Journal of Molecular Structure 1298 (2024) 136979

Contents lists available at ScienceDirect

s ;
MOLECULAR
STRUCTURE

Journal of Molecular Structure

journal homepage: www.elsevier.com/locate/molstr

ELSEVIER

Check for

Biophysical characterization, crystallization, and solution of the first crystal = [&&s
structure of the 28 kDa-Schistosoma bovis glutathione transferase

Hattie Hope Makumbe, Ramesh Pandian, Akeel Valli, Yasien Sayed, Ikechukwu Achilonu

Protein Structure-Function Research Unit, School of Molecular and Cell Biology, Faculty of Science, University of the Witwatersrand, Gatehouse, 4th Floor, 1 Jan Smuts
Avenue, 2000, Braamfontein, Johannesburg, South Africa

ARTICLE INFO ABSTRACT

Keywords: Glutathione S-transferase (GST) is a potential therapeutic drug target against helminthic diseases. This essential
Schistosoma bovis enzyme prevents oxidative stress by inhibiting the toxic build-up of xenobiotics in the worm during human host
B-factor infection. Schistosoma schistosome manifests two GST isoforms, namely the 26- and 28-kDa GST, which exhibit
28-kDa glutathione transferase . b ificiti ithin th hi d designed 1 h 1 and
Apoenzyme contrasting substrate specificities within the worm. This study was designed to explore the structural an

functional relationships of Schistosoma bovis 28 kDa-GST (Sb28GST) through crystallographic studies. The 1-
Chloro-2,4-Dinitrobenzene-Glutathione assay revealed that the enzyme was catalytically active. The secondary
structural content confirmed that Sb28GST follows a canonical GST fold, mostly alpha-helical. Extrinsic 1-anili-
nonaphthalene-8-sulfonic acid substitution revealed buried hydrophobic clefts within the enzyme. Sb28GST was
purified by immobilised metal affinity chromatography. Crystal structures of Sb28GST were determined for the
un-ligated enzyme (resolution = 2.3 f\, Rfactor = 21.68 %). The crystals belonged to the monoclinic space group
P2;, which accommodated two biological molecules in the asymmetric unit with the unit-cell parameters of a =
54.133, b = 77.086, ¢ = 54.015 A and p = 93.15° Computational modelling studies predicted the catalytic
propensity of 8ALS may vary from that of 10E8 by differences in the molecular dynamic trajectory, especially at

X-ray crystallography

the dimer interface of this obligate dimeric enzyme.

1. Introduction

Human Schistosomiasis (Bilharzia) is a neglected, detrimental,
tropical and poverty-associated disease caused by trematode parasites
from the Schistosoma genus. The disease is responsible for the debili-
tating health conditions of over 240 million infected people [1]. The
intermediate human and freshwater snail host maintains the schisto-
some life cycle. The Schistosome parasite exhibits different life stages
within the host where the parasite acquires host immune system evasion
strategies—three major Schistosoma parasites (Schistosoma mansoni,
Schistosoma japonicum, and S. haematobium).

The Glutathione transferase (GST) superfamily is divided into three
broad categories: membrane-associated proteins, mitochondrial GSTs
and cytosolic GSTs, with the latter being the most abundant and phar-
macologically significant [2-5]. The "C" terminal of GSTs is predomi-
nantly alpha-helical, while the selective "N" terminal exhibits an
alternating a-helix and p-strand topology. The active site consists of a

hydrophobic co-substrate known as the "H-site" and a GSH binding site
"G-site" [6]. Furthermore, various forms of GSTs have been identified to
possess a non-substrate binding site in the enzyme core adjoining the
"G-site" and "H-site". This binding site forms the interface of the GST
dimer and is commonly implicated in drug binding (Fig. 5). Differences
amongst GSTs include variations in the structure and chemistry of the
"H" site between the various classes [7], and such variability makes
ligand binding possible. To date, the alpha (c), mu (u), and pi () kappa,
omega, theta and zeta GST classes are well categorised amongst cyto-
solic GSTs in mammals [8]. The Sb28GST under investigation in this
study originates from the Sigma class. The sequences of various GST
classes exhibit a low similarity index despite showing identical folding in
virtually all the recorded three-dimensional GST structures [9].

The primary function of GST is to detoxify pathogenic cells of hel-
minths that cause schistosomiasis [10-12]. Detoxification is achieved by
catalysing the reduced glutathione. In addition, GSTs possess ligandin
capabilities and bind to numerous electrophiles, posing as plausible
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schistosomiasis drug and vaccine targets [13]. It is assumed that there is
dormant detoxification, which GSTs induce in anti-helminthic drugs
[14,15]. Drug design efforts have focused on Praziquantel, whose mode
of action is poorly understood [16]. The GSTs also function in chemo-
therapy resistance [17], thus making them potential drug targets for
chemotherapy [9]. GSTs possess ligandin functionalities since they can
bind xenobiotics in a non-covalent manner [18]. The ligandin func-
tionality was named after the promiscuous binding of various
non-substrate ligands, such as bilirubin [19]. This ligandin activity is
known to result in the suppression of catalytic activity [20]. Future
promising drug targets against schistosomiasis should inhibit the cata-
lytic activity of GSTs, thereby detoxifying the electrophilic substrates
[13].

