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Background: The heterologous expression of parasitic proteins is challenging because the sequence com-
position often differs significantly from host preferences. However, the production of such proteins is
important because they are potential drug targets and can be screened for interactions with new lead
compounds. Here we compared two expression systems for the production of an active recombinant
aldehyde dehydrogenase (SmALDH_312) from Schistosoma mansoni, which causes the neglected tropical
disease schistosomiasis.
Results: We produced SmALDH_312 successfully in the bacterium Escherichia coli and in the baculovirus
expression vector system (BEVS). Both versions of the recombinant protein were found to be active
in vitro, but the BEVS-derived enzyme showed 3.7-fold higher specific activity and was selected for fur-
ther characterization. We investigated the influence of Mg2+, Ca2+ and Mn2+, and found out that the speci-
fic activity of the enzyme increased 1.5-fold in the presence of 0.5 mMMg2+. Finally, we characterized the
kinetic properties of the enzyme using a design-of-experiment approach, revealing optimal activity at pH
7.6 and 41�C.
Conclusions: Although, E. coli has many advantages, such as rapid expression, high yields and low costs,
this system was outperformed by BEVS for the production of a schistosome ALDH. BEVS therefore
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Schistosoma mansoni
 provides an opportunity for the expression and subsequent evaluation of schistosome enzymes as drug
targets.
How to cite: Harnischfeger J, Beutler M, Salzig D, et al. Biochemical characterization of the recombinant
schistosome tegumental protein SmALDH_312 produced in E. coli and baculovirus expression vector sys-
tem. Electron J Biotechnol 2021;54. https://doi.org/10.1016/j.ejbt.2021.08.002
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The expression of parasite proteins in heterologous systems
such as the bacterium Escherichia coli, or eukaryotic systems such
as yeast and Chinese hamster ovary (CHO) cells, is often challeng-
ing because the base composition and codon preferences of the
corresponding genes differ significantly among hosts. For example,
genes from the malaria parasite Plasmodium falciparum have a typ-
ical base composition of ~80 % AT compared to an average of ~59%
of mammals [1,2,3], which means that codon optimization is nec-
essary to ensure the efficient expression of Plasmodium genes in
animal cells [4]. Similarly, genes from multicellular parasites such
as Schistosoma mansoni typically have a base composition of 62–
66% A/T [5,6,7,8] thus may requiring codon optimization for
heterologous expression [9]. However, codon optimization does
not guarantee a more efficient translation in E. coli [10]. Just as in
E. coli, codon optimization does not necessarily evoke an improve-
ment in protein expression. Since the BEVS possesses a robust
codon usage, coding sequences of most species can normally be
expressed in insect cells [11]. Many parasite enzymes also require
post-translational modifications (PTMs), such as phosphorylation,
which is necessary for signaling in S. mansoni [12]. The modifica-
tion of cysteine residues also plays a decisive role in host invasion,
including cysteine palmitoylation in P. falciparum and Toxoplasma
gondii [11]. As in other eukaryotes, S. mansoni are able to do typical
PTMs such as sumoylation, ubiquitination, NEDDylation, farnesyla-
tion, glycosylation, acetylation, and phosphorylation
[12,13,14,15,16,17,18,19]. Further oxidative modifications are
required to optimize protein folding via the formation of disulfide
bonds and to regulate redox reactions and signal transduction
[20,21]. Thus, S. mansoni possesses a thioredoxin peroxidase-1,
which causes a disulfide-mediated protein folding [21,22]. Further-
more, it is important to find a suitable production platform for par-
asite enzymes because they are potential drug targets for the
treatment of parasitic diseases.

We have focused on the production of enzymes from S. mansoni
because this blood fluke infects ~240 million people worldwide
[23] and schistosomiasis has been defined by the WHO as a
neglected tropical disease (NTD) [24]. There is no vaccine against
S. mansoni and only one drug (Praziquantel) is approved as general
schistosomicide, creating an urgent need for alternative treatment
options [25]. Accordingly, research has focused on the identifica-
tion and characterization of genes that fulfil important functions
in schistosome biology, and that may encode drug targets or poten-
tial vaccine antigens [26]. Progress is dependent on the effective
production of recombinant schistosome proteins.

