactions, (4) a linker having an aromatic tail group, as in the case of CBZ-GIcN, should
be installed, (5) the aromatic tail group should not be too bulky (a phenyl group appears to
be a good size), and (6) maintain a Lipinski score of 4 for the Ro5. Development of
glucosamine analogues for the purpose of medicinal quality compounds against T. cruzi
amastigotes requires a focus on the compound BENZ-GIcN, as follows: (1) maintain the set
of guidelines for strong TcGlcK inhibitors (see above) except for guideline number 5 and (2)
maintain a short linker length (as it is in the case of BENZ-GIcN). By maintaining these
parameters and performing structure-activity relationship (SAR) studies, the best inhibitor
optimization possibilities will be anticipated.

3.5. Effects of Glucokinase Inhibitors on In Vitro Amastigote Viability

The in vitro treatment of T. cruzi amastigotes in mammalian NIH-3T3 fibroblasts using
glucosamine analogues, such as BENZ-GIcN, CBZ-GIcN, HPOP-GIcN, or DBT-GIcN
reveals a trend that does not correlate entirely well with the TcGlcK inhibitor affinity trend.
The in vitro ICsq values were measured 4 days after incubation using a glucose-rich DMEM
medium. The strongest TcGIcK inhibitor in the study, CBZ-GIcN (K; = 0.71 uM), was the
second most inhibitory for in vitro culture with an ICgq of 48.73 £ 0.69 UM (results not
shown). On the other hand, BENZ-GIcN, which was the least potent of the compound series
as a TcGlcK inhibitor (Kj = 32 uM) had the highest inhibitory effect against T. cruzi cells
with an ICgq of 16.08 £ 0.16 uM (Figure 6a). Benznidazole has a T. cruzi ICgq value of 1.12
+ 0.095 uM (Figure 6b) that compares similarly to the reported values of 1.43 uM (50) and
1.5 uM (51). Amphotericin B has an ICsg value of 0.48 + 0.0032 uM (results not shown).
BENZ-GIcN has a 14-fold weaker inhibition effect and a 34-fold weaker inhibition effect
compared to benznidazole and amphotericin B, respectively.

The least effective inhibitors against parasites were HPOP-GIcN and DBT-GIcN with ICsq
values > 50 UM (results are not shown because the highest concentration of inhibitors tested
was 50 UM and changes in the percent activity at 50 pM were not significant). The
observations for BENZ-GIcN are suggestive that BENZ-GIcN is either a promiscuous
inhibitor that binds to more than one T. cruzi target and leads to a T. cruzi cytotoxic effect or
that this inhibitor prevents parasite invasion into mammalian host cells. In either case, this is
a surprising result because Willson and colleagues determined that for highly similar
analogues of BENZ-GIcN, the compounds (intended to bind to the drug-target TbHxK) were
incapable of producing significant biological activity through in vitro cultures of T. brucei
using a human physiological concentration of glucose (5 mM) in the growth medium with a
3-day incubation period of parasites (22).

There are various possibilities for why BENZ-GIcN has a good inhibition effect against T.
cruzi parasites in comparison to T. brucei parasites. One possibility is that BENZ-GIcN is
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very effective at inhibiting T. cruzi parasite invasion into host cells. Another possibility is
that BENZ-GIcN can be imported into the glycosomes of T. cruzi amastigotes through a
compatible glucose transporter having strong affinity and thereby acting to kill the parasites.
This hypothesis is supported by the findings of Tetaud et al. (53), in which they observed for
N-acetyl-D-glucosamine (GIcNAC) (an analogue of BENZ-GIcN), the T. cruzi epimastigote
form expresses a hexose transporter that is 71 times more sensitive for GIcNAc compared to
the hexose transporter that is expressed in T. brucei (bloodstream form). In these
trypanosomal parasites, inhibition constants for GIcNAc against radiolabeled D-glucose
uptake were found to be 0.156 mM and 11.11 mM, respectively. BENZ-GIcN is also
modestly potent as a glucokinase inhibitor and it most likely binds strongly to TcHxK. Since
TcHxK is found at higher concentrations in T. cruzi cells with respect to TcGlcK (as pg of
enzyme per mg of glycosome) (28), if TcHxK is being inhibited by BENZ-GIcN in addition
to TcGlcK, glycolysis would be expected to be severely impacted. Possible causes for the
poorer inhibition effects observed by HPOP-GIcN and DBT-GIcN may be related to a lack
of inhibition of T. cruzi invasion into mammalian host cells, T. cruzi glucose transporters not
having sufficient affinity for these glucosamine analogue inhibitors, and/or these inhibitors
may be very selective to only TcGlcK and will not act as inhibitors to TcHxK, if they are
indeed imported by a glucose transporter. The data is also suggestive that since the DMEM
medium has a very high glucose concentration, the glucose most likely is not a major factor
for enzyme competition (with respect to the inhibitors) because we observe modestly potent
inhibition to sub-micromolar inhibition affinity with BENZ-GIcN and CBZ-GIcN,
respectively.

