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Background: Regardless of the efforts to ease cases of human African trypanosomiasis (HAT), an increased number of cases get
reported annually. This is because of drug resistant Trypanosoma brucei (Tb), the causative agent of the illness. This has renewed the
need for creative methods to find new anti-trypanosomal drugs. The blood stream form (BSF) of the parasite depends exclusively on
the glycolytic pathway for energy production while it is in the human host. Interruptions in this pathway efficiently kills the parasite.
Trypanosoma brucei hexokinase (ThHK) is the first enzyme in glycolysis, and any effectors or inhibitors of 7hHK would have
potential as anti-trypanosomal agents.

Methods: 7hHK and human glucokinase (#GCK) were over-expressed with a 6 histidine-tag in E. coli BL21(DE3) cells having the
pRARE?2 plasmid.

Results: ThHK had thermal and pH stability between 30°C and 55°C and 7.5 and 8.5, respectively, while AGCK exhibited thermal and
pH stability between 30°C and 40°C and 7.0 and 8.0, respectively. Kinetically, 7hHK had a K, of 39.3 uM, V., of 0.066 pmol.
min L.mL ™}, Kea of 2.05 min~! and keo/Ki of 0.0526 minﬁl.umolfl. hGCK exhibited a K, of 4.5 pM, V., of 0.032 unmol.minfl.
mL™Y, Koy of 11.25 min”!, and ke./K,, of 2.5 minfl.pmolfl. Interaction kinetic studies of silver nanoparticles (AgNPs) (0.1 uM) of
average size of 6 nm with 7hHK and 2ZGCK were conducted. AgNPs selectively inhibited 7pPHK over AGCK. ThHK showed a non-
competitive inhibition with a 50% and 28% decrease in V .y, and k¢./ky,, respectively. HsGCK showed a 33% increase in affinity, 9%
decrease in V., and a 50% increase in enzyme efficiency.

Conclusion: The observed pattern of hGCK and AgNPs falls under the uncompetitive inhibition. The observed highly selective
inhibitory effects of AgNPs between 7hHK and #GCK may be used in development of new anti-trypanosomal drugs.
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Introduction

Trypanosomiasis (African sleeping sickness), the fatal, yet treatable infectious disease, is caused by the parasite
Trypanosoma brucei and, despite continual efforts by the World Health Organization (WHO) on prevention and treatment
of the disease, reported cases continue to increase.' > Current treatment suffers from a general lack of anti-trypanosomal
therapy, excessive toxicity, increased resistance by trypanosomal strains, and unsuccessful efforts at vaccine
development.* Consequently, there is a continued pressing requirement for the development of inventive strategies to
combat this disease. If such drugs or, specifically, anti T brucei protocols are to be realized then a thorough under-
standing of the parasites life cycle is paramount. It is not the intention in this paper to report on this life cycle in any
detail as literature reports abound. Nevertheless, since the Blood Stream Form (BSF) of the parasite depends entirely on

glycolysis for its production of energy, it is clear that any enzymes within this cycle are a potential target for such anti-

trypanosomals.
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Interference with any of these enzymes would starve the parasite of cellular energy.”® One such enzyme is
hexokinase that is responsible for the rate-limiting phosphorylation of glucose into glucose-6-phosphate.

Nanotechnology is capable of exploiting pathophysiological circumstances and anatomical variations that already
exist in unhealthy tissues and enables the development of therapeutic agents with altered therapeutic and pharmacological
properties that overcome many of the limitations associated with conventional treatments’ ' including quantification of
HIV-1.1>71

Nanoparticles, especially AgNPs, have been studied broadly for use in bionanomedical applications.'> ' Our own
laboratories have revealed an enhanced yield in the synthesis of metal (gold, silver, platinum) nanoparticles and their role
in an improved activity of ferroxidase and ATPase of GroEL chaperonin.'® Furthermore, we have presented their effect
against Arginine kinase from Trypanosoma brucei,*® against Triose-phosphate-isomerase of P. falciparum,*' and their
interaction with neuronal Nitric oxide synthase and the fibrillogenesis mechanism in Alzheimer's disease.”? Other
research has developed these metal nanoparticles as agents for treating carcinomas, lymphomas, control infections
neurological disorders, and diabetes.”* >