There has never been any published crystal structure of the 28 kDa-
Schistosoma bovis GST (Sb28GST), even though this enzyme is at vari-
ance with the 28 kDa-Schistosoma haematobium GST at six amino acid
positions. This study reports the first case of an apo-crystal form of the
Sb28GST enzyme. Characterising an enzyme’s apo state is the basis for
designing small molecule soaking and co-crystallisation experiments
[21]. Ligand binding is known to induce numerous structural changes in
a protein. This postulate is supported by several studies on GSTs in so-
lution, which have revealed massive conformational changes [22-24].
Analysis of apo and holo-enzyme forms is crucial in understanding
protein binding functionality. In this current study, unliganded crystal
structures of Sb28GST were solved at a molecular level to interpret the
protein’s interaction, function and structure. Dealing with compounds at
the molecular level is essential for revealing the intricacies of drug
discovery. This present study aims to enclose the current research gap in
the structure and function of Sb28GST.

2. Experimental procedure
2.1. Materials

All chemicals and reagents were of analytical grade. Vector synthesis
was done by GenScript (NJ, USA). Crystal screening buffers, reagents
and other apparatus were purchased from Hampton Research (CA,
USA). Purchases from Sigma-Aldrich (MO, USA) included reagents such
as Coomassie Blue-G250 dye, antibiotics (chloramphenicol and ampi-
cillin), 2xYT, Glutathione-agarose resin, Isopropyl f-d-1 thio-
lgalactopyranoside (IPTG), BLUeye prestained protein ladder, BSP, 1-
glutathione and 1-Chloro-2,4-Dinitrobenzene (CDNB). In contrast, the
ANS was procured from the local Sigma-Aldrich (South Africa). The
Escherichia coli (E. coli) T7 Express chemically competent cells were
procured from New England Biolabs (USA). The 15-well EasyXtal®
plates were purchased from Qiagen.

2.2. Protein expression and purification

The full-length nucleotide sequence of Sb28GST was extracted from
UniProtKB (P30114) linked ENA sequence AAA29893 (EMBL), which
codes for full-length Schistosoma bovis 28-kDa glutathione transferase.
The sequence was modified to encode an N-terminal hexahistidine tag,
an Ndel and a BamHI endonuclease restriction sites for cloning into
pET11a (+) vector by GenScript Corporation (NJ, USA). The pET11a (+)
vector included an ampicillin resistance gene as a selectable marker.
Cloning was done by restriction enzymes. The 5 sequencing primer
consisted of T7, whilst the 3' sequencing primer consisted of a T7-
terminal. The vector also possesses an fl origin of replication for
sequencing and mutagenesis purposes. The C-and N-terminal hex-
ahistidine tag facilitated metal chelation purification.

Expression of recombinant Sb28GST was performed using the pro-
tocol which has been previously described [25]. However, in this work,
0.5 mM IPTG was used to induce the overexpression of Sb28GST in
E. coli T7 Expression cells. Protein purification was accomplished by
immobilised Ni2+-afﬁnity chromatography. The protein concentration
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was determined spectrophotometrically to be approximately ~5.3
mg/mL. The purity and homogeneity of the purified protein were
determined using Sodium Dodecyl Sulphate-Polyacrylamide Gel Elec-
trophoresis (SDS-PAGE). The concentration of the purified Sb28GST was
estimated spectroscopically by use of the Beer-Lambert law:

Azgo =ecl (1)

where A280 is the absorption value obtained at 280 nm, ¢ is the molar
extinction coefficient (M~ 'em™1) at 280 nm, c is the concentration (M)
value to be determined, and 1 is the cell path length (cm). The molar
extinction coefficient for Sb28GST was determined using the Expasy
ProtParam tool [26].

2.3. Protein characterisation

2.3.1. Specific activity assay for Sb28GST

The specific activity of Sb28GST was determined by the CDNB
glutathione conjugation activity assay [27,28]. Conjugation of CDNB
with GSH was analysed by recording the change in absorbence for a
minute at 340 nm. A total of three replicates of concentrations of 10 — 50
nM of Sb28GST were assayed in a reaction mixture containing 100 mM
NaHyPO4 consisting of 0.02 % (w/v) NaN3, 1 mM Ethyl-
enediaminetetraacetic acid (EDTA), 2 mM Dithiothreitol (DTT) and 1
mM GSH, pH 6.5 to which 1 mM of CDNB was added. The Jasco V-550
UV/Vis spectrophotometer was used to measure the product’s
(1-(S-glutathionyl)—2,4-dinitrobenzene) appearance. The slope from
the linear regression curve was used to depict the reaction rate.

