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ABSTRACT
Trypanosoma brucei phospholipase A2 (TbPLA2) is a validated drug target but the difficulty in expressing its soluble recombinant
protein has limited its exploitation for drug and vaccine development for African and American trypanosomiases. We utilized
recombinant deoxyribonucleic acid (DNA) technology approaches to express soluble TbPLA2 inEscherichia coli andPichia pastoris
and biochemically characterize the purified enzyme. Full-length TbPLA2 was insoluble and deposited as inclusion bodies when
expressed in E. coli. However, soluble and active forms were obtained when both the full-length and truncated TbPLA2 were
expressed in fusion with N-terminal FLAG tag and C-terminal eGFP in P. pastoris, and the truncated protein in fusion with
N-terminal FLAG tag and C-terminal mClover in E. coli. Truncated TbPLA2 lacking the signal peptide and transmembrane
domain was finally expressed in Rosetta 2 cells and purified to homogeneity. Its migration on sodium dodecyl polyacrylamide
gel electrophoresis (SDS-PAGE) confirmed its size to be 39 kDa. Kinetic studies revealed that the enzyme has a specific activity of
107.14 µmol/min/mg, a Vmax of 25.1 µmol/min, and a KM of 1.58 mM. This is the first report on the successful expression of soluble
and active recombinant TbPLA2, which will facilitate the discovery of its specific inhibitors for the development of therapeutics
for trypanosomiasis.

1 Introduction

African trypanosomiasis (AT) is a parasitic disease caused by
multiple species of trypanosomes and transmitted by insect

vectors, mostly the Glossina genus [1]. This disease affects
humans and animals in sub-SaharanAfrica, negatively impacting
the economic stability and well-being of the people. Animal
African trypanosomiasis (AAT) causes a loss of∼$5 billion (USD)

Abbreviations: DNA, deoxyribonucleic acid; IPTG, isopropyl-β-d-thiogalactopyranoside; PLA2, phospholipase A2; SDS-PAGE, sodium dodecyl polyacrylamide gel electrophoresis; TbPLA2,
Trypanosoma brucei phospholipase A2; TEV, tobacco etch virus.
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Summary
∙ This research provides a unique opportunity to develop
therapeutics targeting Trypanosoma brucei phospholipase A2
(TbPLA2), a validated drug target.
∙ We successfully produced soluble and functional recom-
binant TbPLA2 for the first time, paving the way for
discovering specific inhibitors crucial for innovative, low-
toxicity treatments for sleeping sickness, Chagas disease, and
Leishmaniasis.
∙ The production of functional recombinant TbPLA2 offers
promising prospects for drug and vaccine development
against these diseases, identified by the WHO as critical
neglected tropical diseases (NTDs) targeted for elimination by
2030.
∙ Future studies can now focus on developing novel solutions,
whether drugs or vaccines, that target Trypanosoma PLA2 for
the control and elimination of trypanosomiasis.

annually, contributing to economic strain and underdevelopment
of the African continent [2]. Human African trypanosomiasis
(HAT) threatens about 70 million people living in sub-Saharan
Africa and kills about 4000 people annually [3, 4]. There are
currently no vaccines to prevent infection, and the available
drugs are unsatisfactory due to toxicity and treatment failure.
Trypanosomiasis and other vector-borne diseases continue to
spread to nonendemic countries through livestock trade and
vector migration due to climate change [5, 6], hence, the need for
intervention approaches.

Trypanosomes undergo adaptations during their lifecycle to
acquire features that will fit them for survival in their next host
environment. They undergo membrane phospholipids remod-
eling which is solely mediated by phospholipases [7–9]. Fur-
thermore, they do not synthesize arachidonic acid (AA) de
novo but rely on exogenous supply from their hosts by cleaving
the fatty acyl on the sn-2 carbon of the host’s phospholipid
glycerol backbone with their phospholipase A2 (PLA2) to release
AA (Figure S1). The AA is a second messenger that regulates
Ca2+ homeostasis and a precursor of prostaglandins (PGDs)
which are virulent factors that interfere with the host immune
system to promote infection. PGDs are involved in the reg-
ulation of differentiation and development of trypanosomes
[10–12]. The central roles of PLA2 in the infectivity, cell inva-
sion, virulence, pathogenesis, and maintenance of pathogenic
protozoans in their hosts have been well demonstrated by
investigators [13–15], validating it as an attractive therapeutic
target.