A common mechanism that underpins these nanomedical and/or nanotechnological associations with enzymes has
been the interactions of thiol groups of sulfur bearing amino acids (cysteine/methionine) with nanoparticles of silver and
gold.?® Consequently the selective inhibition of similarly functioning enzymes, whether they are from mammalian or
parasitic origins, may be exploited as a potential therapy in clinical trials. Synthesizing nanoparticles to selectively
interact with enzymes is a new and exciting research direction in the application for biomedicine and follows two distinct
paradigms: a) the creation of various non-specific binding of the nanoparticle to the thiol groups resulting in loss of
enzyme activity, usually associated with conformational changes to the enzyme structure; and b) a non-covalent
technique where “naked” functionalized nanoparticles that interact with enzymes under standard protein—protein inter-
actions through the formation of an enzyme “corona” around the nanoparticles. Either mechanism leads to structural
changes of the enzyme and as the particle gets smaller the protein compositions or its interactions change. The
“nanoparticle-enzyme corona” has entirely different biological properties as compared to the native enzyme.

The present study, therefore, focuses on the expression, purification, and characterization of a hexokinase from 7hHK
and the human isoform HsGCK followed by a comparative interaction with silver nanoparticles. The differences in
primary amino acid sequences between these two kinases can be exploited for selective targeting.

Materials and Methods

Materials

Genomic DNA of T. brucei, a gift from Professor Ullman (Oregon Health Sciences University, USA), was employed as
a template for PCR amplification. All spectrophotometric analyses were performed in 96-well micro-titre plates (BioTek
Synergy MX spectrophotometer using Gen5™ 2.0 Data Analysis Software); liquid chromatography was performed on an
Akta FPLC Purification System (GE Healthcare Life Sciences AB, Uppsala, Sweden) according to the manufacturer’s
instructions; polymerase chain reactions (PCR) were carried out using a T100 thermal cycler (Biorad, South Africa);
a Bioflux Biospin kit was obtained from Separations Scientific (South Africa). CloneJet® PCG cloning kit was obtained
from ThermoFisher Scientific (South Africa) and pGEM-T® Easy vector system from Promega Corporation.

Cloning, Expression, and Purification of HsGCK and TbHK

The oligonucleotides used for amplification of the target 7ThHK were obtained from the gene sequence (NCBI:
XM _817363.1) while those for HsGCK were from Addgene Inc (plasmid #23750).%” Primers (reverse and forward)
were designed using the ORFs represented in Table 1.

The PCR reaction for 7ThHK gene was carried out in 50 pL (total volume): dNTP (10 mM, 1 puL), DNA template (50
ng), Phusion hot start II DNA pol. (0.5 pL, 0.02 U), 7ThHK — Ndel (10 pM, 0.2 pL), 7hHK — Xhol (10 pM, 0.2 pL),
Phusion High Fidelity buffer (5x, 10 uL), and distilled water. PCR conditions were carried out according to Table 2. The
PCR reaction for the HsHK gene was carried out in 50 pL (total volume): dANTP (10 mM, 1 pL), DNA template
(pDORN223-GCK plasmid, 50 ng), Phusion hot start II DNA polymerase (2.6 U), HsGCK - Ndel (10 pM, 1 pL),
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Table | Oligonucleotide Primers Used for PCR Amplification and Sequence
PCRs for TbHK and HsGCK. Underlined Sequences Indicate the Introduced
Restriction Endonuclease Sites for Ndel (Forward) and Xhol (Reverse)

Primer Sequence

TbHK - Ndel 5’ - CAT ATG TCT AGA CGC CTA AAC AATATC CTC G -3
TbHK - Xhol 5 -CTC GAG TTACTT GTCGTTCACCACC -3

HsGCK - Ndel 5’ - CAT ATG CTG GAC AGA GCC AGG -3

HsGCK - Xhol 5’ - CTC GAG TCA CTG GCC CAG CATACAGG-¥

Table 2 The PCR Protocols for TbHK and HsGCK Gene Amplification

TbHK
Temperature (°C) | Duration (min) | Cycles
Initial denaturation 98 3
Denaturation 98 0.5
Annealing (gradient) 50-65 0.5 35x
Elongation 72 2.5
Final elongation 72 10
HsGCK
Step |
Initial denaturation 94 2
Denaturation 94 0.5
Annealing (gradient) 45-65 0.5 10x
Elongation 72 1.5
Step 2
Denaturation 94 0.5
Annealing (gradient) 48-68 0.5 20x
Elongation 72 25
Final elongation 72 10

HsGCK - Xhol (10 uM, 1 pL), Phusion High Fidelity buffer containing MgCl, (10x, 5 pL), distilled water. A two-step
PCR protocol was carried out according to Table 2.