2.3.2. Far-UV circular dichroism

The secondary structure content of Sb28GST was performed with far-
UV circular dichroism (far-UV CD) by use of a Jasco J-1500 spec-
tropolarimeter with Spectra Manager software v1.5.00 (Jasco Inc.,
Tokyo, Japan). Samples of 2 uM of the protein were prepared in 20 Mm
NaH3POy4, pH 7.5, and 0.02 % (w/v) NaNs. All spectra measurements
were taken at 293 K with a bandwidth of 5 nm, a scan speed of 200 nm/
min, a data pitch of 1 nm, and a 1-second response time for ten accu-
mulations between 185 and 245 nm. The data was buffer-corrected and
adjusteid from millidegrees to mean residue ellipticity [0] (deg.cm?.
dmol ™).

2.3.3. Intrinsic fluorescence

The 3-dimensional structure of Sb28GST was analysed through
intrinsic Tryptophan fluorescence by either including or excluding GSH.
A Jasco FP-6300 spectrofluorometer with Spectra Manager software
v1.5.00 (Jasco Inc., Tokyo, Japan) was used to measure the spectra at
293 K in triplicate. The samples either included or excluded GSH with a
10 uM Sb28GST concentration. Further, incubation in NaH;PO4, pH 7.5,
1 mM DTT, 1 mM EDTA and 0.02 % (w/v) NaN3 occurred over a 30-min-
ute time frame by including or excluding GSH at 100 pM. Fluorescence
took place between 250 and 500 nm with fifteen accumulations ata 1 cm
pathlength, emission and excitation bandwidth of 5 nm, data pitch of 1
nm, scanning speed of 200 nm/min, and excitation at 295 nm.

2.3.4. Extrinsic ANS fluorescence

Hydrophobic clefts were probed using extrinsic ANS fluorescence.
The signal was monitored from 395 to 650 nm with fifteen accumula-
tions at 1 cm path length, excitation bandwidth of 5 nm and emission of
5 nm, data pitch of 1 nm, scanning speed of 200 nm/min, and excitation
at 395 nm. Spectra from the replicates were averaged and buffer
corrected.

2.3.5. Protein crystallisation

The purified Sb28GST was dialysed against 25 mM NaHyPO4 buffer.
Crystals of Sb28GST (apo form) were produced in hanging drops and set
up in 15-well Xtal Easy™ crystallisation plates. The mother liquor
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solution consisted of 2.1 M ammonium sulphate, 100 mM Tris (pH 7.5),
and 5 mM f-mercaptoethanol. Each hanging drop (5 pL) was prepared
by mixing the stock protein solution [231 pM- 5.3 mg/mL] in NaH;PO4
with the reservoir solution in a ratio of 1: respectively. Large diffractive
needle-shaped crystals grew within two days.

2.4. X-ray diffraction and data processing

The Sb28GST crystal was mounted in a nylon loop and then trans-
ferred to a universal cryoprotectant paratone (Parabar 10,312; Hampton
Research) solution used as the cryoprotectant before being flash-frozen
in liquid nitrogen at 100 K. X-ray crystallographic data for Sb28GST
were collected on a Bruker D8 Venture Bio PHOTON III 28-pixel array
area detector (208 x 128 mm?) diffractometer with a Cu Ka IpS DIA-
MOND source (50 kV, 1.2 mA). The unit cell and full data set were
collected using PROTEUM4: SAINT was used to integrate the data, and
SADABS was used to make empirical absorption corrections and scale
the data [29]. The diffraction data were processed using the SCALEPACK
and AIMLESS/POINTLESS inbuilt in the PROTEUM4 software suite
[29-32]. Structural solution was done by using the Molecular replace-
ment method using PHASER program built in PHENIX software [33]
using 28-kDa glutathione transferase from Schistosoma haematobium
(glutathione saturated) with the PDB ID: 10E8 as a starting model.
Model building was constructed with the WinCoot Program [34]. During
refinement, the water molecules were identified in the difference
Fourier using the “Flat Bulk Solvent Model” procedure within Coot. The
distance criteria of 2.21 A to 3.5 A were applied to the protein structure.
After that, further refinement of the protein structure was done using
PHENIX [35]. The structure validation of the refined model was per-
formed using PROCHECK [36]. The PyMOL software (Schrodinger LLC.,
Portland, USA) was used to generate images of the structure.

2.5. Molecular modelling studies

2.5.1. Computer hardware

All molecular modelling studies were performed on two high-
performance gaming computing units with the following configura-
tions: the Maestro algorithm was installed in a Windows OS PC con-
taining an AMD RYZEN Threadripper 1950X Processor, Asus Rog Strix
X399-E Gaming Ryzen AMD with 40 MB of Cache Memory, 4 TB drive
6GB/s 3D NAND internal SSD with 560 MB/s read, 520 MB/s write, a
4.0 GHz Precision Boost (up to 4.2 GHz) X399 chipset, Quad-Channel
DDR4, motherboard, 64GB (16GB x 4) 3200 MHz DDR4 desktop
gaming RAM and MSI GeForce RTX 2080 Ti 11 GB GDDR6 4352 CUDA
core graphics card. The Desmond molecular dynamics simulation algo-
rithm was installed in an Ubuntu OS PC containing an AMD Threa-
dripper 3990 x 4.3 GHz GT 1030 2 GB PRO high-performance
workstation (288 MB Cache, 64x Cores, 4.3 GHz Turbo) with an MSI
TRX40 PRO 10 G AMD Ryzen Threadripper motherboard, a GeForce
RTX 2070 8GB GDDR6 graphics card a 3200 MHz 64GB gaming RAM, 1
TB M.2 SSD with up to 3.5 GB/s speed, and a 4 TB HDD.