Several schistosome proteins have been expressed in E. coli, par-
ticularly in the widely used production strain BL21(DE) and its
derivatives [27]. For example, E. coli strains BL21(DE) and BL21
(DE)pLysS have been used to produce S. japonicum aldose reduc-
tase (believed to be involved in antioxidant defense) and the S.
japonicum and S. mansoni anti-inflammatory proteins Sj16 and
Sm16 [28,29,30]. E. coli is preferable because it is a well-
established and inexpensive platform, but it is unsuitable for com-
plex proteins and those requiring PTMs. Yeast such as Saccha-
romyces cerevisiae provide an alternative to address the
27
limitations of bacteria, but not all schistosome proteins are effi-
ciently expressed in yeast. For example, five integrin receptors
have been identified in S. mansoni [31] but only the b integrin
receptor 1 was expressed in S. cerevisiae, whereas premature tran-
scriptional termination prevented in the expression of the four a
integrin receptors 1–4, because the AT-rich sequences were misin-
terpreted by the mRNA processing machinery [32]. Yeast can intro-
duce PTMs such as phosphorylation, acetylation, glycosylation and
disulfide bonds, but misfolding may still occur due to conforma-
tional stress [33]. Other expression systems are therefore required
for such complex proteins. For example, the baculovirus expression
vector system (BEVS) involves the use of insect cells, which are
advantageous because they fold complex proteins and introduce
PTMs similar to those found in mammals, and with similar effi-
ciency [34]. Therefore BEVS offers a promising alternative for the
production of complex schistosome proteins, as already been
demonstrated by the successful expression of the tegumental pro-
teins Sm23 and Sm-p80 [35,36].

Here we compared the well-established E. coli system and BEVS
to determine their suitability for the production of schistosome
enzymes as potential drug targets (Fig. 1). To this end, we gener-
ated functional versions of the S. mansoni aldehyde dehydrogenase
SmALDH_312 (GeneID: Smp_312440; previously Smp_050390),
which is interesting as a potential drug target due to its localiza-
tion in the tegument [37]. To the best of our knowledge, this
enzyme has not yet been expressed in a heterologous system and
its kinetic properties have not been explored. Therefore, we used
an in vitro activity assay to compare the suitability of the two
expression systems and characterized the kinetic properties of
the recombinant enzyme in order to increase its activity in func-
tional screening assays to identify potential drug leads.
2. Materials and methods

2.1. E. coli protein expression strains

For expression of SmALDH_312 we selected E. coli strains BL21
(DE3)[pLysS] (referred in this paper as pLysS, Promega, Walldorf,
Germany) and BL21(DE3)LOBSTR-RIL (referred as LOBSTR-RIL, Ker-
afast, Boston, MA, USA). The advantage of pLysS is the expression of
T7 lysozyme, which allows a tight control of protein expression. It
does not interfere with protein expression following induction by
isopropyl b-D-1-thiogalactopyranoside (IPTG). Advantages of the
LOBSTR-RIL strain are the co-expression of rare tRNAs as arginine
(R), isoleucine (I) and leucine (L) as well as modifications in ArnA
and SlyD, polyhistidine rich proteins, which are considerably less
co-purified by His-tag affinity purification.

2.2. Recombinant protein expression in E. coli

2.2.1. Cloning the SmALDH_312 construct
Total RNA was isolated by homogenizing individual worms in

500 mL peqGOLD TriFast (PEQLAB Biotechnologie, Erlangen, Ger-
many) followed by chloroform extraction and ethanol precipitation
according to the manufacturer’s instructions. First strand cDNA
was synthesized using the QuantiTect Reverse Transcription Kit

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Comparison of protein production in Escherichia coli system (left), which requires ~9 days, and the baculovirus expression system (right), which requires 34–36 d.

