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Abstract: The hole mutagenesis approach was used to interrogate the importance of F337 in 

Trypanosoma cruzi glucokinase (TcGlcK) in order to understand the complete set of binding 

interactions that are made by D-glucosamine analogue inhibitors containing aromatic tail groups 

that can extend to the outer part of the active site.  An interesting inhibitor of this analogue class 

includes 2-N-carboxybenzyl-2-deoxy-D-glucosamine (CBZ-GlcN), which exhibits strong 

TcGlcK binding with a Ki of 710 nM.  The residue F337 is found at the outer part of the active 

site that stems from the second protein subunit of the homodimeric assembly.  In this study, F337 

was changed to leucine and alanine so as to diminish phenylalanine’s side chain size and 

attenuate intermolecular interactions in this region of the binding cavity.  Results from enzyme – 

inhibitor assays revealed that the phenyl group of F337 made dominant hydrophobic interactions 

with the phenyl group of CBZ-GlcN as opposed to π – π stacking interactions.  Moreover, 

enzymatic activity assays and X-ray crystallographic experiments indicated that each of these 

site-directed mutants primarily retained their activity and had high structural similarity of their 

protein fold.  A computed structure model of T. cruzi hexokinase (TcHxK), which was produced 

by the artificial intelligence system AlphaFold, was compared to an X-ray crystal structure of 

TcGlcK.  Our structural analysis revealed that TcHxK lacked an F337 counterpart residue and 

probably exists in the monomeric form.  We proposed that the D-glucosamine analogue 

inhibitors that are structurally similar to CBZ-GlcN may not bind as strongly in TcHxK as they 

do in TcGlcK because of absent van der Waals contact from residue side chains. 
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mean-square-deviation; TcGlcK, Trypanosoma cruzi glucokinase; TcHxK, Trypanosoma cruzi 

hexokinase. 

 
 
 
 
 
 
 
 
 
 
 



3 

 

Highlights 
 

• The hole mutagenesis approach was applied to TcGlcK targeting F337. 

• CBZ-GlcN exhibits strong binding in the active site of TcGlcK because the major 

intermolecular force between its phenyl group and F337 is based on hydrophobicity. 

• Comparison of the AlphaFold TcHxK CSM lacks the TcGlcK F337 counterpart residue. 

• The crystal structure of wt-TcGlcK in the open conformation has been reported. 
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1. Introduction 

 Chagas’ disease or American Trypanosomiasis is a neglected tropical disease that results 

in an annual mortality of approximately 10,000 people.  Roughly 6 – 7 million people throughout 

the world have this disease, but most cases are found in Latin American countries; additionally, 

300,000 cases have been observed in the United States (1).  Chagas’ disease is caused by 

Trypanosoma cruzi, a pathogenic protozoan parasite that resides in two common hosts, humans 

and triatomine insects (1, 2).  Transmission primarily occurs from the bite of a triatomine insect 

vector followed by parasite absorption into the host’s bloodstream as the insect’s feces are 

quickly moved into the bite wound.  Other modes of transmission occur by the following routes: 

congenital, oral (food-borne), blood-to-blood transfusion, and organ transplantation (1-3).  The 

human infection presents two main stages, acute, which typically lasts weeks to months, and 

chronic which lasts for the rest of the patient’s life.  In most patients the acute phase is mostly 

asymptomatic.  When symptoms are evident, they are unspecific such us fever, heavy breathing, 

and skin lesions.  The chronic phase is also mostly asymptomatic or indeterminate (70% of 

patients).  When clinical manifestations are present, they are characterized by inflammation of 

key organs or systems, such as the heart and the gastrointestinal tract (especially the esophagus 

or the colon) and can be observed by their pathological enlargements (1).  Typical medical 

diagnostic tests are used for clinical manifestations (~30% infected), which include 

echocardiography, chest X-rays, cardiac MRI, and esophageal manometry (4-7).  However, the 

chagasic infection is diagnosed by laboratorial methods such as serology and eventually PCR.  

Clinically available antichagasic treatments include benznidazole and nifurtimox that were both 

developed over 55 years ago and are considered highly efficacious during the acute phase (8, 9).  

However, the side effects caused by these drugs result in poor patient compliance.  These 
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adverse effects commonly include hypersensitivity effects such as sleeping disorders, peripheral 

neuropathy, and digestive intolerance (i.e., nausea, vomiting, anorexia, etc.) (7, 10, 11).  

Moreover, their efficacies are considerably reduced in the chronic phase presumably due to a 

spontaneously formed dormant life-stage of T. cruzi and was demonstrated to resist benznidazole 

exposure (12).  As such, efforts toward the discovery of modern alternative therapeutic options 

are in need for an improved tolerability profile and efficacy. 

 

 There are two glucose kinases found in the glycosome of T. cruzi protozoa that are the 

first enzymes of glycolysis, glucokinase (TcGlcK) and hexokinase (TcHxK), and these enzymes 

require ATP to convert D-glucose into G6P and ADP (13, 14).  Various pathways depend on 

G6P as it serves a pivotal role in cellular metabolism, particularly glycolysis, the pentose 

phosphate pathway, and gluconeogenesis (15-18). Experimental outcomes from various studies 

have indicated the importance of glycolysis and the pentose phosphate pathway in T. cruzi (18-

21).  As a result, these pathways have been targeted over the years as a general strategy for 

antichagasic therapeutic drug discovery since the inhibition of either glucose kinase appears to 

be a good approach to this end.  TcGlcK has been recognized as a potential drug-target based on 

several studies, including a target-based high-throughput screening campaign (22), a small 

focused screen of amino sugar analogues (23), and a structure-based drug design study (24).  

TcGlcK inhibitors were identified as being hits, such as those from the D-glucosamine analogue 

scaffold (23, 24), the gossypol scaffold (where (±)-gossypol is a natural product from cotton 

seeds) (22), and several other unique scaffolds (22).  But more importantly, a set of inhibitors 

from the 3-nitro-2-phenyl-2H-chromene scaffold was identified as being leads (22).  The 

acceptance criteria for evaluating both hits and leads in T. cruzi early-stage drug discovery 
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endeavors has previously been discussed (25, 26).  Compounds discovered from all of these 

different scaffolds have shown notable antichagasic potency from in vitro T. cruzi activity (IC50 

values in the low micromolar to nanomolar range) and some of the inhibitors were evaluated to 

have good selectivity index values (SI > 10) for toxicity against parasitic cells versus their 

corresponding host cells. 