2.5.2. Preparation of molecular systems

The coordinates of the crystal structure of Schistosoma haematobium
GST in complex with GSH (10E8) was extracted from RCSB-PDB and the
Schistosoma bovis 28-kDa GST solved in-house (RCSB-PDB ID: 8ALS, un-
released) were subjected to energy minimisation using OPLS_2005
implemented in the Protein Preparation wizard algorithm of Maestro
v13.0. Two molecular systems (Apo-8ALS and Apo-10E8) were pri-
marily prepared for molecular dynamic simulation calculation by
creating a solvated system containing counter charges in a 0.15 M NaCl
system using the System Builder implemented in Maestro v13.0. Each
molecular system was briefly imported into the System Builder tool in
Maestro. The following parameters were used to build each molecular
system using the OPLS_2005 force field: (i) TIP3P solvent model, which
specifies a three-site rigid water molecule with charges and Lennard-
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Jones parameters assigned to each three atoms of the water molecule,
(ii) orthorhombic periodic boundary box (box condition; distances from
the box boundary (}o\): a=10 x b=10 x c¢=10and angles: a = 90° x
$=90° x y =90°) and minimising the volume, (iii) counter ions (Na™ or
Cl7) were added according to the overall charge of each molecular
system a model system and (iv) finally the systems were conditioned to
have 0.15 M NaCl. Each system was saved as a .mae file and submitted to
the Desmond molecular dynamics simulation engine for molecular dy-
namic simulation.

2.5.3. Molecular dynamic simulation

Briefly, the solvated neutralised molecular systems were subjected to
molecular dynamic simulations, employing the ensemble parameter
[NPT: isothermal-isobaric ensemble, Number of particles (N), Pressure
(P) and Temperature (T)], at 300 K temperature, and 1 bar pressure. The
RESPA (reference system propagator algorithms) integrator was used to
accelerate simulations of the molecular systems with a separation of
time scales (bonded forces: 2 fs, near-range nonbonded forces: 2 fs and
far-range non-bonded forces: 6 fs). The Nosé-Hoover chain thermostat
method was employed to maintain a stable temperature at 300 K with a
relaxation time of 1 ps. In contrast, the Martyna-Tobias-Klein barostat
method was used to keep the pressure of the molecular systems at ~ 1
atm with a relaxation time of 2 ps and isotropic coupling style. Short-
range coulombic interactions were treated using the cutoff method
(cutoff radius = 9 A). The production phase of the molecular dynamic
simulation run time was 500 ns, and the molecular systems were relaxed
using the default relaxation protocol implemented in the Desmond al-
gorithm. The MDS phase was divided into eight distinct stages in which
the simulation parameters were specified for each stage. Stages 1-7 is
the equilibration, which comprises short simulation steps involving a
100 ps simulation carried out (at stage 2) using Brownian Dynamics
under NVT condition at 10 K with restraints placed on the solute heavy
atoms. The final stage is the long-range 500 ns simulation stage.

2.5.4. Post-dynamic analysis

Following the MD simulation, post-dynamic analyses of the trajec-
tories derived from the MD simulation studies were carried out using
Maestro v13.0 for comparative analysis of the conformational dynamics
of the two molecular systems. Basically, (i) the simulation quality which
analyses the average energy, pressure, temperature, and volume of each
simulated system were evaluated using Simulation Quality Analysis
(implemented in Maestro v13.0). (ii) The root-mean-square-deviation
(RMSD) of the alpha carbon atoms (Ca) and the root-mean-square
fluctuations (RMSF) of the residues. The radius of gyration (Rg) and
atomic distance calculations were performed using the Simulation
Events Analysis tool (also implemented in Maestro v13.0). The average
of a representative cluster was determined using the Ca RMSD trajectory
cluster analysis algorithm (implemented in Maestro v 13.0).

3. Results
3.1. Expression and purification

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was
used to align the sequences obtained from the Genbank. Protein syn-
thesis proceeded based on the provided sequence and yielded much
more accurate and favourable results. Expression yielded a wet cell
pellet of approximately 4.5 g/L of culture. Analysis of the SDS-PAGE
(Fig. 1) reveals an outstanding soluble protein yield. The Sb28GST
monomer showed a molecular weight of about 24 kDa, corresponding to
each polypeptide’s theoretical subunit weight [26].