PLA2 is conserved across all domains of life; however, whereas
the identity amongst some medically important kinetoplastids
species is high (85%–99%), Trypanosoma brucei PLA2 (TbPLA2) is
substantially different from mammalian PLA2 (∼34%) (Table S1).
The critical role of PLA2 in the lipid metabolism of trypanosomes
makes it essential for their survival [11, 16]. The inhibition of
PLA2 has been demonstrated to cause the death of T. b. brucei,
T. b. gambiense, and Leishmania amazonensis, validating it as a
potential drug target across the kinetoplastids [15, 17, 18]. The
similarity of kinetoplastids PLA2s and their differences from

the mammalian homologs can be exploited for the development
of broad-acting therapeutics against kinetoplastids. Although a
PLA2-like gene sequence exists in the genome of trypanosomes,
overexpression of the functional enzyme has been flawed by
its insolubility, hence the lack of enzymological data. This
problem has limited the exploitation of TbPLA2 for drug or
vaccine development to date. As a step to solve this problem, we
employed recombinant deoxyribonucleic acid (DNA) technology
and biophysical approaches to successfully produce soluble and
functional TbPLA2 protein in milligram quantity. Our findings
will form a basis for the development of therapeutics that
spare mammalian PLA2 but specifically target TbPLA2 for the
treatment of AT.

2 Materials andMethods

2.1 Competent Cells and Vectors

Plasmids were propagated in OneShot TOP10 chemically com-
petent Escherichia coli cells (ThermoFisher, USA). Chemically
competent BL21-CodonPlus (DE3)-RIL, BL21-CodonPlus (DE3)-
RIPL, ArcticExpress (DE3), BL21 (DE3) pLysS (Agilent, USA),
Rosetta 2 (DE3) (Novagen, USA), and electrocompetent Pichia
pastoris KM71H strain (ThermoFisher, USA) were used for
protein expression (Table S2).

2.2 Bioinformatics Analysis, Codon
Optimization, Synthesis, and Subcloning of tbpla2

Sequences of human and trypanosomes PLA2s were retrieved
from theNCBIwebsite and used formultiple sequence alignment
(Figures S2 and S3). The TbPLA2 sequence was submitted to
the TMHMM and I-TASSER servers for the prediction of trans-
membrane (TM) helices and the 3D structure of the protein,
respectively [19–22]. The tbpla2 was codon-optimized, synthe-
sized, and subcloned into pET-24b(+) using XhoI and NdeI
restriction sites (GenScript, USA). Subcloning was confirmed by
digesting 300 ng of the pET-24b(+)-TbPLA2 by XhoI and NdeI
at 37◦C for 4 min. The product was analyzed on 1% agarose gel.
The orientation of the insert was confirmed by Sanger sequencing
(GenScript, USA).

2.3 Subcloning of tbpla2 Constructs Into pFLAG
and pPICZ

Constructs of tbpla2 were subcloned into pFLAG and pPICZ
vectors. The pFLAG vector is a custom-designed construct,
created in our laboratory from the pMBP plasmid backbone. It
contains a tac promoter and a lacIq promoter, a stronger repressor
(10× more than lacI) of the lac promoter. The pPICZ contains
an AOX1 promoter that is inducible by methanol. Primers were
designed on SnapGene (Table S3) and synthesized by IDT and
ThermoFisher (USA). Overhang sequences were included in the
tbpla2 primers for Gibson or HiFi assembly. Linearization of
the plasmids and amplification of tbpla2 were done by PCR.
Truncated tbpla2 lacking the signal peptide and TM sequences
were generated by PCR using primers designed to exclude the
signal peptide and TM sequences. The linearized plasmids and
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tbpla2 amplicons were resolved on 1% agarose gel, excised, and
purified using the GeneJET Gel Extraction Kit (ThermoFisher,
USA). The plasmid was ligated with the tbpla2 construct by
Gibson or HiFi assembly (New England Biolabs, USA) [23] and
transferred on ice for the transformation of chemically competent
E. coli cells by heat shock or electrocompetent P. pastoris by
electroporation. Both plasmids have an FLAG tag at the N-
terminus and either a mClover or eGFP at the C-terminus in
the pFLAG and pPICZ, respectively. FLAG tag allows affinity
purification of the recombinant protein on anti-FLAG M2 resin,
and detection by western blot using anti-FLAG antibody. The
eGFP and mClover tags are fluorescent and can be used to
monitor expression. The constructs were sequenced to verify
subcloning and the correct orientation of the inserts (Genewiz,
USA).