Fig. 2. Cloning of SmALDH_312 for the Escherichia coli expression system. The full-
length SmALDH_312 sequence was amplified by PCR using primers that introduced
a 50 Ndel site and a 30 Notl site. The insert and vector pET-30a(+) were digested with
Ndel and Notl before ligation to produce the final vector pET-30a-SmALDH_312.
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(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Full-length cDNA was amplified with primers
designed to introduce 50 Ndel and 30 Notl sites and a 30 His6 tag
(forward primer: 50-TTT Tca tat gAC GAA GAC ATA TCG TCT TCC
CGA AG-30 and reverse primer: 50-AAA Agc ggc cgc TTA ATG GTG
ATG GTG ATG GTG AGA GTT CTT TAC TGA AAT TGG CAT AGA
AAT CAC-30; switch to lower case indicates restriction site) using
AccuPrime TaqDNA Polymerase High Fidelity (Invitrogen Ltd, Pais-
ley, UK). The product was purified by agarose gel electrophoresis
and extracted using NucleoSpinTM Gel and PCR Clean-up Kit
(Macherey-Nagel, Düren, Germany). The SmALDH_312 cDNA
insert and vector pET-30a(+) (Merck KGaA, Darmstadt, Germany)
were digested with Ndel (New England Biolabs, Massachusetts,
USA) and Notl (New England Biolabs) and ligated at a 3:1 ratio with
T4 DNA ligase (New England Biolabs). The final vector pET-30a-
SmALDH_312 (Fig. 2) was stored at �20�C.

2.2.2. Transformation of E. coli
NEB 5-a (a strain for efficient cloning, New England Biolabs),

pLysS and LOBSTR-RIL competent E. coli cells were transformed
by heat shock according to the manufacturer’s recommendations
and spread on LB agar plates containing 50 mg∙mL�1 kanamycin
(Carl Roth, Karlsruhe, Germany) before incubating at 37�C over-
night. For the protein expression strains, the agar plates also
included 50 mg∙mL�1 chloramphenicol (Carl Roth). The next day,
colonies were picked and transferred to a master plate, which
was incubated at 37�C overnight. Single colonies were then inocu-
lated into 50-mL Erlenmeyer flasks containing 20 mL LB medium
supplemented with 50 mg∙mL�1 kanamycin and incubated at
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37�C overnight, shaking at 180 rpm. Bacterial cells were then pel-
leted and plasmid DNA was isolated using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific, Waltham Massachusetts,
USA). DNA quality and quantity were determined by spectropho-
tometry using a BioPhotometer Plus 6132 (Eppendorf AG, Ham-
burg, Germany) and the pET-30a-SmALDH_312 vector was then
sequenced by LGC Genomics (Berlin, Germany). The corresponding
bacterial colony was stored in 50% (v/v) glycerol.
2.2.3. Expression of SmALDH_312 in E. coli
For the expression kinetics, pre-cultures of E. coli strains pLysS

and LOBSTR-RIL were prepared in 20 mL LB medium containing
50 mg∙mL�1 kanamycin and 50 mg∙mL�1 chloramphenicol by inocu-
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lation with a single colony from an agar plate and incubating at
37�C overnight, shaking at 180 rpm. Overnight cultures were
diluted to an OD600 of 0.1 into 50 mL LB medium (main culture)
and incubated as above until the OD600 reached 0.6–0.8. Recombi-
nant protein expression was induced by adding 200 mM IPTG (Carl
Roth) and incubating at room temperature (RT) for up to 19 h,
shaking at 180 rpm. Samples were taken every hour until 4 h past
induction and 19 h past induction. For protein production the main
culture volume was adjusted to 400 mL LB Medium. Cells were
harvested 4 h post induction by centrifugation (8,000 � g,
15 min, 4�C) and stored at �20�C overnight. The next day, the bac-
terial cell pellet was resuspended in lysis buffer (100 mM Tris,
pH7.4; 10 mM imidazole) and lysed by adding 100,000 U lysozyme
(Sigma-Aldrich, Inc., St. Louis, USA) per gram of biomass, 10
mg∙mL�1 RNAse (Carl Roth), 10 mg�mL�1 DNAse I (Sigma-Aldrich)
and SIGMAFAST Protease Inhibitor Cocktail Tablet (Sigma-
Aldrich) and shaking gently for 1 h at 4�C. The samples were son-
icated on ice (3 � 1 min, alternating on/off pulses of 1 s at 60%
power), pelleted by centrifugation (18,000 � g, 30 min, 4�C) and
the supernatant was passed through a 0.2 mm polyethersulfone
(PES) membrane (Carl Roth) into a 50-mL centrifuge tube.