3.2. Sb28GST enzyme activity assay

In this assay, the specific activity of the enzyme was calculated using
an extinction coefficient of 9600 M~'.cm™! for 1-(S-glutathionyl)—2,4-
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Fig. 1. Expression and purification profile. A 12.5 % (w/v) polyacrylamide gel
of the non-liganded 28 kDa Schistosoma glutathione transferase [containing 10
% (w/v) SDS], perceivable with Coomassie brilliant blue staining.

dinitrobenzene [18]. The reaction rate in the absence of GSH (substrate)

was recorded. However, the results were negligible. The specific activity
of Sb28GST was reported to be 14 pmol/min/mg with an R? value of 0,

A

0.05

Sh28GST enzyme activity
(umole/min)
4 4 e
> =3 =
= @ =
1 1 L
o

I

>

—
1

0.00
0.20

0.05

0.10 0.15
Sh28GST concentration (mg)

A

3
>

400

Fluoresence Intensity (a.u)

300 320 340 360 380
Wavelength (nm)

Journal of Molecular Structure 1298 (2024) 136979

9755. Sb28GST exhibited high transferase activity with CDNB. The error
bar shows the standard deviation. The experimental data was
buffer-corrected.

3.3. Far-UV circular dichroism

The peptide bonds of Sb28GST served as a chromophore in the far-
UV region based on their capability to polarise light. Far-UV circular
dichroism (far-UV CD) was used to analyse the secondary structure
content of Sb28GST in the presence or absence of GSH. Data was buffer-
corrected and normalised from millidegrees to mean residue ellipticity -
[0] (deg.cm?.dmol 1) according to the following equation:

[0] =100 x 8/cnl 3

Where, 6 is the CD signal in millidegrees, c is the protein concentration
in mM, n is the number of residues, and [ is the path length (cm). The
resulting CD spectra showed a peak of positive ellipticity at 195 + 0.5
nm and two troughs with a negative ellipticity at 222 + 0.5 nm and 208
+ 0.5 nm, (Fig. 2B), a profile typical of predominantly alpha-helical
proteins. CD spectra readings in the presence of GSH yielded readings
that are not different from those without GSH. The deconvolution of the
CD spectra data into the corresponding secondary structure content was
done via the DichroWeb analysis program [37].

3.3.1. X-ray crystallography
Crystals of Sb28GST were obtained (Fig. 3A) by the hanging drop
vapour diffusion method. The PHASER program (with incorporated
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Fig. 2. Structural characterisation studies. (A) CDNB-GSH conjugation assay for determination of the specific activity of Sb28GST. (B) The secondary structure of
Sb28GST. (C) Intrinsic tryptophan fluorescence emission spectra of Sb28GST concentration (D) Extrinsic ANS fluorescence spectra of Sb28GST. Extrinsic ANS
fluorescence spectra of unbound ANS (red line), ANS bound to Sb28GST (blue line).
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'
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Domain
interface

Fig. 3. (A) Sb28GST crystals. (B) Ribbon representation of the non-liganded
Sb28GST. The structure contains two subunits (green) and a sodium atom
(red). The ribbon diagram was generated using the PyMol molecular
graphics program.

PHENIX algorithm) was used for molecular replacement [38]. The
presence of the sodium atom (Fig. 4A) is warranted since the crystal-
lisation buffer contained sodium phosphate within the precipitation
buffer. The structure was refined with a final Re,ctor of 18.7% at 1.53 A
resolution with a solvent content of 48.1 % (Table 1). Matthew’s coef-
ficient (Vyy) revealed a direct relationship to the fraction of the unit cell
occupied by the solvent. The significance of crystal contact is the
displacement of the ligand molecule [39].

3.4. Cavity analysis

Cavity analysis (Table 2) was performed on the 10E8 (Sh28GST) and
8ALS (Sb28GST) structures. Both structures exhibited two correspond-
ing cavities each, as identified by spherical probes bearing radii bounds
of 3-10 A. The smaller cavity (Cavity 1) is at the dimer interface, with
Cavity 2 existing within the adjoining glutathione and non-substrate
binding sites (Figs. 6C and 6D). Overall, the cavities on the free struc-
ture were of more extensive volume and surface area.

3.5. Molecular dynamic simulation

Although 8ALS and 10ES8 share strong structural homology (Fig. 7),
they vary in amino acid sequence at six positions. The six mutations
(using 10ES8 as the wildtype) are V69L, G87E, E89D, A102V, Y110H and
1124T, which indicates that 8ALS have extra charges compared to 10E8
due to the presence of extra Glu87 and His110. Only one (V69L) of the
variations occurred at the N-terminus thioredoxin domain containing
the papoppa secondary structure architecture, th; theaining five muta-
tions are in the C-terminus all-alpha helical domain. None of the six
mutations is within 4 A of the catalytic Tyr10. Following energy mini-
misation and systems preparations, the waters and the GSH ligand (in
10E8) were stripped from the overall structures. Both systems were fully

Fig. 4. Overall Sb28GST structure. (A) Sb28GST (PDB ID 8ALS). (B) Sb28GST
(PDB ID 8ALS) superimposed with PDB ID 10E8. The ribbon representations of
the complexes reveal the two subunits (green) with a sodium atom (purple) and
the GSH molecule (rainbow-coloured) for the superimposed structure only. The
images were generated using PyMol.