2.4 Expression of TbPLA2 in E. coli

Optimization of protein expression was carried out at varying
temperatures and isopropyl-β-d-thiogalactopyranoside (IPTG)
concentrations (Table S4). Each of the competent E. coli cells was
transformed by heat shock [24], and grown on LB agar plates
containing the appropriate antibiotic (kanamycin, 50 µg/mL;
carbenicillin, 100 µg/mL; ampicillin, 100 µg/mL). A single colony
from the plate was used to inoculate 10 mL of LB or terrific
broth (TB) containing the appropriate antibiotic. The culture was
grown overnight at 37◦C with shaking at 225 rpm. The overnight
culture was used to inoculate 1 L media flasks which were grown
and induced with IPTG at OD600 of 0.8 and a temperature of
20◦C. The cells were harvested 18 h postinduction and stored at
−80◦C. For large-scale expression, 300 mL from the 1 L flasks
were used to inoculate 10 L TB medium containing antifoam and
the appropriate antibiotic in NewBrunswick Scientific BioFlo 415
fermenters. The dissolved oxygen (DO) span was set to 100%, and
the RPM was set to 300. The DO was cascaded to RPM at 30%
with a maximum RPM set to 700. When the DO reached 30% at
an OD600 of approximately 1.2, the fermenters were induced with
0.1 mM IPTG. The cells were harvested 18 h postinduction and
stored at −80◦C.

2.5 Expression of TbPLA2 in Pichia pastoris

Chemically competent TOP10 E. coli cells were transformed with
the recombinant pPICZ plasmid containing the tbpla2 insert and
grown on low-salt LB plates supplemented with 25 µg/mL zeocin.
A single colony from the plate was used to inoculate 10 mL of
LBmedium containing 25 µg/mL zeocin, fromwhich the plasmid
was subsequently extracted and purified. Exactly 2 µg of the
plasmid was linearized by PmeI (New England Biolabs, USA)
and transformed into electrocompetent P. pastoris KM71H cells
by electroporation [25]. The electroporated cells were allowed to
recover in 1 M sorbitol at 30◦C for 1 h. An equal volume of 2×
YPD was added, and the cells were incubated for 3 h at 30◦C.
The cells were then plated on YPD agar plates containing 1 M
sorbitol and zeocin (200, 500, and 1000 µg/mL), and incubated
for 3 days at 30◦C. Single colonies from the plates were selected
for mini-expression in 96-well blocks by methanol induction.
Clones expressing TbPLA2-eGFP were selected by fluorescence
and used for large-scale production of recombinant TbPLA2

using a protocol earlier described [25]. The fermenters were
preequilibrated with O2, and the cells were grown at pH 5.0 and
a temperature of 28◦C (gas flow: 4 LPM, O2 span: 100%, DO: 10).
Protein expression was carried out by slow methanol induction
for 18 h (gas flow: 25 LPM, DO: 50). The cells were harvested and
stored at −80◦C.

2.6 Purification of TbPLA2

Frozen cell pellets were resuspended in lysis buffer (50 mM
Tris, 300 mM NaCl, 5 mM CaCl2, DNase; pH 8.0). For the E.
coli pellets, 1× protease inhibitor cocktail (PIC) was added to
the buffer while 25 mM benzamidine was used in the lysis
buffer for the P. pastoris. Buffers for purification on Ni-NTA
contained TCEP and imidazole. Lysis of E. coli cells was achieved
by adding lysozyme and 1% Triton X-100 to the resuspended
cells and stirring on a magnetic stirrer for 1 h at 4◦C. The
supernatant was recovered by centrifugation. Purification was
done on an FPLC system or by gravity flow. Elution on the Ni-
NTA column was done with 300 mM imidazole while 6 mg/mL
FLAG peptide (pH 8.0) was used for elution on the anti-FLAG
M2 column. The fractions were analyzed by sodium dodecyl
polyacrylamide gel electrophoresis (SDS-PAGE) [26]. P. pastoris
cells were lysed using a cell disruptor. To purify the full-length
TbPLA2, the membrane fraction (MF) was isolated by low-speed
centrifugation. The full-length TbPLA2 was then purified from
theMF. For the truncated TbPLA2, the supernatant was collected
after high-speed centrifugation, from which the TbPLA2 was
purified. Fusion tags (eGFP and mClover) were removed by
tobacco etch virus (TEV) cleavage at 4◦C followed by a clean-
up purification step on Ni-NTA column to isolate free TbPLA2.
Successful cleavage and purity were assessed by SDS-PAGE.
Protein concentration was estimated on a nanophotometer at
280 nm using the extinction coefficient and molecular weight of
TbPLA2.