The products were then purified by agarose gel electrophoresis (0.8%, 100 V, 60 min) in TAE buffer (0.04 M Tris-
HCI, 1 mM EDTA pH 8.0, and 0.021 mM glacial acetic acid) containing 0.6 pg.mL ™" ethidium bromide. The products
were visualized under low UV radiation (Darkreader, BioLabo, Switzerland) and the applicable bands excised from the
gel and extracted using the BioFlux BioSpin gel extraction kit.

Purity, concentration, and integrity of the nucleic acids were determined at 260 nm, using a NanoDrop-2000
spectrophotometer (Thermal Scientific, USA).

Purified ThHK and HsGCK PCR products were then ligated into CloneJet® and pGEM-T® cloning vector systems.
For ThHK, the ligation reaction (4°C, 16 h) was performed in a 20 pL reaction volume consisting of 2x ligation buffer
(10 uL), Clonelet™ vector (50 ng), PCR product (8 pL), and T4 DNA ligase (0.3 Weiss units). For HsGCK, the ligation
reaction (4°C, 16 h) was performed in a 20 pL total reaction volume consisting of 10x ligation buffer (2 uL), pGEM-T®
vector (50 ng), 6 uL PCR product, and T4 DNA ligase (0.3 Weiss units). The ligation mixtures were subjected to
a double digest with the restriction enzymes (Ndel and Xhol) before being purified. E. coli TOP10 (Invitrogen), JM109
(Promega), and BL21(DE3) containing the pRARE2 (Lucigen) plasmid were made competent chemically using the
protocol described in literature®® with slight modifications. A colony of E. coli cells was inoculated into LB medium
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(5.0 mL) and incubated with aeration (18 h, 37°C). This culture (1.0 mL) was then inoculated into SOB media (5 g1,
yeast extract; 20 g.lfl, tryptone; 10 mM NaCl, KCI, MgCl,, and MgSO,) and incubated at 37°C until ODgq reached
0.600. The cell culture was cooled (ice-water, 15 min), centrifuged (3,000 x g, 5 min, 4°C), and the pellet re-suspended in
T{BI buffer (40 mL, pH 5.8; 30 mM CH;COOK, 100 mM RbCl, 10 mM CaCl,, 50 mM MnCl,, and 15% glycerol v/v).
After a further 15 minutes the cells were centrifuged (3,000 x g, 5 min, 4°C) and the pellet re-suspended in TfBII buffer
(4 mL, pH 6.5; 10 mM MOPS, 75 mM CaCl,, 10 mM RbCl, and 15% glycerol v/v). After a final 15 minutes on ice the
suspension was stored at —80°C in aliquots (50 uL).

The ligated 71 HHK-ClonelJet® (0.5 pL) and HsGCK-pGEM-T® (2.5 pL) constructs were then inserted into pET28b(+) [for
N-terminal His-tagged fused proteins] and pET22b(+) [for C-terminal His-tagged fused proteins] expression vectors (Thermal
Scientific). A reaction mixture (10 uL) consisted of 10x ligation buffer (1 uL), expression vector (50 ng), and T4 DNA ligase
(0.75 Weiss units). The ligation mixtures were then incubated at 4°C overnight. Each ligated mixture [7hHK-CloneJet®-
pET28b(+), ThHK-CloneJet®-pET22b(+), and HsGCKpGEM-T®-pET22b(+)] was transformed to the competent E. coli
IM109 cells (100 pL) and E. coli TOP10 cells (100 pL), cooled on ice (30 min), heated (42°C, 40 sec), and then finally cooled
again (ice, 2 min). These transformation mixtures were incubated (37°C, 60 min) with SOB media (250 pL) (5 g1, yeast
extract; 20 g.I"! tryptone, 10 mM NaCl, KCI, MgCl,, MgSOy,, and 20 mM glucose). The 7ThHK-CloneJet®-pET28b(+)-JM 109
and ThHK-CloneJetpET22b(+)-JM109 (200 uL) were plated onto LB agar plates containing kanamycin (30 pg.mL ")/
chloramphenicol (34 pg.mL™") and ampicillin/chloramphenicol (100 ug.mL™"), respectively, and incubated (37°C, 16 h)
before positive transformants were inoculated into LB media (5.0 mL), containing respective antibiotics, and the cultures
incubated further (37°C, 16 h). The HsGCKpGEM-T®-pET22b(+)-TOP10 cultures (200 uL) were plated onto LB agar plates
containing 100 ug.mL ™" ampicillin, 120 ug.mL ™" isopropyl-B-D-thiogalactoside (IPTG), and 80 ug.mL ™" 5-bromo-4-chloro-
3-indolyl-B-D-galactoside and incubated (37°C, 16 h) before positive transformants were inoculated into LB media (5.0 mL),
containing ampicillin (100 pg.mL ") and the cultures incubated further (37°C, 16 h). The plasmid DNA were isolated using the
Biospin Plasmid Extraction Kit (BioFlux, Bioer Technology Co., Ltd) according to the manufacturers’ instruction. The
plasmids were double digested using Ndel and Xhol restriction enzymes.