2.3. Recombinant protein expression using BEVS

2.3.1. Preparation of the baculovirus vector
We used the Bac-to-Bac system including competent E. coli

strain DH10Bac and the vector pFastBac 1 (Thermo Fisher Scien-
tific). The expression cassette, prepared by GeneArt Gene Synthesis
(Thermo Fisher Scientific) comprised the very late polyhedrin pro-
moter (polh), a N-terminal His6-tag, the GP64 signal sequence, a
thrombin cleavage site (ThrC), the full-length cDNA sequence of
SmALDH_312 and the SV40 polyadenylation site. Transformation
of component E. coli cells was carried out according to the manu-
facturer’s instructions and the bacmid DNAwas purified and stored
as previously described [38]. The final vector and its integration
site in the baculovirus genome are shown in Fig. 3.

2.3.2. Production of recombinant baculoviruses
Recombinant baculoviruses were produced in the Spodoptera

frugiperda cell line Sf-9. We seeded 6�105 cells∙mL�1 Sf-9 TriEx cells
(Merck) into each well of a six-well plate in 2 mL Sf-900 II serum-
free media (SFM; Thermo Fisher Scientific) and incubated the plate
overnight at 28�C without shaking. The next day, we prepared
transfection mixtures for each well by mixing 2.5 mg bacmid DNA
with 250 mL Grace’s insect medium (Sigma-Aldrich) in 1-mL cen-
trifuge tubes. The tubes were inverted 10 times. Before adding
the transfection mixture dropwise to the cell suspension, 5 mL of
the transfection reagent TransIT-Insect reagent (Mirus Bio, Madi-
son, WI, USA) was added to each transfection mixture. Following
a further incubation as above for 72 h, the cell suspension was
Fig. 3. Integration of the BEVS expression vector into the baculovirus genome by
site-specific transposition, mediated by a transposase provided in trans by a helper
plasmid. Integration was induced in E. coli DH10Bac cells carrying the correspond-
ing bacmid.
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transferred to 15-mL sterile centrifuge tubes and centrifuged at
1,000 � g for 5 min at RT. The supernatant, containing P1 virus
stock, was transferred to fresh, sterile 15-mL dark centrifuge tubes
and stored at 4�C.

2.3.3. Amplification and titration of recombinant baculoviruses
Sf-9 TriEx cells were seeded in 48 mL Sf-900 II SFM in a 250-mL

baffled shake flask wrapped in aluminium foil to avoid light, and
2 mL of the P1 virus stock prepared above was added to bring the
final volume to 50 mL, making an initial cell density of 1.0�106
cells∙mL�1. The cells were incubated until the viability fell to
~70%, as determined using a guava easyCyte 6HT-2L flow cytometer
(Luminex, Austin, Texas) with propidium iodide 4.5 mg∙L�1 (Sigma-
Aldrich). When the cell viability fell to ~60%, the cells were trans-
ferred to a 50-mL tube and the P2 virus stock was harvested by cen-
trifugation (250 � g for 10 min, RT) followed by transferring the
supernatant to a fresh tube and a second centrifugation step
(3,000 � g for 10 min, RT). The supernatant was transferred to a
dark 50-mL centrifuge tube and stored at 4�C. The TCID50was deter-
mined using Sf-9 Easy Titer Cell Line (Kerafast, Boston, Mas-
sachusetts, USA) according to the manufacturer’s protocol.