3.6. Structural Factors for Selectivity of Glucosamine Analogues in TcGlcK and TcHxK

Crystal structures of TcGIcK complexed with glucosamine analogues, such as CBZ-GIcN or
DBT-GIcN, reveal that in addition to their glucose moieties binding in the glucose binding
site, the aromatic moieties of these compounds bind in a newly identified hydrophobic
cavity found at the intersubunit region adjacent to the glucose binding site. The HsSHxKIV
structure lacks this particular hydrophobic pocket because the enzyme is a monomer.
Furthermore, the region is quite distinct between the two enzymes. For example, by
superimposing the monomers of TcGlcK (PDB entry 2Q2R) and HsHxKIV (PDB entry
4AMLE) (54), a large 14-residue loop (L165 — G178) is found in the small domain of
HsHxKI1V, which corresponds to a smaller 8-residue loop region (G102 — 1110) in TcGlcK
(also part of the small domain), see Figure 4. These loops exhibit different conformations
based on their flexibility (Figure 7a). In TcGlcK, the G102 — 1110 loop includes residues
P103 and F104 for which van der Waals contact is made with some of the glucosamine
inhibitors (see Figure 5). With this loop being shorter with respect to the L165 — G178 loop
of HsHxKIV, steric hindrance is avoided from the aromatic moieties of the glucosamine
inhibitors bound in the active site. The L165 — G178 loop of HsHxKIV interacts weakly
with a second loop (S281 — Q287) from its large domain by making only van der Waals
interactions. However, the corresponding loop segment (K230 — N234) found in the large
domain of TcGlcK is highly different in its orientation, by being completely absent from the
intersubunit region by the glucose binding site (Figure 7a). Since the S281 — Q287 loop of
HsHxKIV is oriented adjacent to the glucose binding site; side chains from residues N283,
Q286, and Q287 have the potential to block this region from the tail groups of glucosamine
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analogues (especially for inhibitors with longer linker groups than the compounds studied
herein) unless the small and large domains of the monomer can break into the open
conformation (or a semi-open conformation) to allow binding. The side chains from T168
and N166 on HsHxKIV (found on the large L165 — G178 loop) may also prevent
glucosamine analogue tail groups from being able to bind in this region. However, this
prediction will need to be confirmed by having X-ray crystal structures of glucosamine
analogue complexes of HsHxKIV. The reason behind why the TcGlcK K230 — N234 loop is
oriented in a completely different manner from the case of HsHxKIV (and from the cases
pertaining to the H. sapiens hexokinase isozymes) relates to a -turn that is present in
HsHxKIV (G261 — G264) but absent in TcGlcK (Figure7a). The p-turn (G261 — G264) of
HsHXKIV causes the a7 helix to be positioned ideally in order to permit its S281 — Q287
loop to meet at the region adjacent to the glucose binding site. With a missing p-turn in
TcGlceK at this segment that is shown by a multiple sequence alignment (Figure 7b) the
TcGlcK K230 — N234 loop cannot be positioned at the outer part of the active site
(intersubunit region). All of the HsHxK isozymes have this -turn and have a similar
structural comparison at this region (Figure 7c).