 There are four Homo sapiens hexokinase isoenzymes and their X-ray crystal structures 

have previously been solved.  The 3-dimensional coordinates include PDB entries 1HKC, 2NZT, 

3HM8, and 3IDH for hexokinase I (27), hexokinase II (28), hexokinase III (29), and hexokinase 

IV (commonly referred to as human glucokinase) (30), respectively.  When considering the 

structure of Homo sapiens hexokinase IV (HsHxKIV), which is an isoenzyme representative of 

having a similar structural fold to hexokinase isoenzymes I – III (with respect to their 

catalytically active domains), a structure-based sequence alignment of TcGlcK and HsHxKIV 

revealed an overall 19% protein sequence identity (24).  Regarding this low overall similarity, 

there exists an advantage of parasite homologue selectivity when developing novel antichagasic 

compounds.  Additionally, TcGlcK and HsHxKIV have similar structural folds but their active 

sites have key differences, for example, as observed in the HsHxKIV structure there lacks an 

outer part of the active site similar in TcGlcK because the enzyme is a monomer, there is also a 

narrow channel adjacent to the D-glucose binding site that makes steric hindrance, and precludes 

access to certain competitive inhibitors (vide infra).  To this knowledge, the design of highly 

selective inhibitors to TcGlcK was achieved in 2015 with competitive D-glucosamine analogue 

inhibitors (24).  Such compounds are important as they can serve the long-term goal in drug 

discovery by reducing adverse side effects in humans and setting a reference in order to design 

novel compounds with enhanced antichagasic ability.  Furthermore, the very low protein 
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sequence percent identity between TcGlcK and HsHxKIV sets a basis of criterion for TcGlcK to 

be a suitable drug-target. 

 TcGlcK is homodimeric in its 4º structure, in which its subunit – subunit interface is 

stabilized by a large contact surface area of approximately 1,900 Å2 (~12% of the total surface 

area) (24).  Each monomer of the 3º structure contains two domains, a small α/β domain 

(residues 1–130 and 353–367) and a large α + β domain (residues 145–352).  The active site is 

found in each monomer that includes a D-glucose binding site (residues N130, D131, E236, and 

E207) and an ATP binding site (residues N312, N308, and T185) (24, 31).  TcGlcK also features 

a unique outer part of its active site positioned adjacent to the D-glucose binding site that 

involves N105 and two residues from the opposite subunit of the dimer, M334 and F337.  The 

wt-TcGlcK – CBZ-GlcN complex (PDB entry 5BRE) illustrates how the competitive inhibitor 

CBZ-GlcN interacts in the active site (Figure 1) (24), in which residues that are color-coded 

yellow and brown for their carbon atoms represent the different subunits of the dimer (in the 

asymmetric unit).  The outer part of the TcGlcK active site is interesting because the phenyl 

group of the F337 side chain seems to participate in π – π stacking interactions with the phenyl 

group of the competitive inhibitor CBZ-GlcN, however this has not yet been verified.  This 

interaction was presumed on the basis of the X-ray crystallographic 3-dimensional coordinate 

data because the planes of the aromatic rings were observed to be positioned in an almost parallel 

orientation with respect to each other and being within the ideal van der Waals contact distance 

of 3.3 – 4.0 Å (24).  In our previous work, we suspected that this type of interaction presumably 

enhanced the inhibitory effect when compared to another similar competitive D-glucosamine 

analogue inhibitor that likely lacked the π – π stacking interactions.  For example, N-benzoyl-D-

glucosamine (BENZ-GlcN) has a shorter C2 linker length between its D-glucosamine moiety and 
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phenyl group, and exhibits much weaker inhibition when compared to CBZ-GlcN.  This can be 

compared by their inhibition constant (Ki) values, for example, BENZ-GlcN has a Ki of 32 μM 

whereas CBZ-GlcN has a Ki of 0.71 μM, which is a 45-fold difference (24). 

 

 The primary basis of the presented work was to determine the molecular determinants of 

the stronger inhibitory effect exhibited by D-glucosamine analogue inhibitors with longer C2 

linkers that essentially extend their aromatic tail groups to the outer part of the active site, such 

as CBZ-GlcN, and make van der Waals contact with F337.  It appears that intermolecular 

interactions involving the side chain of F337 with these kinds of inhibitors principally derives 

from π – π stacking interactions between two aromatic ring systems or it could simply be due to 

hydrophobic forces.  Two mutants were devised, such as TcGlcK(F337L) and TcGlcK(F337A), 

and CBZ-GlcN was used as a competitive inhibitor probe that could help test this hypothesis.  In 

a hole mutagenesis approach (32), by mutating F337 to leucine, the π – π stacking interactions 

will be lost and the leucine side chain will have slightly less bulkiness as compared to 

phenylalanine.  Through further depletion of the side chain size at position F337 to alanine, the π 

– π stacking interactions will again be lost but also a lessening effect should be observed for the 

hydrophobic interactions, thus creating a larger hole at position F337 (Figure 2).  The Ki of 

CBZ-GlcN in these two mutations were determined by enzyme – inhibitor kinetics to make 

baseline comparisons of relative binding strength.  Such determinations are relevant for future 

inhibitor designs in order to take advantage of the specific interactions being offered by the F337 

side chain.  Knowledge to this end can also be applied to inhibitor designs for other dimeric 

glucokinases found in pathogenic organisms for the purpose of optimizing enzyme – inhibitor 
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interactions.  A good example is that of Leishmania brasiliensis glucokinase (PDB entry 6EDI) 

because it is indeed dimeric and has residue F368 in the same position as F337 in TcGlcK (33). 

2. Materials and Methods 

2.1. Materials.  2-N-Carboxybenzyl-2-deoxy-D-glucosamine (CBZ-GlcN) was purchased from 

Carbosynth.  Ethylenediaminetetraacetic acid tetrasodium salt hydrate (>99%), imidazole 

(>99%), bovine pancreas deoxyribonuclease I, bovine pancreas ribonuclease A, triethanolamine 

(>99%), Saccharomyces cerevisiae glucose 6-phosphate dehydrogenase – type XV (G6PDH), 

sodium citrate tribasic dihydrate, succinic acid, β-nicotinamide adenine dinucleotide phosphate 

hydrate (NADP+, ≥95%), adenosine 5’-triphosphate disodium salt hydrate (ATP, 99%), and all 

other buffer salts (≥98%) were purchased from Sigma.  Cobalt-nitrilotriacetic acid resin, 

lysozyme (type VI), potassium phosphate tribasic, DL-dithiothreitol, 2xYT broth, terrific broth 

modified, lysogeny broth (LB), kanamycin sulfate, protease inhibitor tablets (EDTA-free), and 

all other chemicals were purchased from Fisher Scientific. 