2.4. Production and purification of SmALDH_312

For initial testing, a fresh 1 L shake-flask culture of Sf-9 cells
with a density of 1�106 c�mL�1 was infected with the P2 virus stock
to a multiplicity of infection (MOI) of 0.01. The culture was sam-
pled regularly over 72 h, with cell pellets and supernatants tested
separately to confirm the product was secreted. The cell pellets
were solubilized in lysis buffer (50 mM Tris, pH 7.8, 150 mM NaCl,
1% (v/v) Nonidet P-40) before testing. To purify the secreted
recombinant protein, the supernatant was passed through a
0.2 mm PES filter to remove particulates and the cleared solution
was applied to a HisTrap HP column (E. coli-derived enzyme) and
HisTrap excel column (BEVS-derived SmALDH_312; GE Healthcare,
Chicago, Illinois, USA) on an ÄKTA start fast protein liquid chro-
matography system (GE Healthcare). The pure enzyme was eluted
in a gradient of up to 300 mM imidazole (Sigma-Aldrich) for the
E. coli product and 500 mM imidazole for the BEVS product. The
E. coli-derived enzyme was then concentrated using Vivaspin 20
(Merck) with a MWCO of 30 kDa and PES membrane. After, the
E. coli and the BEVS products were rebuffered in 100 mM Tris-
HCl (pH 7.5) using a Bio-Scale Mini Bio-Gel (Bio-Rad Laboratories,
Hercules, California, USA).

2.5. Determination of protein concentration, recovery rate and relative
purity

The recovery rate was determined by a western blot using the
quantity tool of the analysis software Image Lab 6.0.1 (Bio-Rad
Laboratories). The protein concentration was determined using
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Protein yield and purity were
determined using 4–20% Criterion TGX Stain-Free Protein Gels
(Bio-Rad Laboratories), which possess the advantage of analysing
the SDS-gel within a few minutes after running the SDS–PAGE. A
densitometric analysis using Image Lab 6.0.1 was followed to com-
pare the bands with a known enzyme concentration.

2.6. Activity assay

Aldehyde dehydrogenases such as SmALDH_312 catalyze the
conversion of acetaldehyde to acetic acid while consuming NAD+

to NADH, as shown in Equation 1.

½Acetaldehydeþ NADþ !SmALDH312
Acetic acidþ NADH� Equation1



Fig. 4. Comparative SDS–PAGE analysis (Coomassie Brilliant Blue (CBB) stain) of
SmALDH_312 production in E. coli strains pLysS (left) and LOBSTR-RIL (right). The
product band with a molecular mass of ~54 kDa (arrow) was present only in the
LOBSTR-RIL lysate. M = marker. Lanes 1, 7 = samples before induction. Lanes 2–5/8–
11 = samples taken at hourly intervals post-induction. Lanes 6, 12 = samples taken
19 h post-induction.
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Under specific conditions (pH = 7.5; T = 37�C) kinetic analysis
was carried out using 33.3 mM acetaldehyde (Carl Roth), 33.3 mM
NAD+ (Carl Roth) and 167 nM SmALDH_312. We also carried out
tests at a range of enzyme concentrations (83–500 nM) and with
various concentrations (1–10 mM) dithiothreitol (DTT). The forma-
tion of NADHwas measured continuously by spectrophotometry at
340 nm. The NADH concentration was determined using a seven-
point calibration line.

The activity of the SmALDH_312 was defined as shown in Equa-
tion 2, with 1 unit (U) representing the turnover of 1 nmol NADH
per minute. The calculation is based on the change of NADH con-
centration (DC) in relation to the total reaction volume (V) over
the change in time (DT).

U nmol �min�1
h i

¼ ððDCÞ � VÞ=ðDTÞ Equation2

The specific enzyme activity was calculated by including the
amount of protein used, as shown in Equation 3.

U �mg�1 nmol �min�1 �mg�1
h i

¼ ððDCÞ � VÞ=ððDTÞ �mgSmALDH 312Þ
Equation3

All kinetic analysis was carried out in technical triplicates, and
curves were fitted using OriginPro v9.0 (OriginLab, Northampton,
MA, USA).

2.7. Characterization and optimal reaction conditions

The influence of Mg2+, Ca2+ and Mn2+ on enzyme activity was
determined by kinetic analysis using 33.3 mM acetaldehyde,
33.3 mM NAD+, 10 mM DTT and 167 nM SmALDH_312. Each of
the metal ions was tested individually in the concentration range
0.3–0.6 mM. We also assessed the effect of three different pH val-
ues (7.0, 8.5 and 10.0) and three different temperatures (25, 31.5
and 41�C). Based on these preliminary tests we investigated further
promising ranges using a design-of-experiment (DoE) approach:
pH 6.0–8.5 and temperatures of 41–45�C. The DoE model was pre-
pared using Design Expert 11.1.2.0 (Stat-Ease, Minneapolis, MN,
USA) and included a five-fold determination of center points with
pH 7.25 at 43�C. Kinetic analysis was carried out for 2 h using
33.3 mM acetaldehyde, 33.3 mM NAD+, 10 mM DTT, 0.5 mM Mg2+

and 167 nM SmALDH_312. The specific activity after 2 h was set
as the response. The reaction was maintained at pH 6.0 using the
buffer 2-morpholinoethanesulfonic acid (MES) buffer and Tris-
HCl buffer was used for the other values.