Despite the lack of a crystal structure for TcHxK, secondary structure prediction from
primary structure was generated for this enzyme (Figure 7b), to reveal the secondary
structure elements in this region. The secondary structure and primary structure both reveal
clues for the nature of the outer part of the active site in TcHxK. This prediction shows that
TcHxK lacks the B-turn, but it has a 10-residue loop for the corresponding 5-residue TcGlcK
K230 — N234 loop. This result appears to suggest that the TcHxK 10-residue loop segment
will not interfere with the intersubunit region adjacent to the glucose binding site and our
glucosamine inhibitors have the potential to bind to this enzyme. Finally, until the TcHXK
structure is solved, there will be the unanswered question as to whether this region has
involvement in an interface with another subunit, as is the case of dimeric TcGlcK.

4. Conclusions

The work described in this study reveals four glucosamine analogue inhibitor complexes of
TcGleK. X-ray crystallography has revealed an important hydrophobic pocket adjacent to
the glucose binding site of TcGlcK (at the interface of the protein dimer), but is absent in
HsHxK isoenzymes. This hydrophobic pocket contributes significantly to TcGlcK
glucosamine analogue inhibitor affinity and selectivity, particularly when the inhibitor tail
groups are aromatic and form a w-stacking interaction with residue F337 (of the opposite
subunit of the dimer). We propose that the glucosamine analogues of this study will have
difficulty binding in HsHxKIV because of residue P153 along with other residue side chains
(T168, N166, Q286, and K56) that contribute to steric clash effects. However, these types of
steric clashes were not evident in TcGIcK based on having crystal structures of glucosamine
analogue complexes. Enzyme inhibition constants were determined for both TcGlcK and
HsHxKIV, and from this glucosamine analogue series, CBZ-GIcN was determined to be the
strongest glucokinase inhibitor known to date (K; = 0.71 uM for TcGlIcK). The inhibitors
also had good selectivity of inhibition over HsHxKIV. Additionally, inhibitors CBZ-GIcN
and BENZ-GIcN showed effective in vitro biological activity against T. cruzi amastigotes
co-cultured in mammalian NIH-3T3 fibroblasts.
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The trend for TcGlcK inhibitor affinity did not correlate well with the in vitro biological
assay growth inhibition results for the small number of compounds tested. This loss in
correlation does not permit a firm assignment of TcGIcK as a chemically-validated drug
target, one of the objectives we pursued in this study. The biological effectiveness of CBZ-
GlIcN and BENZ-GIcN may be a consequence of enzyme inhibitor promiscuity; specifically,
being able to bind to both TcGlcK and TcHxK that severely diminishes the needed
glycolytic and/or PPP metabolic flux. Therefore, we are left with the unsolved challenge of
drug-target validation. It is possible, however, to carry out genetic drug-target validation for
TcHxK and TcGlcK given the unfortunate case that genetic validation by RNA. in T. cruzi
cannot be performed because the organism lacks a functional RNAI pathway (29, 30). Drug-
target identification by a method involving in vitro reduced susceptibility analysis by
candidate compounds (in this case, the TcGlcK glucosamine analogues) in T. cruzi isolates
followed by genome sequencing of the resistant parasites could be implemented (57, 58).
However, this method is usually employed in those instances where selective pressure
exerted by decades of extensive use of parasite growth inhibitors (on human populations)
has resulted in the evolution of resistant strains carrying genetic polymorphisms in the
inhibitor target genes (e.g., Plasmodium falciparum has drug resistance in certain strains
developed after a ten-year period of usage of chloroquine, quinine, mefloquine, and
artesunate (58)). This scenario is less likely to have occurred in the case of TcGlcK
glucosamine analogues developed in this study, since natural populations of T. cruzi have
never been exposed to these candidate compounds before. The best case for genetic drug-
target validation will be until the challenges of RNAI are overcome in T. cruzi.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e The strategy of structure-based drug design allowed for the determination of
selective T. cruzi glucokinase inhibitors.

e Crystal structures of T. cruzi glucokinase and its complexes with novel
glucosamine analogues were determined.