 

2.2. Preparation of the cDNA for wt-TcGlcK, TcGlcK(F337L), and TcGlcK(F337A).  Wild-type 

T. cruzi glucokinase from strain CL Brener (GenBank accession number XP_821474) was 

previously cloned into a kanamycin-resistant pET-28a(+) E. coli expression vector and the 

plasmid was designated as pET-TcGlcK-xtal (24).  pET-TcGlcK-xtal encodes for an N-terminal 

segment containing the hexahistidine tag MGRGSHHHHHHGMA which precedes the N-

terminal residue of TcGlcK; furthermore, the construct was modified to omit encoding pertaining 

to the 9-residue segment VGKKQKAQL from the C-terminus.  The pET-TcGlcK-xtal construct 

was also used as a DNA template in site-directed mutagenesis to create TcGlcK(F337L) and 

TcGlcK(F337A); the TTT codon of interest (position 337) was modified to TTG for F337L and 
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was modified to GCC for F337A.   Mutagenesis and DNA sequencing were performed at Azenta 

Life Sciences, Inc. (South Plainfield, NJ). 

2.3. Expression and Purification of wt-TcGlcK, TcGlcK(F337L), and TcGlcK(F337A).  The 

expression and purification of wt-TcGlcK followed a previously published protocol (24) and the 

same protocol was used for TcGlcK(F337L) and TcGlcK(F337A) with minor modifications, 

particularly in the adjustment of the enzyme concentration.  The 4º structure observed in all 

enzymes is dimeric.  The molecular weight of wt-TcGlcK is 84,348 Da for the dimer (or 42,174 

Da for the monomer; ε280 = 33,710 M-1 cm-1).  Furthermore, the molecular weight of 

TcGlcK(F337L) is 84,280 Da for the dimer (or 42,140 Da for the monomer; ε280 = 33,710 M-1 

cm-1) and the molecular weight of TcGlcK(F337A) is 84,192 Da for the dimer (or 42,096 Da for 

the monomer; ε280 = 36,370 M-1 cm-1) (34).  The buffer system used for the enzyme samples was 

50 mM triethanolamine (pH 7.6), 150 mM NaCl.  For crystallzation experiments, the 

concentration of each enzyme was initially adjusted to 11.2 mg/mL. 

 

2.4. Enzyme Activity Assays.  Activity assays for wt-TcGlcK, TcGlcK(F337L), and 

TcGlcK(F337A) were performed similarly as previously described (24).  Briefly, the assay 

involved an enzyme coupled reaction with G6PDH in order to produce the fluorophore NADPH.  

The glucokinase (wt-TcGlcK, TcGlcK(F337L), or TcGlcK(F337A)) in the presence of Mg2+, 

ATP, and D-glucose forms G6P and ADP.  In the second reaction, G6PDH in the presence of 

G6P and NADP+ forms 6-phosphogluconolactone and NADPH.  For assays involving the rate of 

[NADPH] produced as a function of [D-glucose] (range: 0.20 – 15.0 mM), purified enzyme (0.12 

µM for monomeric glucokinase (0.0051 mg/mL)) in the reaction mixtures was combined with 

G6PDH (0.0064 mg/mL) in buffer A [50 mM triethanolamine (pH 7.6), 150 mM NaCl, 8.0 mM 
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MgCl2, 0.55 mM ATP, and 0.55 mM NADP+].  For assays involving the rate of [NADPH] 

produced as a function of [ATP] (range: 0.0800 – 10.0 mM), the reaction buffer was changed to 

buffer B [50 mM triethanolamine (pH 7.6), 150 mM NaCl, 8.0 mM MgCl2, 5.0 mM D-glucose, 

and 0.55 mM NADP+].  All reactions were performed at room temperature (22 °C) and were 

terminated after 2.0 min using an EDTA stop solution that had a final concentration of 0.1 M.  

Fluorescence measurements of glucokinase activity corresponded to NADPH relative 

fluorescence (λex = 340 nm; λem = 485 nm) that was measured with a Tecan Spectrofluor Plus 

microplate reader in fluorescence mode that correlated to a 1:1 stoichiometry of G6P product 

formation. 

 

2.5. Enzyme – Inhibitor Assays.  An enzyme – inhibitor assay was performed and followed a 

similar procedure to our previous work (24).  TcGlcK(F337L) and TcGlcK(F337A) were 

analyzed for inhibition by CBZ-GlcN at concentrations of 0, 1.0, 10, and 20 µM.  The assays 

were performed in triplicate, the Ki values were determined, and the mode of inhibition was 

established for each mutant. 

 

2.6. Crystallization of wt-TcGlcK, TcGlcK(F337L), and TcGlcK(F337A).  Crystals (as 

inhibitorless and substrate-free) of apo-wt-TcGlcK, apo-TcGlcK(F337L), and apo-

TcGlcK(F337A) were separately prepared by the sitting-drop vapor diffusion method.  Each 

batch required the combination of a 1.0 µL drop of a glucokinase enzyme solution [5.0 – 7.5 

mg/mL enzyme, 50 mM HEPES (pH 7.5), 0.2 M imidazole, 2.0 mM MgCl2] and a 1.0 µL drop 

of precipitant solution [0.1 M sodium citrate (pH 7.0), 12 – 24% (w/v) PEG 3,350] on a 96-well 

sitting-drop plate (Innovadyne) and was equilibrated against 85 µL of precipitant solution at 
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room temperature and stored inside a Styrofoam container to avoid unwanted fluctuations in 

temperature.  The precipitant solution used for TcGlcK(F337A) crystal growth was 0.1 M 

succinic acid (pH 7.0), 15% (w/v) PEG 3,350.  Single crystals appeared after 1 day and matured 

after two weeks of growth.  For apo enzyme, the largest crystals of these batches (either apo-wt-

TcGlcK, apo-TcGlcK(F337L), or apo-TcGlcK(F337A)) were selected for X-ray diffraction.  A 

crystal of the TcGlcK(F337L) – CBZ-GlcN complex was prepared by soaking a large single 

crystal of apo-TcGlcK(F337L) (as grown from a precipitant solution having 15% (w/v) PEG 

3,350) in a soak solution [1.0 mM CBZ-GlcN, 5.0% (v/v) DMSO, 0.1 M sodium citrate (pH 7.0), 

15% (w/v) PEG 3,350] for 24 hours at room temperature.  All crystals were transferred into their 

corresponding cryoprotectant solutions [soak solution supplemented with 25% (v/v) glycerol] 

and were flash-cooled in liquid nitrogen. 