Reaction mixtures (20 pL) containing Ndel (1 pL), Xhol (2 pL), 10x buffer O (2 puL), and plasmid (50 ng) were
incubated (37°C, 16 h) and the products examined by agarose gel electrophoresis. Each ligated mixture [7hHK-
CloneJet®-pET28b(+), ThHK-CloneJet®™-pET22b(+), and HsGCKpGEM-T®-pET22b(+)] was transformed to competent
E. coli BL21(DE3) cells (100 pL) containing the pRARE2 plasmid, cooled on ice (30 min), heated (42°C, 40 sec), and
then finally cooled again (ice, 2 min). These transformation mixtures were incubated (37°C, 60 min) with SOB media
(250 uL) (5 gL', yeast extract; 20 gL', tryptone; 10 mM NaCl, KCI, MgCl,, MgSO,, and 20 mM glucose). The
ThHK-CloneJet®-pET28b(+)-BL21(DE3) and ThHKClonelet®-pET22b(+)-BL21(DE3) (200 uL) were plated onto LB
agar plates containing, kanamycin (30 pg.mL')/chloramphenicol (34 pg.mL™") and incubated (37°C, 16 h) before
positive transformants were inoculated into LB media (5.0 mL), containing antibiotics, and the cultures incubated further
(37°C, 16 h). The HsGCK-pGEM-T®-pET22b(+)-TOP10 cultures (200 uL) were plated onto LB agar plates containing
100 pg.mL™" ampicillin, 120 pg.mL™" isopropyl-B-D-thiogalactoside (IPTG), and 80 pg.mL ™' 5-bromo-4-chloro-3-indo-
lyl-B-D-galactoside and incubated (37°C, 16 h) before positive transformants were inoculated into LB media (5.0 mL),
containing ampicillin (100 ug.mL™") and the cultures incubated further (37°C, 16 h). The DNA in the plasmids were
isolated using the Biospin Plasmid Extraction Kit (BioFlux, Bioer Technology Co., Ltd) according to the
manufacturer's instruction.