» The inhibitor CBZ-GIcN is the strongest glucokinase inhibitor known to date.

* Inhibitors BENZ-GIcN and CBZ-GIcN are highly effective against T. cruzi
amastigotes co-cultured in mammalian cells.
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Figure 1.
Chemical structures of known drugs and glucosamine analogue inhibitors for the

antiparasitic treatment of Chagas’ disease. Benznidazole and nifurtimox are clinically
available and extensively used drugs for Trypanosoma cruzi infections. Glucosamine
analogues BENZ-GIcN, CBZ-GIcN, HPOP-GIcN, and DBT-GIcN were tested in this study
against T. cruzi glucokinase as potentially potent and/or selective inhibitors.
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Figure 2.
Dimeric and monomeric representations of the TcGlcK-ADP-D-glucose complex (PDB

entry 2Q2R) (31). (a) TcGlcK dimer with N- and C-termini indicated for each subunit and is
color-coded as follows: blue for the small domain, green for the large domain, and grey for
the linking segments between domains. The same colors as slightly shaded represent the
other subunit. (b) TcGlcK monomer revealing a-helices, 31g-helices, and p-strands in
sequential order. Secondary structure elements were produced by the DSSP program from
PDB entry 2Q2R, as exhibited in Figure 1 of reference (31).
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E207

Figure 3.
Views showing the outer part of the active site for proposed HPOP-GIcN complexes of (a)

HsHxKIV and (c) TcGlcK, from PDB entries 4MLE and 2Q2R, respectively. The HPOP-
GIcN ligand was modeled into each kinase by superimposing its sugar moiety onto the
glucose ligand, followed by removing the original glucose coordinates. Energy minimization
was not applied in the modeling of HPOP-GIcN. Non-identical residues are indicated on the
outer part of the active sites of both enzymes with residue labels as red for HsSHxKIV (a) and
black for TcGlcK (c). In these proposed complexes, panel (a) shows that various residue side
chains of HsHxKIV (T168, N166, Q286, and K56) have the potential for steric clash with
HPOP-GIcN while P153 has the highest likelihood of steric clash for the same ligand
because the glucose moiety of HPOP-GIcN is in a fixed position. This situation is predicted
to not allow HPOP-GIcN to bind in HsHxKIV. Panel (c) reveals minimum to no steric
clashing effects present in the same region for TcGlcK. Panels (b) and (d) show HsHxKIV
and TcGlcK on different viewing angles from panels (a) and (c), respectively. Protein
residues are shown with very close contact interactions to HPOP-GIcN in HsHxKIV (b) and
are essentially distant in TcGlcK (d). Interactions are pending that HPOP-GIcN is able to
bind as the two glucose kinase/inhibitor models suggest and are color-coded as follows:
orange represents close contacts from “flexible” residue side chains that are expected to
move and avoid steric clashing effects; green represents close contacts from a rigid proline
(P153) expected to have unavoidable steric clashing effects; purple represents relatively
distant contact interactions; and black represents putative hydrogen bonding interactions.
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Figure 4.
Structure-based sequence alignment of TcGlcK (PDB entry 2Q2R) and HsHxKIV (PDB

entry 3IDH) (34), as determined with the web-based protein structure comparison service
Fold at European Bioinformatics Institute (PDBeFold) (35) and STRIDE (36, 37). The
structural alignment was created with ESPript (version 3.0) (38). The overall sequence
identity is 19% based on this alignment. The symbols a, n, and p indicate the secondary
structural elements a-helices, 31g-helices, and B-strands, respectively. Residues having exact
identity are boxed and indicated by white letters on red background; residues with near
identity are boxed and indicated by red letters on white background. Active site residues are
indicated by brown triangles for TcGlcK and by blue triangles for HsHxKIV. The positions
for two important loop segments are indicated by arrows having dashed lines (brown for
TcGlcK and blue for HsHxKIV).
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Figure 5.
Four crystal structures of TcGlcK bound to glucosamine analogue inhibitors in the active