Free (PDB ID
8ALS)
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H-site

Non-
substrate
binding site

Bound (PDB ID
10E8)

Fig. 5. Cross section of two structures of the 28 kDa GST dimer from (A)
S. bovis (8ALS) and (B) S. haematobium (10E8) showing the various binding
sites. The bound structure (10E8) is shown with glutathione in both G-sites.

Table 1

Data collection and refinement statistics.

Data collection

Light source
Wavelength A)
Detector

Temperature (K)
Space group
Unit-cell parameters
abc@)
a, B, v () .
Resolution range (A)
Number of observed
reflections

Number of unique reflections

Completeness (%)

1/0(I)

TRmerge

Multiplicity

Structure refinement

Reflection used

Resolution range

Final overall Racror (%)

Rework (%) / 1Rfree (%)

Number of protein atoms

Average B factor value A%

RMSD in bond length A)

RMSD in bond angles (°)

Ramachandran statistics

Favoured; Allowed; Outliers
(%)

Matthew’s coefficient Vi
(A*pa™)

Solvent content (%)

Cu Ka

1.5418

Bruker D8 Venture Bio PHOTON III 28-pixel array
area detector

100

P12;1

54.133, 77.086, 54.015
90.00, 93.15, 90.00

24.68 —2.30 (2.38-2.30) *
158,575 (10,629) *

19,612 (1752) *
98.8 (89.9) *
11.40 (3.40) *
0.132 (0.600) *
8.1(6.1) *

19,582
24.68-2.30
21.68

21.52 / 24.48
3274

24.0

0.002

0.506

96.00, 4.00, 0.00
2.36

47.98

compactthe the Rpyerg = >3 |li(hkl) — I(hkl)|/>"> I;(hkl), where I(hkl) is the in-
hk hil i

tensity of reflection hkl, > is the sum over all reflections and ) is the sum over i
hkl i

measurements of reflection hkl. { Ry is calculated for a randomly chosen 5 % of
reflections which were not used for refinement of the structure, and Ry iS
calculated for the remaining reflections.

Table 2

Cavity analysis of the 28-kDa GST structures shows two corresponding cavities.
Cavity 1 exists within the dimer interface core of the enzyme, and cavity 2 oc-
cupies the adjoining G/H binding region.

Cavity Parameter 8ALS 10E8

1 Volume (A%) 507.00 321.00
Surface area (A% 393.00 254.00
Effective radius (A) 3.87 3.79

2 Volume (A%) 1690.00 708.00
Surface area (Az) 1073.00 495.00
Effective radius (A) 4.72 4.29
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- Free (PDB ID SALS)

Bound (PDB ID 10ES)

B-factor (A2)

6 45 80

Fig. 6. Cavities in the (A) bound and (B) free Sb28GST. Molecular surface of
(C) free and (D) bound Sb28GST coloured by the B-factor. The cross-section
view is depicted across the dimer interface plane.

solvated using the TIP3P water model, and the net charge after solvation
was zero because the charges were neutralised with counter ions
(equivalent Na* or Cl7). In addition, both systems were fully equili-
brated for the MD simulation production. Hence, inferences can be made
from both systems without bias.

The trajectory of the C% based on the RMSD (Fig. 8A), shows that the
protein models exhibit different dynamics within the 1000 ns simulation
time. The 8ALS model appears to be slightly more dynamic compared to
10ES8, with an average C*-RMSD (+SD) of 2.95 A (4+0.32) and 2.09 A
(40.17) for 8ALS and 10ES8, respectively. The C*-RMSF trajectory sub-
stantiates this observation (Fig. 8B) derived within the 1000 ns simu-
lation time. Our results suggest that the backbone of 8ALS fluctuated
marginally more than the backbone of 10E8 with an average (+£SD) of
1.65 A (+£0.86) and 1.14 A (40.39) for 8ALS and 10ES8, respectively.
Furthermore, the Ca-RMSF trajectory revealed that backbone fluctua-
tion is not precisely identical across the two identical subunits. This
variation in the backbone fluctuation is more pronounced at the C-ter-
minus all alpha-helical domain (Fig. 8C) of this obligate homodimeric
enzyme.

The radius of gyration (Rg), which may reflect the hydrodynamic
volume of a globular protein, shows that 8ALS is less compact than
10E8. This further confirms the variation in overall conformational
dynamics as judged by the Ca-RMSD trajectory. The overall average Rg
(£SD) for 8ALS and 10E8 is 22.75 A (+0.42) and 21.44 A (+0.09),
respectively. To further support our postulate that 8ALS is more dy-
namic than the 1IEO8 model, we measured the distance between two
atoms in helix 4 («4), which forms part of the dimer interface topology.

Journal of Molecular Structure 1298 (2024) 136979

Using His110Ca and Asp89 C” as reference atoms, we observed that the
distance between the Ca of the two His110 (of the two subunits) fluc-
tuated more in 8ALS than 10ES8; however, this was not the case for
Asp89 C” of the two subunits.