 

2.7. X-ray Crystal Structure Determination.  Crystals were cryo-cooled in liquid nitrogen and 

sent to the Advanced Photon Source (APS) at the Argonne National Laboratory (Argonne, IL) 

where synchrotron X-ray diffraction data were collected using the Southeast Regional 

Collaborative Access Team (SER-CAT) 22-ID beamline for apo-wt-TcGlcK and apo-

TcGlcK(F337A).  Diffraction data for apo-TcGlcK(F337L) and the TcGlcK(F337L) – CBZ-

GlcN complex were collected at the 14-ID beamline at BioCARS.  All data were processed using 

the HKL-2000 software package (35), and the structures were determined by molecular 

replacement using MOLREP (36), as implemented in HKL-3000 (37).  T. cruzi glucokinase 

structures represented by the PDB entries 2Q2R or 7S2H were used as a search model for 

structure determination.  All structures were refined using REFMAC (38) and HKL-3000 (37).  

Non-crystallographic symmetry was used during the whole refinement process, while TLS 
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refinement was used during the last stages of the refinement.  TLS groups were selected based on 

analysis performed with the TLS Motion Determination server (39).  COOT was used for 

refinement, manual adjustment of the models, as well as for model validation (40).  In addition, 

the models were validated with MOLPROBITY (41).  Several programs from the CCP4 package 

(42) were used for handling diffraction data and coordinates.  Data collection, refinement, and 

validation statistics are summarized in Table 1.  All atomic coordinates and structure factors 

were deposited in the Protein Data Bank with the accession codes 7S2H, 7S2N, 7S2P, and 

8STX. 

 

3. Results and Discussion 

3.1. X-ray Crystallography of apo-wt-TcGlcK, apo-TcGlcK(F337L), apo-TcGlcK(F337A), and 

the TcGlcK(F337L) – CBZ-GlcN Complex.  We report on four high-resolution X-ray crystal 

structures that are for the apo-wt-TcGlcK (1.80 Å resolution), apo-TcGlcK(F337L) (1.75 Å 

resolution), apo-TcGlcK(F337A) (2.40 Å resolution), and the TcGlcK(F337L) – CBZ-GlcN 

complex (2.35 Å resolution).  All crystal structures had the P21 space group symmetry with a 

protein homodimer in the asymmetric units and there were two subunits present in the 

asymmetric units.  The two subunits present in the asymmetric units were observed to have large 

contact surface areas of 1,762 Å2 (10.8% of the total surface area) for apo-wt-TcGlcK, 1,724 Å2 

(10.5% of the total surface area) for apo-TcGlcK(F337L), 1,686 Å2 (10.4% of the total surface 

area) for apo-TcGlcK(F337A), and 2,021 Å2 (12.1% of the total surface area) for the 

TcGlcK(F337L) – CBZ-GlcN complex (see Table 2), as determined by the PDBePISA: Proteins 

Interfaces, Surfaces, and Assemblies server (43).  Each subunit of wt-apo-TcGlcK, apo-

TcGlcK(F337L), and that of apo-TcGlcK(F337A) exhibited the open conformation, as observed 
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by a much larger rotation angle (or bending region angle) between the small and large domains 

when compared to the rotation angles of known closed conformations (e.g., the wt-TcGlcK – D-

glucose-ADP complex; PDB entry 2Q2R), in which we set a reference rotation angle of 0.0°, see 

Table 2. 

 

The superposition of the A-chain subunits of apo-wt-TcGlcK (PDB entry 7S2H) and the 

wt-TcGlcK – D-glucose-ADP complex (PDB entry 2Q2R) revealed a median root-mean-square-

deviation (r.m.s.d.) of 2.6 Å for 366 residues and a 21.4° hinge region rotation angle (mean of 

19.6 ± 2.5° for the A- and B- chains), as calculated by the program DynDom (44) (Figure 3a).  

An examination at the active site region discloses that between the open conformation (apo-wt-

TcGlcK) and the closed conformation (wt-TcGlcK – D-glucose-ADP complex), residues L132, 

L187, E236, S210, E207, M334, and F337 are essentially positioned identically from a 

superposition; however, residues P92, P103, F104, N130, and D131 are observed in significantly 

different positions because of the conformational change (Figure 3b).  For apo-TcGlcK(F337L) 

and apo-TcGlcK(F337A), both of which exhibited the open conformation were found to have 

r.m.s.d. values of 0.2 Å for 369 residues and 0.3 Å for 369 residues, respectively, when they 

were compared against apo-wt-TcGlcK.  The hinge region rotation angles were observed to be 

19.2 ± 3.3° for apo-TcGlcK(F337L) and 18.9 ± 2.1° for apo-TcGlcK(F337A).  A rotation angle 

was not observed in the TcGlcK(F337L) – CBZ-GlcN complex, which revealed a closed 

conformation (Table 2). 

 

 An omit map contoured at 3.0σ for residue A337 in the apo-TcGlcK(F337A) crystal 

structure is shown in Figure 4a and an omit map contoured at 2.6σ for residue L337 in the 
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crystal structure of the TcGlcK(F337L) – CBZ-GlcN complex is shown in Figure 4b.  These 

electron-density maps provide visual information for the coverage surrounding the residue side 

chain of interest; in particular, these side chains do not reveal the extensive mapping coverage as 

would be observed for phenylalanine.  Another omit map is shown for the inhibitor CBZ-GlcN 

complexed in the active site of TcGlcK(F337L), which also has a contour level of 3.0σ (Figure 

4b).  The superposition of the wt-TcGlcK – CBZ-GlcN complex (PDB entry 5BRE) (24) versus 

the TcGlcK(F337L) – CBZ-GlcN complex revealed that their active site regions have the phenyl 

group of CBZ-GlcN positioned similarly as well as the F337 and L337 side chains, respectively 

(Figure 4c).  Separation distances between the plane of the aromatic ring from CBZ-GlcN to the 

closest carbon atoms on the residue 337 side chain ranges from 3.4 – 3.8 Å in both complexes. 