To prevent TbPLA2 aggregation, seven detergents were screened
by adding each to 0.50 mL of the purified TbPLA2 in separate
30 kDa Amicon Ultra-0.5 Centrifugal Filters (Table S5). After
concentration, the retentates were collected, and the filter mem-
branes were washed with 1% SDS. The retentates and the washes
were analyzed by SDS-PAGE.

2.7 Solubility Test, Solubilization of Inclusion
Bodies, and Refolding of TbPLA2

Induced pLysS cell culture (1 mL) was centrifuged at 14,000 rpm
for 5 min. The media was removed, and the cells were lysed by
resuspension in RIPA buffer. The supernatant and pellet were
analyzed by SDS-PAGE [27]. The recovered pellet (inclusion
body) was solubilized with 4 M urea on a shaker at room
temperature for 18 h, and the supernatant was purified on a Ni-
NTA agarose column. Fractions were analyzed by SDS-PAGE.
The optimum refolding condition of the TbPLA2 purified from
the inclusion bodies was determined using the Pierce Protein
Refolding kit (ThermoFisher, USA). Restoration of disulfide
linkages was confirmed by mobility shift SDS-PAGE/Western
blot.
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FIGURE 1 Prediction of transmembrane helices and 3D structure of Trypanosoma brucei phospholipase A2 (TbPLA2): (A) Prediction of
transmembrane helices of the full-length TbPLA2 using the TMHMM server. TbPLA2 is a 447-amino acid protein containing a signal peptide (1–30)
and two transmembrane helices (TMHs) (31–77). The expected number of amino acids in the TMHs is 46.74769 and the expected number of TMHs
amino acids in the first 60 amino acids is 23.62027. The total probability of having the N-terminal inside is 0.11760. (B) Predicted 3D structure of TbPLA2
modeled on I-TASSER server showing the signal peptide (blue) and transmembrane domains (red).

2.8 TbPLA2 Activity Assay and Kinetics

The activity of TbPLA2 was assessed as previously described with
some modifications [28]. Briefly, 5 µL (10 ng/µL) of TbPLA2 was
incubated with 45 µL of 2 mg/mL l-α-lecithin at pH 8.0 and 37◦C
for 10 min. The reaction was stopped by heating to 99◦C for 2
min. The AA released was titrated against 10 mM NaOH using
phenolphthalein as an indicator. One unit of TbPLA2 was defined
as the amount of the enzyme that hydrolyzed 1.0 µmole of l-
α phosphatidylcholine to l-α-lysolecithin and AA per minute at
pH 8.0 and temperature of 37◦C. Determination of the kinetic
parameterswas carried out in triplicate, and reactionswithout the
enzyme sourcewere used as negative controls. Enzymatic activity
was determined at varying concentrations of l-α phosphatidyl-
choline (0–8.0 mM) under predetermined optimum conditions
(37◦C, pH 8.0, and 50 ng TbPLA2), and the data were used to
determine the KM and Vmax by double reciprocal plot.

3 Results

3.1 Bioinformatics Analysis of TbPLA2

Human PLA2 differs significantly from trypanosomal PLA2
(Table S1 and Figure S3). Notably, T. b. gambiense PLA2 shares a
high identity (>99%)with PLA2s fromT. brucei andT. equiperdum
(E value: 0.0), and 60% identity with T. congolense PLA2 (E value:
0.0). In contrast, TbPLA2 and human PLA2 exhibit 31.21% identity
(E value: 3 × 10−12). Figure 1 presents the predicted TM helices
and 3D structure of TbPLA2. The protein features a signal peptide
(amino acids 1–30) and two TM helices (amino acids 31–77).
The physiological variant spans amino acids 78–447. The signal
peptide (blue) and the TM helices (red) can be identified in the
predicted 3D structure.

3.2 Synthesis and Subcloning of tbpla2

Figure 2A is the plasmidmap of pET24b(+) containing the codon-
optimized full-length tbpla2. The optimized TbPLA2 has a codon
adaptation index (CAI) of 0.9 and a GC content of 57%. The insert
is flanked by NdeI and XhoI restriction enzyme sites. Digestion
of pET24b(+)-TbPLA2 by NdeI and XhoI showed that the tbpla2

insert migrated at 1344 bp (Figure 2B). The pET24b(+)-TbPLA2
was used as the template in PCR reactions to amplify the TbPLA2
constructs that were subcloned into pFLAG and pPICZ vectors.
The electropherogram of the linearized pFLAG and pPICZ
plasmids and tbpla2 constructs is presented in Figure 2C. The
linearized pFLAG (6299 bp) and the truncated tbpla2 (1107 bp)
were extracted from the gel and assembled using Gibson or
HiFi assembly, likewise the linearized pPICZ vector (4062 bp)
and the full-length (1338 bp) and truncated tbpla2. The final
tbpla2 construct that yielded TbPLA2 with no signal peptide, TM
domains, or fusion tag was generated from the pFLAG-TbPLA2-
mClover using primers that amplified the plasmid without the
mClover sequence (Table S3). The resulting linear plasmid was
ligated using KLD enzyme mix (NEB).