Each of the ThHK-Clonelet®-pET28b(+)-BL21(DE3), ThHK-CloneJet®-pET22b(+)-BL21(DE3), and HsGCK-
pGEM-T®-pET22b(+)-BL21(DE3) constructs (1.0 mL) were inoculated into LB media (50 mL) containing, respectively,
kanamycin (30 pg.mL "), chloramphenicol (34 ug.mL "), and ampicillin/chloramphenicol (100 pg.mL ") and incubated
(37°C, 16 h). These respective pre-cultures were then inoculated into 1 L of ZYP/5052 auto-induction media composed
of 928 mL of ZY media (10 mg.L71 tryptone, 5 mg.L71 yeast extract), 50 mL of 20x NPS [0.5 M (NH,4),SO,4, | M KH,
PO,, 1 M Na, HPO,], 20 mL of 50x5,052 (250 g.L™' glycerol, 25 g.L™" glucose, 100 g.L™" o-lactose), 2 mL of 1
M MgSO, supplemented, respectively, with kanamycin (30 pg.mL™")/chloramphenicol (34 pg.mL™"), and ampicillin/
chloramphenicol (100 pg.mL ") and incubated (20°C, 36 h). Levels of protein expression were determined by SDS-PAG
electrophoresis.
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The cells were harvested by centrifugation (6,000 x g, 4°C, 15 min), washed 3x (Tris.HCI, 50 mM, pH 8.0), re-suspended
in buffer containing lysozyme (1 mg.mL ') and protease-inhibitor cocktail, then disrupted by freeze-thaw (-80°C/4°C; 2
cycles). Cell-debris were removed by centrifugation (3,000 x g, 4°C, 30 min), and the supernatant fractionated by ultra-
centrifugation (100,000 x g, 4°C, 90 min). The final obtained supernatant was loaded onto a Ni-affinity column equilibrated
with Tris.HCl (20 mM, pH 7.4) containing imidazole (20 mM) and NaCl (500 mM) and the fused proteins eluted with
increasing concentrations of imidazole (0—500 mM). Selected fractions were collected, concentrated (Vivaspin, GE
Healthcare, Sweden), and then the concentrate was purified by FPLC on Sephacryl SI0O0HR column (1.6 x 100 cm) with
Tris.HCI (50 mM, pH 7.4) containing NaCl (50 mM) and glycerol (15%) at a flow rate of 1 mL.min"'. Selected fractions
were pooled, dialysed, concentrated, and then subjected to SDS PAGE and hexokinase activity.

HK Assay

HK activity was determined in a 96-well microtitre plate. Tris-HCI buffer (50 mM, pH 8.0, 210 pL) containing MgCl,
(13.3 mM), ATP (10 puL, 16.5 mM), NAD" (10 uL, 6.8 mM), and glucose (670 uM, 50 uL) was incubated (30°C, 5 min)
with enzyme extract (10 uL). Glucose-6-phosphate dehydrogenase (G6PDH) (10 pL, 300 U.mL™") was then added and
the absorbance increase at 340 nm monitored until no further change was observed. One unit of activity reduces 1 pmol
glucose per minute at 30°C and pH 8.0.

Protein Concentration

The protein concentration for all experiments was routinely determined, using the bicinchoninic (BCA) assay (Pierce,
Thermo Scientific); the assays were conducted in triplicate. Enzyme extract (50 pL) was added in a 1.5 mL Eppendorf
tube followed by 1 mL of BCA reagent. The mixture was incubated at 37°C for 30 minutes. After the incubation, the
absorbance of the solution was measured at 562 nm. The concentration of the unknown samples were determined using
a BSA standard curve.

Silver Nanoparticles

Synthesis

The AgNPs were synthesised by established protocols.”” Ethanolic polyvinylpyrrolidone (1% (w/v), 10 mL) and silver
nitrate (0.2 mL, 100 mM) were microwaved (450 MHz, 700 W, 5 sec) and the resulting pale yellow solution filtered
through a 0.22 puM filter.

Characterization
UV/Vis spectroscopy was utilized, the absorption spectra (300-800 nm) of the nanoparticles were then obtained to assess
the Plasmon bands associated with the AgNPs.

Transmission electron microscopy (TEM). AgNPs samples were prepared by placing a drop of the nanoparticle
sample onto carbon-coated copper grids. Excess sample were removed after a few minutes using blotting paper. Before
analysis the grids air-dried. The mean particle size and standard deviations (SD) were determined by analysing 200
particles using the computer software Java-based image processing program Image].

Kinetic Analysis of Interaction of Ag Nanoparticles with HK

Enzyme solutions 7hHK or HsGCK (10 pL) in 50 mM Tris-HCI buffer (pH 8.0) containing 13.3 mM MgCl,, 10 pL of
16.5 mM ATP (16.5 mM), and 10 pL of 6.8 mM NAD" were incubated with 0-300 uM final concentration glucose at
30°C, in the absence and presence of silver nanoparticles (100 nM; final concentration) in a total volume of 300 pL. The
HK activity was monitored by an increase in absorbance at 340 nm at each of the substrate concentrations.