3. Results

3.1. Expression and purification of E. coli-derived SmALDH_312

Two E. coli strains (pLysS and LOBSTR-RIL) were transformed
with the plasmid pET-30a-SmALDH_312. Following induction with
IPTG, we detected a protein of the expected size (54 kDa) in the
lysate of strain LOBSTR-RIL, and the quantity of this protein
increased with cultivation time after induction (Fig. 4). We were
able to detect SmALDH_312 in the LOBSTR-RIL strain already 1 h
post induction with an increasing yield up to 4 h. The highest
amount was observed 19 h post induction. We did not detect a cor-
responding protein in the lysate of strain pLysS, indicating that the
production of SmALDH_312 in E. coli is strain-dependent. Therefore,
we used the E. coli LOBSTR-RIL strain for further protein production.

SmALDH_312 produced in E. coli LOBSTR-RIL was not secreted
to the supernatant and was therefore purified from the lysate of
a 400 mL liquid culture by affinity chromatography, targeting the
His6 tag. The fractions were analyzed with SDS-PAGE (Fig. 5). A
54 kDa protein that was not present before induction (lane 1)
30
was detected 4 h post-induction (lane 2). The protein was more
abundant in the lysed bacterial pellet fraction (lane 3) than the
recovered lysate fraction (lane 4), but the latter was sufficient to
continue with affinity purification. The protein was eluted from
the affinity column by increasing the concentration of imidazole.
The elution fractions up to 100 mM imidazole (lanes 10–13) con-
tained mostly host cell proteins, which were largely absent from
subsequent fractions. Most of the target protein eluted in the
100–200 mM imidazole range (lanes 18–21). The subsequent elu-
tion fractions (up to 300 mM imidazole) contained residual
amounts of the target protein and some host cell proteins. The
purest fractions of SmALDH_312 (lanes 17–23) were pooled and
concentrated before rebuffering.

3.2. Expression and purification of BEVS-derived SmALDH_312

The integration of the bacmid insert was confirmed by restric-
tion analysis before the generation (P1) and amplification (P2) of
a recombinant baculovirus stock in Sf-9 cells, which were then
used for the production of SmALDH_312. To confirm the secretion
of the product, we compared the Sf-9 supernatant and cell lysate
by SDS–PAGE (CBB stain) and Western blot (Fig. 6). We detected
bands with the expected molecular mass of ~56 kDa in the super-
natant fractions and also in the lysate, and the identity of the pro-
tein was confirmed by Western blot using an antibody recognizing
the His6 tag. A slightly higher molecular weight was anticipated
when using BEVS due to the presence of the signal peptide.

Culture supernatant (100 mL) of the BEVS-derived
SmALDH_312 was purified by affinity chromatography as
described for the same protein produced in E. coli. The fractions
of BEVS-derived SmALDH_312 were analyzed by SDS–PAGE and
western blot (Fig. 7). Bands of the anticipated molecular mass with
the highest intensity were detected in the first three elution frac-
tions (lanes 5–7), which were pooled for use in subsequent exper-
iments. SmALDH_312 was also detected in the crude sample (lane
1), flow through (lane 2) and wash fractions (lanes 3 and 4), with
low band intensity. This indicated that some protein was lost dur-
ing purification.