3.3 Purification of TbPLA2 Expressed in E. coli
and Pichia pastoris

There was no visible expression of full-length TbPLA2 in the RIL,
RIPL, and Arctic Express cells (Figure 3A–C), but full-length
TbPLA2 was expressed as insoluble 39 and 58 kDa proteins in
pLysS cells (Figure 3D). TbPLA2 was not detected in the soluble
fraction of the lysed RIPL cells (Figure 4A). Solubilization of
the RIPL inclusion body using 4 M urea revealed the presence
of degraded TbPLA2, which was detected by Westen blot using
mouse anti-His monoclonal antibody (Figure 4B). Lysis of the
induced pLysS cells using RIPA buffer did not release soluble
TbPLA2 as the protein remained in the pellet (Lane 2, Figure 4C),
but its solubilization with 4 M urea released the 39 and 58 kDa
proteins which were purified on Ni-NTA and analyzed by SDS-
PAGE (Figure 4D). The optimum refolding condition of TbPLA2
was established (55 mM Tris, 0.88 mM KCl, 21 mM NaCl, and
pH 8.2) (Table S6 and Figure S4). Mobility shift SDS-PAGE of the
reduced and non-reduced samples confirmed the renaturation of
the disulfide linkages (Figure 4E).

Optimization of protein expression using the pLysS expression
system showed that the E. coli expression system could not
express soluble full-length TbPLA2. The Rosetta 2 cells expressed
soluble, truncated TbPLA2 when IPTG induction was performed
at 16 and 18◦C. However, no protein expression was observed
when induction was done at 37◦C in the fermenter (Table S4).
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FIGURE 2 Subcloning of Trypanosoma brucei phospholipase A2 (tbpla2): (A) Plasmid map of pET-24b(+)-TbPLA2. (B) Restriction enzyme
digestion of pET-24b(+)-TbPLA2 using XhoI and NdeI restriction enzymes. Lanes: M = KB ladder; 1 = pET-24(b+)-TbPLA2 digested by NdeI and XhoI;
2 = undigested pET-24(b+)-TbPLA2. Digestion was done with 300 ng of the plasmid incubated with NdeI and XhoI in a water bath at 37◦C for 4 min.
The products were analyzed on 1% agarose gel. (C) 1% w/v agarose gel electrophoresis of amplified plasmids and TbPLA2 constructs.

FIGURE 3 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) of lysates from the expression of full-length Trypanosoma brucei
phospholipase A2 (TbPLA2) in E. coli cells: (A) BL21-CodonPlus-(DE3)-RIL, (B) BL21-CodonPlus-(DE3)-RIPL, (C) Arctic Express (DE3), and (D) BL21
(DE3) pLysS. Only the pLysS cells showed visible expression of insoluble TbPLA2 which was detected at 39 and 58 kDa on the SDS-PAGE gel.

In the P. pastoris expression system, both the full-length and
truncated TbPLA2 were successfully expressed in soluble forms,
but the expressionwasweaker compared toE. coli. The constructs
expressed in P. pastoris contained an N-terminal FLAG tag and a
C-terminal e-GFP tag. The full-length TbPLA2-eGFP migrated at
69 kDa on SDS-PAGE (Figure 5A), while the truncated protein
with no signal peptide and TM portion migrated at 67 kDa
(Figure 5B). The visible fluorescent bands in the washes of the
full-length protein (black arrows on the UV gel of Figure 5A), and
the 43 kDa bands seen on theCoomassie gels of Figure 5B (not vis-
ible on the corresponding UV gel), indicate that the eGFP tag was
cleaved off during expression due to proteolytic cleavage since the
purification buffers contained protease inhibitors. TbPLA2-eGFP
was prone to aggregation and Fos-Choline-12 was found to be the
most effective detergent in preventing aggregation and adhesion
of the protein to the membrane of the concentrator (Table S5,
Figures S5 and S6).