Statistical Analyses

All analyses were done in triplicates and values reported as the means with standard deviation, p < 0.05 versus controls.
Where it was necessary, analysis of variance was conducted using Statistica for Windows, version 8§ (Statsoft Inc.), and
Microsoft Excel 2010.
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Results and Discussion

Expression and Purification of ThbHK and HsGCK

The ThHK and HsGCK genes were both PCR amplified and showed, after agarose electrophoresis, a single band of 1,400
bp (Figure 1A and B) and the products ligated into CloneJet® and pGEM-T®-Easy cloning vectors, respectively
(Figure 2A and B), followed by insertion, also respectively, into pET28b(+) [for N-terminal His-tagged fused proteins]
and pET22b(+) [for C-terminal His-tagged fused proteins] expression vector systems (Figure 3A and B). Each ligated
mixture [71 bHK-CloneJet®—pET28b(+), and HsGCK-pGEM—T®—pET22b(+)] was transformed, respectively, to the com-
petent E. coli IM109 cells and E. coli TOP10 cells.

The expressed enzymes were collected and purified initially through Nickel affinity column, followed by a
Sephacryl SIO0HR gel filtration column. The elution profiles (Figure 4A) indicated, for 7hHK, a large peak
eluting at 80ml which had no hexokinase activity, and a smaller peak around 90ml reflecting positive for enzyme
activity on a Zymogram (Figure 4B). With HsGCK, a major peak, eluting after 90-110mls (Figure 4C) was
identified with glucokinase activity on a Zymogram (Figure 4C). All fractions containing hexokinase and
glucokinase activity were confirmed by SDS-PAGE (Figure 5A and B).

Analysis of the purification profiles for 7bHK and HsGCK indicates that, after purification, the total protein
decreased from 291 mg to 7.3 mg (for 7PHK) and 1,275 mg to 45 mg (for HsGCK), as did the enzyme activities
from 1.47 U to 0.21 U (for 7hHK) and 40 U to 1.44 U (HsGCK). After a final dialysis the enzymes were
produced in 12.5% yield and 31.6 fold purity (7PHK) and 5.6% yield and 20.4 fold purity (HsGCK), as
presented in Table 3 and Table 4

A
3000 kb —
1500 kb — ——
—
1000 kb 1500 Kb
S500kb  —* 1000 Kb
500 kb
Figure | Agarose gel electrophoresis of the amplified gene: (A) TbHK; (B) HsGCK.
A B
3000 kb 6000 kb —>
1500kb —
1000 kb ——> 1500kb —»
1000 kb — EE
500kb —— —

Figure 2 (A) CloneJet® plasmid containing TbHK gene digested with Ndel and Xhol. Lane | represents MassRuler ™ DNA LadDer Standards (Thermo Scientific) and lanes
4 to 8 represent cloned plasmids screened for gene inserts. (B) pGEM-T® easy plasmid containing hGCK gene digested with Ndel and Xhol. Lane | represents the marker
and lanes 2 to 6 represent cloned plasmids screened for gene inserts.
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6000 kb

1500 kb

1000 kb
500 kb

Figure 3 (A) pET28b(+) plasmid containing TbHK gene, double digested with Xhol and Ndel restriction enzymes. Lane | represents the DNA ladder, lanes 3 to 6
represents positive clones. (B) pET22b(+) plasmid containing HsGCK gene, double digested with Xhol and Ndel restriction enzymes. Lane | represents the DNA ladder,
lanes 2 to 7 represent positive clones.

M2345678910

A 50 B
40 :
- .
:é 30 35kDa-»
10 15 kDa-»
60 80 100 120 140
Volume (ml)
C 30 sy D
v M123456789101112131415
20 “
% 75 kDa_,
2 1 1 55 kDa—» - <55kDa
10 1
0 . —_—

40 60 8o 100 120 140

Volume (ml)

Figure 4 Elution profiles obtained from Sephacryl S-100HR resin and Zymogram analysis when loaded with (A and B) TbHK, (C and D) HsGCK. The area between the two
arrows represents the region that was pooled for downstream purification.

Kinetic Studies

Both 7ThHK and HsGCK followed Michaelis-Menten kinetics (Figure 6A). The parameters (K., Vimax, Kear) and catalytic
efficiency were estimated from equations (1), (2) and (3) as well as by non-linear regression and Hanes-Woolf plot
(Figure 6B) at variable substrate (0300 pM). There was a typical increase in enzyme activity with an increase in
substrate concentration with V., and K., estimated, respectively, at 72 nmol.mL ".min ! and 46.7 uM for ThHK and 23

1 1

nmol.mL ".min"" and 4.5 pM for HsGCK. The turnover number and catalytic efficiency were, respectively, 2.2 min~
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M 2 3 4 5 6