3.3. Determination of protein concentration, recovery rate and purity

We determined the concentration of SmALDH_312 produced in
the two expression systems using a BCA assay. Due to the high
amount of unspecific proteins, originating from E. coli and Sf-9



Fig. 5. SDS–PAGE analysis (CBB stain) for the detection of E. coli-derived SmALDH_312 (arrow) in the elution fractions of a His-trap affinity column. M = marker. Lane
1 = sample before induction (negative control). Lane 2 = harvest point. Lane 3 = lysed bacterial pellet. Lane 4 = lysate. Lanes 5, 6 = flow through. Lanes 7–9 = wash fractions.
Lanes 10, 11 = elution up to 50 mM imidazole. Lanes 12, 13 = elution up to 100 mM imidazole. Lanes 14–17 = elution up to 150 mM imidazole. Lanes 18–21 = elution up to
200 mM imidazole. Lanes 22–25 = elution up to 300 mM imidazole. Lanes 26, 27 = elution with 300 mM imidazole.

Fig. 6. (A) SDS–PAGE (CBB stain) and (B) Western blot analysis for the detection of
secreted SmALDH_312 (56 kDa, arrow) produced in a 1 L shake flask culture of Sf-9
cells (BEVS). M = marker. Lane 1 = control (supernatant). Lane 2–5 = samples of
culture supernatant 0, 24, 48 and 72 h post-infection. Lane 6 = control cell lysate.
Lanes 7–10 = samples of lysed cells 0, 24, 48 and 72 h post-infection.

Fig. 7. Western blot analysis for the detection of BEVS-derived SmALDH_312
(56 kDa, arrow) in the elution fractions of a His-trap affinity column. M = marker.
Lane 1 = crude sample (positive control). Lane 2 = flow through. Lanes 3, 4 = wash
fractions. Lanes 5–14 = elution fractions up to 500 mM imidazole.

Fig. 8. SDS–PAGE (stain-free) of the pooled rebuffered fractions of SmALDH_312
produced in BEVS (lane 1) and the single rebuffered fraction produced in E. coli (lane
2) for verification of protein production and purity analysis. The expected product
(~56 kDa) is indicated by an arrow. This figure was composed from 2 separate gels.
M = marker.
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cells, leading to invalid measurement results, the concentration of
the target protein SmALDH_312 was determined after purification
and buffer exchange. The concentration of the rebuffered 0.5-mL
fraction of SmALDH_312 produced in E. coli was 147.2 ± 2.18 mg�
L�1, whereas that of the pooled fraction (1.5 mL) of BEVS-derived
SmALDH_312 was 77.7 ± 4.36 mg�L�1. Recovery of the BEVS-
derived SmALDH_312 was 43.2% in the purification step and
77.5% in the buffer exchange step, leading to a total recovery of
33.5%. Recovery of the E. coli-derived SmALDH_312 was 80% in
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the purification step. After elution, the SmALDH_312 protein
immediately started to precipitate. Consequently, the amount of
unprecipitated protein to be rebuffered was decreased and further-
more, during rebuffering an additional part of the protein was lost.
The recovery rate of SmALDH_312 after rebuffering was 1.73% and
calculated overall protein recovery rate was 1.38%. Densitometric
evaluation indicated that the SmALDH_312 fractions produced in
E. coli and BEVS were 80.9% and 92.3% pure, respectively (Fig. 8).



Fig. 9. Setup of the SmALDH_312 activity assay. (A, B) The influence of DTT concentration on NADH turnover, with the other parameters fixed at 167 nM SmALDH_312,
33.3 mM acetaldehyde and 33.3 mM NAD+. (C, D) The effect of different enzyme concentrations on specific enzyme activity, with the other parameters fixed at 100 mM
acetaldehyde, 100 mM NAD+ and 10 mM DTT. Data are mean ± standard errors (SEM), n = 3.
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Given the higher purity but also the larger volume of the BEVS
pooled fraction, the final concentration of the E. coli product was
therefore 119.3 mg�L�1, and that of the BEVS product was
71.5 mg�L�1.