4. Discussion

Schistosomiasis is a tropical disease of poverty which ranks as the
second cause of death amongst parasitic diseases [40]. The present study
aimed to evaluate the unbound crystal structure of the 28-kDa isoform of
GST from Schistosoma bovis. In this regard, protein crystal structures are
essential since they highlight mechanisms of biological activities,
thereby facilitating drug development to exploit protein function. The
present study solved the crystal structures of unbound Sb28GST to
provide insight into the proteins’ structural conformations. Analysing
the un-ligated form of Sb28GST enables the design of molecular com-
pounds capable of selectively inhibiting the activity of Sb28GST.

The pET11la vector containing the full-length DNA sequence of
Sb28GST was used to overexpress recombinant Sb28GST in the soluble
cell fraction of E. coli cells. The purity of the Sb28GST samples was
analysed using SDS-PAGE as described in Section 3.1. The purified
protein sample exhibited an individual band corresponding to a subunit
molecular mass of approximately 24 kDa on a 12.5 % SDS-PAGE gel
(Fig. 1). The Protparam bioinformatics tool calculated the molecular
weight directly by using the net isotopic mass of each amino acid to yield
a theoretical value of 23.4 kDa [26]. Inconsistencies between the two
molecular weights are due to the number of amino acids used in the
Sb28GST sequence. Our structure is the only published structure of the
28-kDa S. bovis GST (Fig. 9).

The catalytic site consists of two ligand binding sites per subunit,
namely the GSH-binding site (G-site) housed in the N-terminal domain
and the hydrophobic xenobiotic binding site (H-site) found in the C-
terminal domain [41]. The enzyme’s catalytic activity was monitored
through the enzyme’s ability to catalyse the covalent conjugation of
GSH to CDNB to form 1-(S-glutathionyl)—2, 4-dinitrobenzene (the
product). The results obtained prove that Sb28GST is catalytically
active. The specific activity of Sb28GST was obtained from the slope of a
linear plot through the experimental data (Fig. 2A).

The secondary structural content of Sb28GST agrees with literature,
which categorises cytosolic GSTs as predominantly alpha-helical [42].
The 222 nm/208 nm ratio of 8ALS to 10E8 was reported to be 0.73 and
0.82, respectively, indicating that the secondary structure of Sb28GST
comprised more coiled-coil o-helices. These differences in ellipticity
amongst predominantly alpha-helical proteins depict the natural vari-
ation of the helices, thereby classifying them into coiled-coil helices or
random coils if the 222 nm/208 nm ratio exists as > 1 or < 0.86,
respectively [43]. This result confirmed that the integrity of the sec-
ondary structure of the enzyme was not compromised during recovery
from the soluble E. coli cell fraction.

There are vast differences between the conformational changes of
ligated and un-ligated GSTs in solution. Ligands can confer stability to
proteins [44]. Both the Sb28GST (PDB 8ALS) and the Sb28GST (PDB
10ES8) are within the same space group of P21. In this case the ligand is
not expected to induce significant conformational changes. The rele-
vance of crystallising the apo form of the Sb28GST in this instance thus
forms a basis for BSP binding. Evaluation of the crystal-packing
parameter revealed that the lattice accommodates 2 biological mole-
cules in the asymmetric unit. The Matthew’s coefficient was 2.37 A3
Da~! whilst the solvent content was 48.1 %. Further data-collection
information is provided in Table 1.

The structural quality of the refined Sb28GST model was evaluated
by monitoring the torsion angles of the polypeptide backbone confor-
mation. The main chain angle orientations reveal that 97.28% falls
within the preferred region of the Ramachandran plot, the residual 2.2%
lies in the allowed region, and 0.42% occupies the less favourable
generously allowed region. The protein structure has been deposited as
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Fig. 7. Sequence analysis of 8ALS (Sb28GST) and 10E8 (Sh28GST) showing the positions of the variant amino acids. (A) is a structural alignment of 8ALS and 10E8
using Expresso™, which indicates the structural similarity between both protein models. (B) ribbon representation of 8ALS showing helix five and helix 6 (in red),
which largely contributes to the dimer interface topography. (C) is the primary sequence analysis of 8ALS showing the position of the variant amino acids concerning

the secondary structural elements.

entry 8ALS in the Protein Data Bank. The Sb28GST structure is dimeric
in solution. This dimeric feature is also exhibited by other GST family
members [45]. The model exhibits common GST features, such as the N
and C terminals on the domain interface, with an additional sodium ion
(Fig. 7). Monomers A and B comprised 204 residues. The two monomers
look similar but exhibit very small similarities (Fig. 3B). Sb28GST en-
codes a catalytic Tyrosine residue found at position 10 (Tyr10) within
the activating conformation position [25]. This active tyrosine site is
mostly found in most cytosolic eukaryotic GSTs, specifically in the
alpha, pi, mu, and sigma classes [25]. The Sb28GST under investigation
in this study originates from the Sigma class. During the rotation pro-
cess, it is anticipated that the catalytic tyrosine residue (Tyr10) of the
sigma  class  Schistosoma  haematobium  wild-type  gluta-
thione-S-transferase will alternate between being within and without
the binding site for reduced glutathione (referred to as the “G site™).