site. (a) Superposition of the four structures with BENZ-GIcN (yellow), CBZ-GIcN (red),
HPOP-GIcN (blue), and DBT-GIcN (green); hydrogen bond interactions are represented by
dashed lines. Simulated annealing omit maps of TcGlcK:inhibitor complexes for (b) BENZ-
GIcN (orange map, contoured at 3.10), (¢) CBZ-GIcN (red map, contoured at 2.60), (d)
HPOP-GIcN (brown map, contoured at 3.00), and (¢) DBT-GIcN (blue map, contoured at
3.00). Atoms are color-coded in panels b — e as follows: yellow (arbitrary monomeric
subunit), brown (opposite monomeric subunit), or grey (inhibitor) for carbon; blue for
nitrogen; red for oxygen; and red spheres for solvent. Green dashed lines represent hydrogen
bond interactions.
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Dose response of (a) BENZ-GIcN activity and (b) benznidazole activity on T. cruzi
(Tulahuen strain) intracellular amastigote growth inhibition in NIH-3T3 fibroblasts, by the
method of Andriani et al. (52). The curve and the 1Cgy were calculated from measurements
determined in triplicate and expressed as the % inhibition of parasite growth at each

concentration.
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-
L165- G178
I
\ loop

Figure 7.
Primary, secondary, and tertiary structure representations of TcGlcK and HsHxKIV at an

outer part of the active site of the monomer. (a) Tertiary structure representations for human
hexokinase 1V (blue) bound to glucose (PDB entry 4MLE) (54) that is superimposed onto
the TcGIcK-HPOP-GIcN complex (brown). (b) Multiple sequence alignment of the TcGlcK
H201 — S240 segment by means of the Clustal Omega program (55), where TcGlcK (PDB
coordinates from the TcGIcK-DBT-GIcN complex) is aligned with human hexokinase |
(PDB entry 4F90), human hexokinase 1l (PDB entry 2NZT), human hexokinase 111 (PDB
entry 3HMS8), human hexokinase 1V (PDB entry 3IDH), and T. cruzi hexokinase (GenBank
accession number CAD26835.1). Residues of the HsHxKIV S281 — Q287 loop are
highlighted in yellow and are between the two blue triangles. The two red stars indicate the
location of the two glycines in the human hexokinases and are highlighted yellow that give
rise to the B-turn. All 2° structure elements (a-helices, 31¢-helices, and -strands) above the
sequence alignment were generated from experimentally determined 3° structures (PDB
entries) through the program STRIDE (36, 37) and are color-coded as brown for TcGlcK and
blue for the human hexokinases. The 2° structure elements below the sequence alignment
(a-helices and B-strands) were generated by prediction from a 1° structure (FASTA entry)
through the program PSIPRED (version 3.3) (56) and are color-coded as black for TcHxK.
The multiple sequence alignment was created with the program ESPript (version 3.0) (38).
(c) Superposition of the A-chains of the human hexokinase isozymes in the closed
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conformation complexed with glucose in the active site, as follows: hexokinase | (PDB entry
4F90, brown), hexokinase Il (PDB entry 2NZT, magenta), hexokinase 111 (PDB entry
3HMS, light green), and hexokinase IV (PDB entry 4MLE, grey). The superposition reveals
the similarity from the two loops [(L165 — G178); (5281 — Q287)] of hexokinase IV as well
as the B-turn, when compared to the other 3 human hexokinase isozymes I-I11.
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Table 1

Data Collection and Refinement Statistics.