3.4 Purification of TbPLA2 Expressed in Rosetta
2 Cells

Truncated TbPLA2 without the signal peptide and TM portion
was expressedwith andwithout themClover fusion tag in Rosetta
2 cells and purified to homogeneity (Table 1). The truncated
TbPLA2-mClover was soluble and appeared as 52 and 72 kDa
proteins on SDS-PAGE. The 72 kDa protein may be aggregated
or partially folded TbPLA2, whereas the 52 kDa protein is likely
the correctly folded TbPLA2 (Figure 6A). Like the TbPLA2-eGFP,
TbPLA2-mClover was prone to proteolytic cleavage in the E. coli
cells as shown by the 27 kDa mClover bands on the SDS-PAGE
gel (Figure 6A). It is unlikely that proteolysis occurred during
purification since the buffer used contained protease inhibitors.
Cleavage by TEV protease released free TbPLA2 from both the 52
and 72 kDa proteins. The free TbPLA2 migrated at 43 kDa on SDS-
PAGE (Figure 6B). The free TbPLA2 bands and the markers are
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FIGURE 4 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) of Ni-NTA-purified Trypanosoma brucei phospholipase A2 (TbPLA2)
expressed in E. coli Cells: (A) TbPLA2 was not detected in the soluble fractions of the lysed RIPL cells. E1–E5 = Ni-NTA column fractions. (B) Fractions
purified from the solubilized RIPL inclusion body contained degraded TbPLA2. The Coomassie and Ponceau stained gels, andWestern blot with mouse
anti-his monoclonal antibody confirmed the presence of degraded TbPLA2. E1–E3 = Ni-NTA column fractions. (C) Solubility test using RIPA buffer for
the lysis of the induced pLysS cells confirmed the deposition of TbPLA2 in the inclusion bodies (pellet fraction). (D) Ni-NTA purification of TbPLA2 from
the solubilized pLysS inclusion body. The solubilized TbPLA2 migrated at 39 and 58 kDa on SDS-PAGE. (E) Mobility Shift analysis of refolded TbPLA2.
R = reduced sample, NR = nonreduced sample (containing β-mercaptoethanol). The difference in the migration of the samples suggests restoration of
disulfide linkages and renaturation of TbPLA2.

TABLE 1 Purification of TbPLA2 expressed using pFLAG vector in Rosetta 2 cells.

Expression
vector

Target
protein Step

Volume
(mL)

Total protein
(mg/mL)

Total activity
(µmol/min)

Specific activity
(µmol/min/mg)

Purification
fold

Yield
(%)

pFLAG Truncated
TbPLA2-
mClover

Lysate 547 424 18 0.042 1 100
Supernatant 500 399 16 0.041 0.97 88.89
Ni-NTA 36 16.2 15 0.926 22.04 83.33
Post-TEV
protease

15 0.282 12 54.54 1298 66.67

Truncated
TbPLA2

Lysate 1200 359.1 38 0.11 1 100
Supernatant 1005 296 36 0.12 1.09 94.74
Ni-NTA 25 0.56 35 107.14a 974 92.11

Abbreviations: TbPLA2, Trypanosoma brucei phospholipase A2; TEV, tobacco etch virus.
aThe specific activity of TbPLA2 expressed without the mClover tag was two-fold higher than that of the TbPLA2 released frommClover by TEV protease cleavage.

visible on theCoomassie-stained gel but not on the corresponding
UV gel, as they are not fluorescent. TEV protease and mClover
have similar molecular weights, approximately 27 kDa as seen on
the gel. Aggregation of TbPLA2 was also observed as shown by the
smearing of the bands on the gel. This affected the TEV enzyme
efficiency and the subsequent isolation of free TbPLA2. The TEV-

cleaved TbPLA2 has a specific activity of 54.54 µmol/min/mg
(Table 1). Truncated TbPLA2 without the mClover tag was finally
expressed in Rosetta 2 cells. The protein migrated at 39 kDa on
SDS-PAGE (Figure 6C) and exhibited high activity, with a specific
activity of 107.14 µmol/min/mg, approximately twice that of the
TEV-cleaved TbPLA2.
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FIGURE 5 Purification of Trypanosoma brucei phospholipase A2 (TbPLA2) expressed in Pichia pastoris: (A) 10% (w/v) sodium dodecyl
polyacrylamide gel electrophoresis (SDS-PAGE) of purified full-length TbPLA2 expressed in P. pastoris. Lanes: M =marker; 1–3 =washes; 4–15 = eluted
fractions. The full-length TbPLA2 (white arrow) migrated at 69 kDa. (B) 12% (w/v) SDS-PAGE of purified truncated TbPLA2 expressed in P. pastoris.
Lanes: M =marker; 1–9 = eluted fractions. The truncated recombinant TbPLA2 migrated at 67 kDa (white arrows). Purification was done on FLAGM2
resin.