When the tyrosine residue is in the outside position (Tyr10), it forms an
n-cation interaction with the guanidinium group of Arg21 [21,22]. The
enzyme displayed canonical GST characteristics. The RMSD between the
two super imposed structures was as low as 0.418 A (Fig. 4B).

Having observed the differences in amino acid composition between
our model (8ALS) and the molecular replacement template (10E8), we
hypothesised that these six amino acid variations might impact the
global structure of 8ALS. This implies that there may be variations in the
structure and catalytic turnover rate of the 28 kDa-S. haematobium
orthologue (8ALS) in comparison with 10E8. Several studies have
strongly correlated amino acid mutation in the form of substitution and
insertions to enzyme variations in structure, dynamics, and kinetics
[46-48]. Five of the six substitutions are on the predominantly
alpha-helical C-terminus domain (Fig. 7). In contrast, the only substi-
tution on the N-terminus domain appears to be withdrawn from the G
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time or residue numbers.

and H sites. The substitutions occurred mostly between a4 and a5, which
are the two main helices of the dimer interface, which indicates that the
variation may affect the hydrodynamic volume of this globular enzyme.

Although the variation may not seem to visibly induce any confor-
mational changes in 8ALS compared to 10E8, from the static structure
point of view, we needed to use computational approach to unravel the
structural landscape of the two proteins from an atomistic perspective.
Therefore, it is crucial in this study’s context to gain an atomistic
interpretation of the variance in amino acid composition between what
we postulate as isoenzymes of the 28-kDa S. haematobium GST. To

support our theory, we used a 1000 ns molecular dynamics simulation to
study the overall conformation of 8ALS in comparison with 10E8 based
on C*-RMSD (alpha carbon), C*-RMSF, the radius of gyration (Rg) and
the distance between the corresponding catalytic atoms of the two
subunits at the dimer interface. We supposed 1000 ns trajectory time is
enough to explain our hypothesis based on the C*-RMSD, C*-RMSF, Rg
and interdomain distance measurement. Molecular dynamic simulation
of biological systems has shown relevance in interpreting empirical data.
Although the crystallographic resolution may differ between these two
model structures, we could still make reasonable extrapolations from
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Fig. 9. Phylogenetic tree based on alignment of protein sequences. (A) is protein sequences of eight crystal structures of Sh28GST (2CAQ, 2F8F, 2CAI, 2CA8, 2C8U,
2C80, 10E7, and 10E8) and one structure (8ALS) of Sb28GST deposited in RCSB-PDB. The blue highlight shows that the only sequence deposited in the PDB closest
to the Sb28GST sequence is 8ALS. (B) protein sequences of 28-kDa GST of various organisms extracted from the UniProtKB database. The gold highlight indicates

how genetically close Sh28GST and Sb28GST are.

MD simulation data. Our results suggest that there may be variation in
the overall dynamics and hydrodynamic volume of 8ALS concerning
10ES8. This may imply that the two proteins may have different kinetics
but not in function. Hence, we can justifiably denote 8ALS as a variant of
10ES8 based on amino acid composition and enzyme kinetics.

We expected that this variation might also alter the dimer interface
topology and the conformational stability of 8ALS. We measured the
distance between the two dimers based on His110 and Asp89 inter-
subunit distance as a function of the 1000 ns trajectory period. The re-
sults show that the distance between the dimers varies across the two
proteins, suggesting that the variation in amino acid sequence alters the
dimer interface’s topology. This is corroborated by the dimer interface
analysis results (Fig. 8), which show that the volume of the 8ALS dimer
interface is more significant than that of the 10ES8. It is essential to
mention that the dimer interface of GSTs plays a critical role in the
structure and function of the enzyme, resulting in an altered hydrody-
namic volume. GSTs are obligate dimers, except for Plasmodium falcip-
arum GST, which shows tetramerisation in the absence of GSH but
dimerises in the presence of GSH. Hence, any significant perturbation at
the dimer interface, such as alteration in the distance between the
subunits, may affect the kinetics propensity of the protein, such as
turnover rate. It suffices to say that the variation in the amino acid across
the two enzymes does not entirely alter the function but could affect the
kinetics as well as stability of the enzyme. An empirical approach, such
as chemical-induced equilibrium denaturation, would be needed to
affirm this postulate.

In conclusion, we successfully over-expressed and purified the 28-
kDa GST isoform from Schistosoma bovis and explored its structural
and functional features alongside determining the crystal structure. The

data obtained in this study is advantageous for the novel application of
the un-ligated Sb28GST enzyme. In addition, the crystal structures ob-
tained from the study provide a molecular basis for future evaluation in
structure-based drug design of inhibitors with therapeutic potential
against schistosomiasis. Future X-ray crystallographic studies on the
liganded-Sb28GST studies will confirm the BSP binding site.
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