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

TcGIcK-BENZ-GIcN | TcGIcK-CBZ-GIcN | TcGIcK-HPOP-GIcN | TcGlcK-DBT-GIcN
Data Collection
resolution limits (A) 50.0 - 2.40 50.0 - 2.50 50.0 - 2.10 50.0 - 1.90
total/unique reflections 136171/31494 105321/28549 160176/46434 251662/62066
measured
space group symmetry P2, P2, P2, P2,
unit cell dimensions
ab,c(A) 68.6, 78.8, 76.6 68.7,79.0, 76.4 68.1, 80.0, 75.8 68.2,78.7,75.4
a, B, v (deg) 90.0, 94.5, 90.0 90.0, 94.7,90.0 90.0, 95.0, 90.0 90.0, 94.8, 90.0
RmergeD 0.079 (0.822) 0.101 (0.694) 0.067 (0.389) 0.040 (0.440)
<llofl)>2 12.9 (1.4) 13.26 (2.17) 18.96 (2.86) 26.73 (3.00)
completeness (%)2 98.5 (92.0) 99.8 (100) 98.5 (97.4) 99.1 (98.6)
Refinement
reflections used in 59783/3023 28332/1434 46407/2342 62037/3148
refinement/test set
Ruon 0.1929 0.1902 0.1905 0.1972
Rfreed 0.2564 0.2304 0.2368 0.2373
protein chains® 2 2 2 2
protein residues® 734 734 728 731
protein atoms® 5696 5696 5654 5675
solvent molecules® 87 4 244 201
ligand molecules® 2 2 2 2
Root Mean Square Deviation
bonds (A) 0.009 0.010 0.009 0.009
angles (deg) 1.30 1.20 1.20 1.20
Wilson B-factord (A2) 51 53 44 41
Average B-factorsn (A?)
main chain 43 79 42 53
solvent 32 60 40 48
ligand 31 73 38 48
Ramachandran Plotf (%)
allowed 89.7 89.1 91.4 90.5
additionally allowed 10.0 10.8 8.5 9.4
generously allowed 0.3 0.2 0.2 0.2
disallowed 0.0 0.0 0.0 0.0
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TcGlcK-BENZ-GIcN

TcGlcK-CBZ-GIcN

TcGlcK-HPOP-GIcN

TcGlcK-DBT-GIcN

PDB accession code

5BRD

5BRE

5BRF

5BRH

aValues in parenthesis are for the highest resolution shell.

Rmerge =21~ (I)] /' = 1, where 1 is the observed intensity, (1) is the average intensity calculated from replicate data.

c . R .
R=%|Fo|-|Fcll/X|Fo] for reflections contained in the working set.

deree =X ||Fol|-|Fcll/2|Fo|for 10% of reflections contained in the test set held aside during refinement. | Fg | and | F¢| are the observed and

calculated structure factor amplitudes, respectively.

e A
Per asymmetric unit cell.

fCalculated using PROCHECK (59).

Ycalculated using POLYGON (60).

h .
Calculated using MOLEMAN?2 (61).
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Table 2
Kinetic Parameters for TcGlcK and HsHxKIV.
Enzyme Constructd Km (mM) Keat (Min71) Keat/Kpp (MM~ min~?)
Hise-TcGIcK® | pET-TcGlcK-xtal® 0.948 +0.295 | (4.67 £2.15) x 102 | (4.93 +2.26) x 102
Hisg-TcGIcKP NNAf 1.00 £ 0.06 8.95 x 104 8.95 x 10*
Hisg-HsHXKIVA | pET-HsHXKIV-xtal® | 41.8 +8.7 (1.30+1.73) x 10* | (3.11 +4.14) x 102
wt-HsHxKIVC | pEhgk-WT 6.0+0.4 3.98 x 103 6.63 x 102

aFrom this study; assay was performed at pH 7.6 and 22 °C; measurements performed in triplicate.

b
From ref (28); assay was performed at pH 8.5 and room temperature.

CFrom ref (46); wild-type human pancreatic p-cell hexokinase IV; assay was performed at pH 7.5 and 30 °C.

d . .
Refer to corresponding references for construct details.

e . - . .
Extension “-xtal” signifies that the construct has a custom design to allow the enzyme to be suitable for X-ray crystallography.

f .
Name not available.
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Inhibitor Binding Affinities.:

K versus substrate (uLM)
TcGleK
Inhibitor TcGleK HsHxKIV selectivity ratio®
BENZ-GIcN 32+26 376 + 196 12
CBZ-GIcN 0.71 +0.05 174 + 50 245
HPOP-GIcN 1.3+06 242 £ 97 186
DBT-GIcN 41+03 ndd ngd

a . L
All compounds were tested as their racemic mixtures (n = 2).

b . . I
Colorimetric assay; measurements in triplicate.

cSelectivity ratio = Kj (HsHxKI1V) / Kj (TcGlIcK).

dNot determined.