FIGURE 6 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) of Trypanosoma brucei phospholipase A2 (TbPLA2)-mClover
expressed in Rosetta 2 cells and purified on Ni-NTA. (A) Coomassie-stained gel of purified TbPLA2-mClover. Lanes: M =marker; 1–9 = eluted fractions.
(B) Coomassie-stained and UV gels of tobacco etch virus protease (TEV) cleavage reaction of TbPLA2-mClover. Lanes: M =marker; 1 = uncut TbPLA2-
mClover; 2 = TEV-cleaved TbPLA2-mClover; 3 and 4 = free TbPLA2 isolated from post-TEV Ni-NTA cleanup step. The free TbPLA2 and the marker are
not visible on the UV gel because they are not fluorescent. TEV protease and mClover are approximately 27 kDa. (C) Coomassie-stained gel of purified
truncated TbPLA2 expressed in Rosetta 2 cells. Lanes: M = marker; 1–2 = washes; 3–7 = eluted fractions. The recombinant TbPLA2 without its signal
peptide and transmembrane domains migrated at 39 kDa on the SDS-PAGE gel.
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FIGURE 7 Kinetic studies for the determination of KM and Vmax
of Trypanosoma brucei phospholipase A2 (TbPLA2). The reciprocal
of l-α-lecithin concentration (1/[S]) against the reciprocal of reaction
velocity (1/V) was plotted to determine the kinetic parameters using
a linear regression line. TbPLA2 has a KM of 1.58 mM and a Vmax of
25.1 µ mol/min.

3.5 Determination of Kinetic Parameters of
TbPLA2

The activitymeasurement data of recombinant TbPLA2 at varying
substrate concentrations were fitted for the Michaelis–Menten
plot (Figure 7), which was transformed into a double-reciprocal
plot (Figure 7 inset). The double reciprocal plot of velocity
against substrate concentration for the hydrolysis of l-α-lecithin
by TbPLA2 showed that the KM and Vmax of TbPLA2 were
25.1 µmol/min and 1.58 mM, respectively.

4 Discussion

PLA2 is highly similar among the kinetoplastids but substantially
different from the mammalian homologs positioning it as an
excellent therapeutic target. Despite being a validated drug target,
the difficulty in expressing soluble recombinant TbPLA2 has
limited its exploitation for therapeutic discovery [17, 29, 30].
Previous attempts to express full-length TbPLA2 in E. coli and
Sf9 cellswere unsuccessful [29]. We used genetic engineering and
biophysical approaches to express TbPLA2 in milligram quantity
in E. coli and P. pastoris and characterize the soluble protein.

We optimized the tbpla2 gene for the expression of its recombi-
nant protein in E. coli [31, 32]. For high gene expression levels, a
CAI of 1.0 is perfect in a desired expression system while a CAI
greater than 0.8 is regarded as good. The optimized tbpla2 has
a CAI of 0.96 and an adjusted GC content of 57%. GC content
is a predictor of mRNA stability [33, 34]. The TMHMM and I-
TASSER predictions revealed the presence of a 30-amino acids
signal peptide and two TM helices in TbPLA2. These predictions
guided the generation of the tbpla2 constructs we used for the
protein expression studies.

Except for the pLysS, the E. coli expression systems used in
this study could not express full-length TbPLA2 as the protein
was heavily degraded and deposited as inclusion bodies. We

attributed this to the toxicity of TbPLA2 and leaky expression
of the BL21 expression systems. Heterologous expression of
toxic membrane proteins that contain hydrophobic domains is
usually challenging [29, 35]. The free fatty acids (FFAs) released
from the hydrolysis of membrane phospholipids by PLA2 exhibit
detergent-like properties and can accumulate to toxic levels in E.
coli, destabilizing its membrane and causing cell lysis [15]. The
cytotoxic and hemolytic effect of FFAs released by PLA2 on cells
have been demonstrated [36]. Destruction of red blood cells by
FFAs released by PLA2 may contribute to the mechanisms of
anemia in trypanosomiasis. The toxicity of TbPLA2 may explain
why it could not be expressed in soluble form in the E. coli cells
[29].