 

3.2. Enzyme Activity and Inhibition Studies of TcGlcK Mutations.  Michaelis-Menten parameters 

were determined for the mutants with respect to substrates D-glucose and ATP (Table 3).  For 

TcGlcK(F337L), D-glucose has a KM of 0.45 ± 0.050 mM and a VMAX of 3.869 x 10-5 ± 1.016 x 

10-6 M min-1 μg prot-1.  ATP has a KM of 0.56 ± 0.010 mM and a VMAX of 1.098 x 10-4 ± 6.524 x 

10-6 M min-1 μg prot-1 (Figure 5).  In the case of TcGlcK(F337A), D-glucose has a KM of 0.87 ± 

0.16 mM and a VMAX of 1.729 x 10-5 ± 8.549 x 10-7 M min-1 μg prot-1.  ATP has a KM of 1.76 ± 

0.14 mM and a VMAX of 6.890 x 10-5 ± 2.516 x 10-6 M min-1 μg prot-1 (Figure 6).  The 

TcGlcK(F337L) KM values with respect to D-glucose and ATP determined in this study were 

found to be essentially identical to our recently reported wt-TcGlcK KM values of 0.417 mM (D-

glucose) and 0.390 mM (ATP) (23).  The KM value for D-glucose observed in TcGlcK(F337A) is 

essentially identical to wt-TcGlcK but the mutant exhibited a 4.5-fold higher KM value for ATP.  

With kinetic parameters observed between the mutants and the wildtype being very similar, this 
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allows for a good enzyme-inhibition comparison.  This is particularly our expectation for the 

competitive inhibitor CBZ-GlcN as its D-glucosamine moiety binds in the same position as the 

substrate D-glucose. 

 

 Enzyme – inhibitor assays of TcGlcK(F337L) revealed that the subtle disruption of the 

aromatic ring system (e.g., phenylalanine to leucine), which thereby removed presumable 

important π – π stacking interactions from the aromatic ring of the inhibitor CBZ-GlcN, was 

essentially not the major important factor for CBZ-GlcN’s strong binding.  Hole mutagenesis 

from F337 to L337 still enabled similar hydrophobic forces for CBZ-GlcN because the Ki for wt-

TcGlcK was 0.71 μM whereas the Ki for TcGlcK(F337L) was determined to be 0.74 ± 0.16 μM 

(Figure 7a).  Further diminishing of the F337 side chain size to A337 caused the Ki for 

TcGlcK(F337A) to be 3.0 ± 2.1 μM (Figure 7b), which was a 4.2-fold weaker inhibition effect 

with respect to wt-TcGlcK.  In this case there was the loss of hydrophobic interactions at the 

ideal van der Waals contact distance range.  Additionally, the mode of inhibition observed for 

CBZ-GlcN in both F337 mutations was determined to be the competitive inhibition mechanism 

because with increasing concentrations of CBZ-GlcN, the KM values (with respect to D-glucose) 

were shown to increase whereas the VMAX values (with respect to D-glucose) essentially stayed 

unchanged, please refer to plots in Figure 7c for TcGlcK(F337L) and Figure 7d for 

TcGlcK(F337A) that reveal these observations.  The mutagenesis and enzyme – inhibitor 

biochemical studies were complemented with X-ray crystallographic studies because the r.m.s.d. 

values between superimposed mutants onto wt-TcGlcK were each less than 0.4 Å for 369 

residues, and this indicated that no major structural changes were observed between the proteins. 
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3.3. Structural Analysis of the T. cruzi Glucose Kinases.  AlphaFold, an artificial intelligence 

system, has recently predicted the 3° structures for both T. cruzi glucose kinases.  Both structures 

are inhibitorless, substrate-free, and in the open conformation.  Since our report revealed the first 

X-ray crystal structure of apo-wt-TcGlcK, we were interested in seeing how well the AlphaFold 

TcGlcK computed structure model (CSM) would compare.  From a global pairwise structural 

alignment of the X-ray crystal structure of apo-wt-TcGlcK (PDB entry 7S2H; chain A) versus 

the AlphaFold CSM of apo-wt-TcGlcK (AlphaFold DB entry AF-Q4E4E1-F1) (Figure 8a), only 

slight differences are observed because the CSM, which has a bending region rotation angle of 

8.6° differs from the experimental model (rotation angle = 19.6°) where it is juxtaposed between 

the open and closed states, see Table 2.  This is reminiscent of the rotation angles observed in 

the wt-TcGlcK – HPOP-GlcN complex (PDB entry 5BRF) and the wt-TcGlcK – DBT-GlcN 

complex (PDB entry 5BRH), in which their average rotation angles were 7.6° and 7.7°, 

respectively (24).  Between models, where there were 367 equivalent residues matched (100% 

sequence identity), the r.m.s.d. was determined to be 1.7 Å with a template modeling score of 

0.92.  The positioning of key active site residues was observed to be essentially identical except 

for the differences between the fully open and partially open conformations (Figure 8b). 

 

 There is currently a lack of a solved 3-dimensional structure for TcHxK by experimental 

methods; however, a recent CSM of TcHxK has emerged from AlphaFold.  A global pairwise 

rigid structural alignment from the 3D structures of apo-wt-TcGlcK (PDB entry 7S2H; chain A) 

and the CSM for apo-wt-TcHxK (AlphaFold DB entry AF-Q8ST54-F1) was performed through 

the jFATCAT algorithm of the program FATCAT 2.0 (45) via the Pairwise Structure Alignment 

Tool (RCSB PDB) (46) and revealed a sequence identity of 11% where there were 262 
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equivalent residues matched between the structures.  The r.m.s.d. between structures is 3.1 Å 

with a template modeling score of 0.49 (Figure 8c).  In this superposition, although the sequence 

identity is quite low, the template modeling score and overall visual observation of the 

superposition exhibited the similarity in protein fold.  Further visual inspection of the active site 

cavities for both superimposed structures displayed that the AlphaFold TcHxK CSM is in the 

open conformation and TcGlcK residues involved in D-glucose hydrogen bonding interactions, 

such as N130, D131, E207, and E236 have TcHxK counterpart residues as N213, D214, E269, 

and E303, respectively (Figure 8d).  The important residues found at the outer part of the active 

site in TcGlcK, such as M334 and F337, which originate from the other monomeric subunit of 

the dimer, have no observed counterpart residues in TcHxK.  Although AlphaFold does not 

currently render 4° structures at the present time, by manually superimposing two monomeric 

subunits of TcHxK onto the A- and B- chains of TcGlcK by the program Coot (40) in order to 

create a mock dimer of TcHxK, there was too much steric clash by the outer active site region.  