Mol Biochem Parasitol. Author manuscript; available in PMC 2017 January 14.

Page 31



Page 32

D’Antonio et al.

"(6%—L¥) S§2J 01 4831 * JO INO SI 3102S ‘BAIH JO BNY m._v_mc_a_._o

*(0°2T uoISIaA) BAN MeaquayD Buisn amum_:u_mop

"eaJe 90BYINS Jejod SI \YSd pue ‘AlAORIS] Jejow SI YA IYBIam Jejndsjow si MW,

29291 A4 14 07 S 6€CY'0- | 6ET0V (9%) SPONSTHOTD NJI9-19d

87'6ET €L°8L € 8 9 TEVE0- | €€°LcE (¥) LONTeHSTD NJI9-dOdH

87'8¢T eEVL 14 8 S €G¢T0 0€'ETE () LONETHY™D NJI9-2dD

GZ'6TT 0089 14 L S 989%°'0- | 8C'€8¢ (2€) ONLTHEYD NOI19-ZN3g
(Jow/gwo) 584003 Jo0ydaooe | aouop (jow/6) | (swore jo Jaquinu)

qle¥) vsd g psudiy | puog-H | puog-H | qdBo1D | MIA | eInuuiog Jeingsjo | punodwod

¢'S101IgIYul aseuoan|b Jo sialawered [eaIWaYI0ISAYd

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mol Biochem Parasitol. Author manuscript; available in PMC 2017 January 14.



Page 33

D’Antonio et al.

Author Manuscript

‘(y) woquAqg Buisn usm_zo_moc

420z A1us gad SI 81n1onals UOITRLLIOJUOD Paso|d a0u3IB}RY s

'SHUNQNS -g pue -/ 8yl WoJy HI|9H9] JO surewop [fews pue abie| ay) usamiaq ajbue uoibal Buipuaq mmem><,.

"(€9) JoJ wiouy uonenbs i3 ¢_|ow [e9Y /86T00°0 = 4 PUE SWoTe UBBOIPAY-UOU JO JaGWINU 3U3 SI N B13UM ‘N/IMul LY - = ERN

"(29) TONIVIdY welboid $d22 8y Buisn Sa_a_mou

*(UOITBWLIOUOD PBSO[D SB ‘BlIS BANJR YOI L U1 JO SHUNQNS -g PUE -/ WO} SUOIIORIBIUL) BaJe 108jU00 puebi| sbelaAe juasaidal saneA

‘(ev) TOWAdoeIN Buisn u%_a_mon

*Kouaronyge puebi| s1 37 pue ueisuod UoIgIYUL SI 1| ‘eale 80BLINS 8]qISS8IE SI YSY ‘BaJe 30BLINS S| VS,

Ll 120 o-0Tx TV | Hyas G9€ €16 N9ID-19d

9 GE'0 o-0Tx €T | Jugg STE 8LL N2I9-dOdH

184 80 -0TxTL | 3489 .2 oL N9I9-Z8D

67 0€0 ¢-0TxZ€ | augs eve 119 NoID-ZN3g

00 e/u e/u dede 69T z6€ 8500n19-a-J
ypy(e) 816Uy | g(lowsread) | (yio1901 y0) | Anuz | poley) WeW0D | 4Y) VS

uolfiay Buipusg Eh| (A) '™ aad VSV puebin puebi puebi

o' BuIpuig puebi| 91991 J0 sisAjeue 1oy} sislaweled L8]

G 9lqel

Author Manuscript Author Manuscript Author Manuscript

Mol Biochem Parasitol. Author manuscript; available in PMC 2017 January 14.