75kDa —p ==
¢ v 55kDa —> "= " % #e— 55kDa
35kDa —» 35kDa —> we
4—
25kDa > 2 = KOR -
15kDa —> - - F
-

Figure 5 SDS-PAGE analysis of (A) TbHK and (B) hGCK purification strategies. On both images (M) Marker, (2) lysate, (3) soluble fraction, (4) IMAC, (5) SEC, (6) Dialysis;
showing the 25 kDa and 55 kDa purified ThHK and hGCK proteins, respectively.

and 0.047 pmol '.min~"' for 7AHK and 7.85 min ' and 1.74 pumol '.min"' for HsGCK. The concentration of each
enzyme (E;) was 33.0 uM (7hHK) and 2.93 uM (HsGCK)

(S)/v = (1/Vmax)(S) + Km/V max (1)
kcat = V max /Et 2)
Catalytic efficiency = kcat/Km 3)

The superior efficiency of HsGCK over ThHK is confirmed by the greater turnover rate and catalytic efficiency
values.

Interaction of AgNPs with ThHK and HsGCK

The synthesized silver nanoparticles were characterized and visualized by transmission electron microscopy and UV/Vis
spectroscopy in terms of frequency, size distribution (Figure 7), and surface plasmon resonance band. Their properties
were in agreement with those reported elsewhere.*® The particles were spherical, with the majority monodispersed at 5-8
nm diameter. Literature suggests nanoparticles that are smaller than 20 nm are more effective for interactions with
proteins.®' The affinity of the enzymes for AgNPs was determined over a substrate range (0300 uM) by including the
particles to 100 nM final concentration. The results indicated that, with 7hHK, the K, increased from 39.3 to 54 pM,

Table 3 Purification for ThBHK

Fraction Vol Protein Total Activity Total Specific Activity | Fold Yield
(mL) | (mg.mL™') | Protein (mg) | (U.mL™") Activity (U) | (U.mg™) Purity | (%)
Crude 165 1.76 291 0.0089 1.47 0.005 | 100
Ni-affinity 30 0.25 73 0.0071 0.21 0.028 5.62 14.51
Sephacryl 25 0.06 |.4 0.007 0.175 0.117 23.07 11.92
Dialysis 23 0.05 1.2 0.008 0.22 0.16 31.64 12.5
Table 4 Purification for HsGCK
Fraction Vol Protein Total Protein Activity Total Specific Activity | Fold Yield
(mL) | (mg.mL™") (mg) umL") Activity (U) | (Umg™") Purity (%)
Crude 250 5.1 1275 0.16 40.0 0.031 | 100
Ni-affinity 30 1.5 45 0.048 1.44 0.032 1.02 3.6
Sephacryl 25 0.281 7.03 0.046 I.15 0.164 5.22 2.88
Dialysis 28 0.125 35 0.08 224 0.64 204 5.6
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Figure 6 (A) Michaelis Menten; (B) Hanes Woolf plots showing the kinetic analyses for TBHK and HsGCK in the absence and presence of silver nanoparticles. Data was
obtained from 3 data sets, each collected on different days and in triplicate. Error bars represent standard deviation among data sets.
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Figure 7 (A) Microwave assisted silver NPs synthesis, showing solution immediately after microwaving and 24 hours after microwaving. (B) Visible absorbance spectrum of
silver nanoparticles indicating the surface plasmon resonance band at 421 nm. (C) TEM image of silver nanoparticles [Scale bar = 200 nm]; (D) frequency distribution of size

of silver nanoparticles.

Vmax and kg, / K, decreased from 0.066 to 0.033 umol.min_l.mL_1 and 0.0526 to 0.0380 min_l.umol_l, representing
a 38% reduction in the enzyme affinity with its substrate, a 50% reduction and 28% reduction in its activity and
efficiency, respectively. These results illustrate a non-competitive type of inhibition mechanism by the AgNP’s. For
HsGCK there was an observed significant decrease in the K,;, value from 4.5 mM to 3 mM, representing a 33% increase
in the affinity. There was a prominent slight decrease in the V., value from 0.032 pmol.mL™" to 0.029 pmol.min .
mL™', representing a 9% decrease in the maximal enzyme activity (V). and a notable increase in the enzyme
efficiency (Kea / Kim) from 2.5 min~' to 3.75 min ' representing a 50% increase. The observed pattern of HsGCK and