As a result, it is not expected that TcHxK would have the same kind of dimeric form as TcGlcK, 

and it most likely seems that it exists as a monomer from the visual inspections of the 3-

dimensional coordinates.  The determination of the 4° structure of TcHxK can be accomplished 

by several methods but our laboratory has had difficulty over the years in the recombinant 

expression of this enzyme.  Nevertheless, with the absence of a TcGlcK F337 counterpart residue 

in TcHxK, D-glucosamine analogue inhibitors that are structurally similar to CBZ-GlcN are not 

expected to bind as strongly in TcHxK as they would in TcGlcK.  Finally, if TcHxK is confirmed 

experimentally to be a monomer in solution through future studies, then we predict that the outer 

part of its active site will not promote enough hydrophobic interactions to stabilize the binding of 

CBZ-GlcN analogues as they are in TcGlcK. 
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4. Conclusions 

 Hole mutagenesis was an effective tool that allowed us to progressively lower the size of 

the residue F337 side chain in TcGlcK, which is found at the outer part of the active site.  This 

testing allowed us to use the D-glucosamine analogue inhibitor CBZ-GlcN as a probe to better 

understand the molecular determinants of enhanced inhibitor binding in this region of the active 

site that we previously observed (24).  Phenylalanine 337 was changed to leucine and alanine to 

create the mutations TcGlcK(F337L) and TcGlcK(F337A), respectively.  In addition to the hole 

effect, both of these mutations allowed for the disruption of the π – π stacking interactions 

exhibited between the aromatic groups of CBZ-GlcN and the F337 side chain.  The major 

underlying force for the strong inhibition observed for CBZ-GlcN in TcGlcK by the outer part of 

the active site was due to hydrophobic interactions.  Residues F337, M334, and N105 are the key 

contributors in this region for this effect.  This is in contrast to the π – π stacking interactions that 

nevertheless only contributed to a minor inhibitory role.  This was most notably revealed when 

we observed a small difference in the Ki values between wt-TcGlcK and TcGlcK(F337L) when 

using CBZ-GlcN as an inhibitor.  From an analysis of an AlphaFold CSM of TcHxK, we 

determined that there was no TcGlcK F337 counterpart residue present.  The ramifications of this 

finding are quite important because it suggests that the longer C2 linkage derivatives of D-

glucosamine analogue inhibitors presumably do not bind as well in TcHxK as they would in 

TcGlcK, but this would need to be confirmed experimentally.  The longer C2 linkage derivatives 

are also known to not be antichagasic (24), and this suggestion may be at the root cause.  

Nevertheless, the shorter C2 linkage derivatives, such as BENZ-GlcN, are indeed biologically 

active and they most likely bind in both glucose kinases of T. cruzi.  This observation provides 
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some indication in a biochemical framework that both glucose kinases act together in the parasite 

as being dual drug-targets.  Finally, the crystal structure of apo-wt-TcGlcK was also solved and 

its 3-dimensional coordinates have established a starting point for mapping out the fully open 

conformation of this protein, particularly its bending region angle and how the angle can 

decrease to various partial open conformational states or to the fully closed conformation when 

competitive D-glucosamine analogue inhibitors are complexed. 
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Table 1.  Synchrotron X-ray diffraction data collection, refinement, and model validation 

statistics.  Values for the highest resolution shells are shown in parenthesis. 

 

 

 
  

Apo-wt-Tc GlcK Apo-Tc GlcK(F337L) Tc GlcK(F337L)-CBZ-GlcN Apo-Tc GlcK(F337A)
PDB accession code 7S2H 7S2N 7S2P 8STX

Data collection

Wavelength (Å) 1.0000 0.9792 0.9792 1.0000

Space group P21 P21 P21 P21

a, b, c, β (Å, °) 67.3, 78.9, 76.8, 101.3 67.8, 79.0, 77.6, 101.2 68.2, 79.0, 77.0, 94.9 67.3, 78.7, 77.1, 100.8

Resolution range (Å) 40.00-1.80 (1.83-1.80) 40.00-1.75 (1.78-1.75) 40.00-2.35 (2.39-2.35) 39.55-2.40 (2.49-2.40)

No. of unique reflections 72625 (3637) 80560 (4061) 33656 (1666) 29917 (2861)

Completeness (%) 100.0 (100.0) 99.9 (100.0) 99.1 (98.2) 96.3 (92.7)

Redundancy 7.5 (7.4) 3.8 (3.7) 3.7 (3.6) 3.0 (2.5)

<I/σ(I)> 41.9 (2.8) 32.7 (2.0) 35.3 (2.0) 20.1 (1.9)

Rmeas 0.083 (0.949) 0.059 (0.774) 0.052 (0.718) 0.081 (0.428)

Rp.i.m 0.031 (0.344) 0.031 (0.400) 0.027 (0.372) 0.045 (0.252)

CC1/2 (0.833) (0.688) (0.702) (0.838)

Refinement

Resolution range (Å) 35.92-1.80 (1.85-1.80) 39.69-1.75 (1.79-1.75) 38.40-2.35 (2.41-2.35) 39.55-2.40 (2.46-2.40)

Completeness (%) 99.3 (90.6) 99.4 (92.5) 98.7 (92.6) 96.3 (90.7)

No. of reflections, working set 68906 (4581) 76581 (5294) 31970 (2210) 28441 (1955)

No. of reflections, test set 3676 (264) 3956 (274) 1679 (89) 1482 (147)

Final Rcryst 0.165 (0.243) 0.161 (0.244) 0.201 (0.286) 0.202 (0.307)

Final Rfree 0.194 (0.253) 0.192 (0.273) 0.255 (0.289) 0.245 (0.351)

Rmsd Bonds (Å) 0.013 0.013 0.012 0.006

Rmsd Angles (°) 1.7 1.7 1.7 1.3

Ramachandran Plot

Allowed (%) 100 100 100 100

Favored (%) 97.1 98.1 96.7 96.9
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Table 2.  Key parameters of the structural features for T. cruzi glucose kinases.a,b 