To overcome these challenges, we expressed the full-length
TbPLA2 in BL21(DE3) pLysS cells which produces T7 lysozyme
that inhibits T7 RNA polymerase, enabling tight control of gene
expression. The pLysS expression system is ideal for expressing
toxic proteins [37]. Background expression and degradation of
TbPLA2 were reduced in pLysS, but the protein was yet insoluble
and remained in the inclusion bodies. The purified inclusion
body protein was refolded and detected by immunoblotting using
mouse anti-His monoclonal antibody as 39 and 58 kDa proteins.
The mobility shift observed in the migration of the reduced
and nonreduced samples of the refolded TbPLA2 on SDS-PAGE
suggests restoration of the disulfide linkages after refolding. We
did not proceed with enzyme activity assay using the refolded
protein but explored other options for the expression of soluble
TbPLA2.

Fusion tags are often used to enhance the solubility and stability
of recombinant proteins. We expressed the full-length and trun-
cated TbPLA2 in fusion with N-terminal FLAG and C-terminal
eGFP tags in P. pastoris. Soluble and active recombinant TbPLA2
proteins were produced in P. pastoris, but the yield was poor,
hence, the faint bands on the SDS-PAGE gel. The TbPLA2-
eGFP was prone to proteolytic cleavage and aggregation, making
it difficult to isolate free TbPLA2 from the eGFP after TEV
cleavage. Most of the protein aggregated and was lost during
concentration using centrifugal filters. The addition of 0.1% Fos-
Choline-12 in the purification buffer reduced aggregation but did
not completely prevent it. The presence of hydrophobic amino
acids in the TbPLA2 sequence, as predicted by the TMHMM
analysis, may contribute to hydrophobic interactions that cause
aggregation, thereby complicating the purification and isolation
of free TbPLA2 [19, 20].

Having encountered these problems, we made a truncated
TbPLA2 construct which lacks the signal peptide and TM
sequences and subcloned it into the pFLAG vector. A C-terminal
mClover and an N-terminal FLAG sequence present in the
pFLAG backbone are expressed in fusion with the TbPLA2. The
protein yield in E. coli was better than in P. pastoris. Since the
FLAG tag occupies the position of the removed TM sequences,
it can serve as a scaffold mimicking the TM of TbPLA2. FLAG
tag is also an affinity tag for purification on anti-FLAG M2
affinity resin or western blot detection using anti-FLAG antibody.
Like the TbPLA2-eGFP, the TbPLA2-mClover was also prone to
proteolytic cleavage in Rosetta 2 cells. The mClover tag, unlike
eGFP, is less sensitive to pH changes and less toxic to cells.
The higher fluorescence intensity and photostability of mClover
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make it easier to detect and monitor over longer periods. It
also has a higher signal-to-noise ratio [38, 39]. As seen with
eGFP, aggregation of mClover with TbPLA2 also complicated
TEV-cleavage and isolation of free TbPLA2. The addition of 0.1%
Fos-Choline-12 to the purification buffer reduced aggregation,
particularly in small-scale purification. The TEV-cleaved TbPLA2
has a specific activity of 54.54 µmole/min/mg.High concentration
and increased intermolecular interactions are known to induce
protein aggregation [40–42]. We performed TEV cleavage at
lower TbPLA2 concentrations, while factors that induce protein
degradation such as extreme temperatures, pH, and prolonged
exposure to light were avoided, but we were yet unable to
successfully isolate free TbPLA2. Isolation of TbPLA2 by ion
exchange chromatography, as well as desalting resulted in a
complete loss of enzyme activity, likely due to the removal of
Ca2+, which is essential for the enzyme’s function. It is possible
that interactions with the columns stripped the enzyme of bound
calcium ions. Attempts to restore activity by adding CaCl2 were
unsuccessful.

Consequently, we removed the mClover tag and created a final
TbPLA2 construct that lacked the signal peptide and TM helices.
This was expressed in Rosetta 2 cells and purified on Ni-NTA
column. The purified TbPLA2 migrated at 39 kDa on SDS-PAGE
and has a specific activity of 107.14 µmole/min/mg, which is
approximately two-fold of the specific activity of the free TbPLA2
released from the mClover tag by TEV cleavage. Kinetic analysis
of the recombinant TbPLA2 revealed a Vmax of 25.1 µmol/min and
a KM of 1.58 mM.

5 Concluding Remarks

This study has successfully developed a robust and effective
protocol for overproducing active soluble TbPLA2 using recom-
binant DNA technology approaches. The purification and kinetic
analysis of TbPLA2 will facilitate the discovery of its inhibitors
and formabasis for developing novel therapeutics againstAfrican
and American trypanosomiasis.
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