AgNPs falls under the uncompetitive inhibition.
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Discussion

It is apparent from the experimental data that 0.1 uM silver NPs selectively inhibit 7PHK hexokinase over #/GCK.
Remindful of the propensity of silver for sulfur and from our work on other biomedical targets with metal nanoparticles,
it is expected that the AgNP associated with the hexokinase and/or glucokinase enzymes through sulfur bearing moieties
such as cysteine and methionine residues.’® Consequently, sulfur-containing groups present on the surface of an enzyme
would be anticipated to interact with AgNPs more favorably than if these groups were found buried within the enzyme.
The observed selective inhibition of 7ThHK by AgNPs offers an exciting possibility for its utilization in the development
of new anti-trypanosomal agents. This could be applied two-fold; firstly, the silver nanoparticles may be conjugated to an
already existing anti-trypanosomal chemotherapeutic compound. This approach may improve a targeted delivery of the
agent to hardly accessible areas, such as the brain. This may ease an existing major challenge in the treatment of
trypanosomiasis. Secondly, the unconjugated NPs may be used to selectively inhibit the parasite hexokinase, which is
critical for parasite survival.

In enhancing the access of drugs to the central nervous system (CNS), several drug carriers and hyperosmolar
substances, including liposomes,33 lithium chloride, and sucrose,* have been studied. The accumulation of poly-
(methylmethacrylate) (PMMA) NPs in rat brain demonstrating their capacity to cross the blood—brain barrier have
been reported.®> Elsewhere, anti-cancer drugs dalagin and loperamide have been successfully delivered to the brain after
their functionalization to NPs.*®

The second stage of HAT presents with a similar challenge of the difficulty to get the anti-trypanosomal agents across
the blood-brain barrier. It is reported that diminazine diaceturate, an anti-trypanosomal agent, was delivered to the CNS
of mice by formulating a lipid-drug conjugate (LDC)-nanoparticle complex.’” Daunorubicin conjugated to polycyano-
crylate NPs have enhanced entry into trypanosoma parasite, premaquine, and pentamidine combined with NPs have
proved beneficial in the experimental visceral leishmaniasis.’*® Knowledge from literature and data from this study
suggest the inhibition of 7hHK by unconjugated AgNPs may enhance the effect of the anti-trypanosomal agent. The anti-
trypanosomal agent could further be functionalized to the NP, this may double the efficiency in killing the parasite with
possibly few to no side-effects to the human hosts.

Results from this study may also suggest a possible treatment for the reduction of hyperglycemia observed in maturity
onset diabetes of the youth (MODY)* as the AGCK efficiency was enhanced. Glucokinase has been confirmed to be an
important target in the treatment of diabetes, as it possesses a high association to the control of glucose levels.***!
Studies have been conducted where solid lipid NPs, [poly(e-caprolactone)],** and dextran NPs have been pre-loaded with
insulin and utilized as delivery systems in the treatment of diabetes and AgNPs studied to enhance the healing of
a delayed diabetic wound.**** The adaptability of silver NPs and data obtained by this research could be applied either
on their own as it has been observed to enhance enzyme efficiency or by being functionalized to various anti-diabetic
agents including insulin, thereby yielding its potential two-fold.*’

Conclusion and Recommendations

ThHK and hGCK were over-expressed with a 6 his-tag in E. coli BL21 (DE3) cells containing the pRARE2 plasmid.
ThHK and hGCK were characterized for their thermal and pH stability. AgNPs selectively inhibited 7hHK over hGCK.
ThHK showed a non-competitive inhibition with a significant decrease in V. and k¢./K.,, respectively. hGCK showed
no quantifiable effect of the nanoparticles. The significantly selective inhibitory effects of AgNPs observed between
TbHK and hGCK may be helpful in the development of unique anti-trypanosomal drugs.

Abbreviations

HAT, Human African Trypanosomiasis; Tb, Trypanosoma brucei; BSF, Blood stream form; TbHK, Trypanosoma brucei
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dihydrogen phosphate; Na, HPO,, di-Sodium hydrogen phosphate; FPLC, Fast Protein liquid Chromatography; NAD,
Nicotine adenine dinucleotide; MgCl,, Magnesium Chloride; HK, Hexokinase; BCA, Bicinchoninic assay; SDS-PAGE,
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