 
 

a CSA is contact surface area; PTSA is percentage of total surface area; r.m.s.d. is median root-mean-square-deviation; and WDD is without 
dynamic domain. 
     
b The quaternary structure for each presented enzyme crystal structure is a homodimer in the asymmetric unit, except for the wt-TcGlcK/D-
Glucose/ADP complex, in which it assembles as a plausible loose tetramer. 
 

c Cordeiro et al. (2007) (31). 
 
d D'Antonio et al. (2015) (24). 
 

e Calculated using the PDBePISA: Protein Interfaces, Surfaces, and Assemblies server (43). 
   
f Average bending region angle or r.m.s.d. between the small and large domains of the A- and B- subunits.    
  
g The reference crystal structure is the wt-TcGlcK – D-glucose-ADP complex (PDB entry 2Q2R).      
 
h Calculated using the program DynDom (44). 
 
i The dynamic domain could not be determined. 
 
j The bending region analysis could not be determined because of a low pairwise sequence identity (<40%).    
  
k The fixed domain represents the large α + β domain [residues 145-352] and a total of 363 residues were used in the analysis. 

 
 
 
 
 

  

Enzyme Active Site PDB/AlphaFold DB 4 °  Structure: Dimer Interface 3 °  Structure: Bending Region Analysis

Ligand(s) Entry Subunit-Subunit CSA / PTSA
e

Open/Closed Conf. Rotation Angle (°)
f,g,h

r.m.s.d. of the Fixed Domain (Å)
f,h,k

wt-Tc GlcK β-D-Glucose and ADP 2Q2Rc 1865 Å
2
 / 11.3% Closed 0.0 n/a

wt-Tc GlcK CBZ-GlcN 5BREd 2001 Å
2
 / 11.9% Closed 4.1d

n/a

apo-wt-Tc GlcK n/a 7S2H 1762 Å2 / 10.8% Open 19.6 ± 2.5 0.61 ± 0.01

Tc GlcK(F337L) CBZ-GlcN 7S2P 2021 Å
2
 / 12.1% Closed n/ai n/ai

apo-Tc GlcK(F337L) n/a 7S2N 1724 Å
2
 / 10.5% Open 19.2 ± 3.3 0.61 ± 0.01

apo-Tc GlcK(F337A) n/a 8STX 1686 Å
2
 / 10.4% Open 18.9 ± 2.1 0.66 ± 0.08

apo-wt-Tc GlcK n/a AF-Q4E4E1-F1 n/a Open 8.6 0.37

apo-wt-Tc HxK n/a AF-Q8ST54-F1 n/a Open n/aj n/aj
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Table 3.  Michaelis-Menten parameters for wt-TcGlcK and TcGlcK F337 mutations. 
 

 

 

a D'Antonio et al. (2015) (24). 
 
b Green et al. (2021) on pp. S51 of the Supplementary Information section (23). 
 
 

 

 

 

 

 

enzyme substrate KM (mM) VMAX (M min-1 μg prot-1) kcat (min-1) kcat/KM (mM-1 min-1)

wt-Tc GlcK D-glucose 0.948 ± 0.295a n/a 467 ± 215a 493 ± 226a

0.417 ± 0.0879b n/a n/a n/a

ATP 0.390 ± 0.0362b n/a n/a n/a

Tc GlcK(F337L) D-glucose 0.45 ± 0.050 3.869 x 10-5 ± 1.016 x 10-6 323 ± 22.6 729 ± 55.9 

ATP 0.56 ± 0.010 1.098 x 10-4 ± 6.524 x 10-6 914 ± 34.2 1650 ± 182 

Tc GlcK(F337A) D-glucose 0.87 ± 0.16 1.729 x 10-5 ± 8.549 x 10-7 145 ± 20.5 173 ± 43.6

ATP 1.76 ± 0.14 6.890 x 10-5 ± 2.516 x 10-6 576 ± 31.3 327 ± 14.7
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Figure Legends 
 

Figure 1: X-ray crystal structure of wt-TcGlcK in complex with the D-glucosamine analogue 

inhibitor CBZ-GlcN (PDB entry 5BRE) (24).  In this representation of the active site from 

subunit chain A, CBZ-GlcN exhibits multiple hydrogen bonding interactions in the active site 

cavity from residues E207, N130, D131, and E236; hydrophobic interactions at the outer part of 

the active site from residues N105 (subunit chain A), M334 and F337 (subunit chain B); and π – 

π stacking interactions with residue F337 (subunit chain B) with its aromatic tail group.  Atoms 

are color-coded as follows: yellow (protein, subunit chain A), brown (protein, subunit chain B), 

or gray (inhibitor) for carbon; blue for nitrogen; red for oxygen; and gold for sulfur.  Hydrogen 

bonding interactions are represented by green dashed lines. 

 

Figure 2: Two-dimensional active site representation of CBZ-GlcN complexed in (a) wt-TcGlcK 

and (b) TcGlcK(F337L) or TcGlcK(F337A) (labels color-coded red are designated for residues 

L337 or A337 that are represented as separate TcGlcK mutations).  An X-ray crystal structure of 

2.50 Å resolution was used for wt-TcGlcK (PDB entry 5BRE) (24) and a manually edited model 

was used for either TcGlcK(F337L) and TcGlcK(F337A) in order to predict the intermolecular 

interactions.  Black dashed lines represent hydrogen bond interactions; green smooth curves 

represent hydrophobic contact area; and the green dashed line with circles on the ends centered 

in aromatic rings represents π – π stacking interactions.  Green and red labels by the smooth 

green curves are for residues having hydrophobic contacts to CBZ-GlcN.  Sketch art was 

generated by PoseView (version 1.9) (47, 48). 
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Figure 3:  Comparison of the DynDom (44) analysis on the transition between open and closed 

conformations from X-ray crystallographic structures for the A-chain subunits of apo-wt-TcGlcK 

(PDB entry 7S2H; brown) and the wt-TcGlcK – D-glucose-ADP complex (PDB entry 2Q2R 

(31); blue), respectively.  (a) From a superposition of both monomers, the folded conformations 

of the large domains are essentially similar; however, the small domains are off on their 

alignment since there exhibits a 21.4º rotation angle stemming from a hinged region, as 

calculated by DynDom.  Incidentally, this difference in the small domains revealed distinct open 

and closed conformations and the dashed arrows represent vectors for each domain that stems 

from a hinged point that were modeled-in by hand.  Dashed arrows are color-coded brown for 

apo-wt-TcGlcK (open conformation) and blue for the wt-TcGlcK – D-glucose-ADP complex 

(closed conformation).  Atoms of ligands D-glucose and ADP are color-coded as follows: blue 

for C, dark blue for N, and red for O.  (b) An active site region superposition is shown for the 

open conformation (PDB entry 2Q2R; A-chain) versus the closed conformation having D-

glucose bound (PDB entry 7S2H; A-chain).  Residues from the small domain, such as P92, P103, 

F104, and N130 are in significantly different positions between the two conformations.  The 

following color codes were used for atoms or interactions: blue for C of the wt-TcGlcK – D-

glucose-ADP complex, blue for C of D-glucose, brown for C of apo-wt-TcGlcK, red for O, dark 

blue for N, and green dashed lines for hydrogen bonding. 

 

Figure 4: The active site region observed in the TcGlcK F337 mutations and wildtype.  (a) Omit 

map (blue) of residue A337 (contoured at 3.0σ) in the active site of apo-TcGlcK(F337A) (PDB 

entry 8STX) and (b) omit maps (blue) of residue L337 (contoured at 2.6σ) and the inhibitor 

CBZ-GlcN (contoured at 3.0σ) in the active site of the TcGlcK(F337L) – CBZ-GlcN complex 
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(PDB entry 7S2P).  The omit maps and contour levels of residues A337 and L337 reveal the 

installation of the mutations.  (c) Superposition of the TcGlcK(F337L) – CBZ-GlcN complex 

(PDB entry 7S2P, carbon atoms colored yellow (A-chain) / brown (B-chain) for protein and gray 

for CBZ-GlcN) and the wt-TcGlcK – CBZ-GlcN complex (PDB entry 5BRE (24), all atoms 

colored blue).  Residue side chains of L337 and F337 have similar dihedral angles that give rise 

to the same geometric orientation and CBZ-GlcN also maintains a similar orientation in both 

structures.  Atoms and intermolecular interactions are represented by the following color 

scheme: yellow (A-chain) / brown (B-chain) for carbon (protein), gray for carbon (inhibitor), 

blue for nitrogen, red for oxygen, gold for sulfur, solvent as red spheres, and green dashed lines 

for hydrogen bonds. 

 

Figure 5: Michaelis-Menten plots of TcGlcK(F337L) that show rates of NADPH formation (2.0-

minute time course) as a function of (a) [D-glucose] and (b) [ATP], performed in triplicate.  The 

KM value for D-glucose was determined to be 0.45 ± 0.050 mM and the VMAX was determined to 

be 3.869 x 10-5 ± 1.016 x 10-6 M min-1 μg prot-1.  The KM value for ATP was determined to be 

0.56 ± 0.10 mM and the VMAX was determined to be 1.098 x 10-4 ± 6.524 x 10-6 M min-1 μg prot-

1.  In panel a, the assay used various concentrations of substrate D-glucose (range: 0.117 – 15.0 

mM), while in panel b, the assay used various concentrations of ATP (range: 0.031 – 4.0 mM). 

 

Figure 6: Michaelis-Menten plots of TcGlcK(F337A) that show rates of NADPH formation 

(2.0-minute time course) as a function of (a) [D-glucose] and (b) [ATP], performed in triplicate.  

The KM value for D-glucose was determined to be 0.87 ± 0.16 mM and the VMAX was determined 

to be 1.729 x 10-5 ± 8.549 x 10-7 M min-1 μg prot-1.  The KM value for ATP was determined to be 
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1.76 ± 0.14 mM and the VMAX was determined to be 6.890 x 10-5 ± 2.516 x 10-6 M min-1 μg prot-

1.  In panel a, the assay used various concentrations of substrate D-glucose (range: 0.117 – 15.0 

mM), while in panel b, the assay used various concentrations of ATP (range: 0.031 – 4.0 mM). 

 

Figure 7:  Enzyme – inhibitor kinetics and analysis of the inhibition mechanism.  Nonlinear 

curve fitting of (a) TcGlcK(F337L) and (b) TcGlcK(F337A) inhibition by various concentrations 

of inhibitor (INH) CBZ-GlcN, ranging from 0 to 20 μM.  The inhibition constant (Ki) for CBZ-

GlcN and TcGlcK(F337L) was determined to be 0.74 ± 0.16 μM and the Ki for CBZ-GlcN and 

TcGlcK(F337A) was determined to be 3.0 ± 2.1 μM (Ki values are represented as the mean and 

SD of three independent experiments).  Kinetic parameters for (c) TcGlcK(F337L) and (d) 

TcGlcK(F337A) were calculated at various concentrations of INH (CBZ-GlcN) by nonlinear 

regression (mean and SEM of three independent experiments).  As observed in plot (c) for 

TcGlcK(F337L) and plot (d) for TcGlcK(F337A), with increasing concentrations of CBZ-GlcN, 

KM (circles) is shown to increase while VMAX (squares) essentially remained constant, which 

indicated the competitive inhibition mechanism. 

 

Figure 8: Rigid body structural alignments of the T. cruzi glucose kinases in their apo forms 

(open conformations).  (a) Apo-wt-TcGlcK (PDB entry 7S2H) (yellow) superimposed over apo-

wt-TcGlcK (AlphaFold DB entry AF-Q4E4E1-F1) (purple) as the 3° structural representation 

and (b) the active site region.  (c) Apo-wt-TcGlcK (PDB entry 7S2H) (yellow) superimposed 

over apo-wt-TcHxK (AlphaFold DB entry AF-Q8ST54-F1) (navy blue) as the 3° structural 

representation and (b) the active site region.  Atoms are color-coded in panels a – d as follows: 

yellow (TcGlcK experimental X-ray crystallographic 3D-coordinates), purple (TcGlcK CSM 3-



38 

 

dimensional coordinates), and navy blue (TcHxK CSM 3-dimensional coordinates) for carbon 

atoms; blue for nitrogen atoms; and red for oxygen atoms.  Superpositions were performed by 

the web-based Pairwise Structure Alignment Tool from RCSB PDB (46) that utilized a rigid 

body alignment algorithm through the program FATCAT 2.0 (45).  Three-dimensional 

coordinate input files were from experimental X-ray crystallographic coordinates and artificial 

intelligence AlphaFold computed structure models (49, 50). 
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