We showed that for the first time the schistosome ALDH_312
was recombinantly produced either with E. coli or BEVS. However,
the E. coli-mediated expression depends on the E. coli strain and
BEVS-mediated expression resulted in a higher relative purity of
the recombinant SmALDH_312.
Fig. 10. Comparative activity of SmALDH_312 produced in E. coli (circle) and BEVS
(square). Activity assays were carried out using 167 nM of each enzyme, 33.3 mM
acetaldehyde, 33.3 mM NAD+ and 10 mM DTT. A control reaction was set up using
SmALDH_312 from E. coli without DTT (diamond). Data are mean ± standard errors
(SEM), n = 3.
3.4. Determination of enzyme activity

In preliminary experiments, conducted with purified E. coli- and
BEVS-derived SmALDH_312, the enzyme showed no activity.
Human mitochondrial ALDH has a 57% similarity to SmALDH_312
and is only active under reduced conditions, so we tested the assay
using BEVS-derived SmALDH_312 with different concentrations of
DTT as a reducing agent. We observed the highest enzymatic activ-
ity of 1.8 ± 0.0 U�mg�1 in the presence of 10 mM DTT (Fig. 9A, B).
We also tested different concentrations of BEVS-derived
SmALDH_312 and found that the specific enzyme activity generally
correlated with the concentration but remained constant between
166 and 333 nM (Fig. 9C, D). Because we intend to use the enzyme
in a screening assay for novel inhibitors, we committed to a con-
centration of 167 nM. At this concentration, the NADH turnover
is sufficient to clearly distinguish between the active and inhibited
forms of the enzyme. Accordingly, the final standard assay setup
consisted of 167 nM SmALDH_312, 33.3 mM acetaldehyde,
33.3 mM NAD+ and 10 mM DTT.

Using the optimized assay setup, we compared the specific
activities of SmALDH_312 produced in each of the expression sys-
tems. We found that the E. coli-derived enzyme reached a specific
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activity of 0.56 ± 0.28 U∙mg�1, with a maximum NADH turnover of
2.27 ± 0.45 mM after 10 h, whereas the BEVS-derived enzyme
reached a specific activity of 2.07 ± 0.16 U∙mg�1, with a maximum
NADH turnover of 8.64 ± 0.45 mM after 10 h (Fig. 10). The BEVS-
derived SmALDH_312 showed a 3.7-fold higher enzymatic activity
and 3.8-fold higher NADH turnover than its counterpart produced
in E. coli and was therefore selected for more detailed
characterization.
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3.5. Further characterization of BEVS-derived SmALDH_312

3.5.1. Influence of metal ions
Aldehyde dehydrogenases often require divalent metal cations

as cofactors, so we tested the effect of Mg2+, Ca2+ and Mn2+ (con-
centration range 0.3–0.6 mM) on SmALDH_312 activity (Fig. 11).
Mg2+ achieved the strongest effect, increasing enzyme activity by
a maximum of 1.5-fold at a concentration of 0.5 mM. Ca2+ also
exerted its strongest effect at 0.5 mM, although the increase in
enzyme activity was only 1.3-fold. In contrast, the lowest tested
concentration of Mn2+ (0.3 mM) induced the maximum 1.4-fold
increase in enzyme activity, and higher concentrations had a
weaker effect, although still increased enzyme activity over the
baseline with no divalent cations. Interestingly, exposing the
enzyme to higher concentrations of the other cations reduced its
activity below the baseline, indicating that 0.6 mM Mg2+ and
Ca2+ has an inhibitory effect. Based on these results, we selected
0.5 mM Mg2+ as the optimal divalent cation composition for
enzyme activity in the kinetic characterization assays.
Fig. 11. Influence of divalent metal ions on the activity of SmALDH_312. The
relative activity indicates the percentage increase/decrease in specific activity
compared to the standard assay with no metal ions. Data are mean ± standard
errors (SEM), n = 3.

Fig. 12. Influence of pH and temperature on the activity of SmALDH_312. (A) Relative acti
indicates the percentage increase/decrease in specific activity compared to the standard
Response surface model for the prediction of specific enzyme activity (U∙mg�1) based o
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3.5.2. Optimization of pH and temperature
To determine the optimal pH and temperature, preliminary

tests were carried out to find the limits of the working range for
both factors (Fig. 12A). At neutral to slightly alkaline pH, the
enzyme activity increased with increasing temperature between
25 and 41�C. The maximum relative activity in each case as there-
fore observed at 41�C, representing increases of 84.6 ± 17.6% at pH
7.0 and 80.7 ± 6.6% at pH 8.0. In contrast, enzyme activity
decreased with increasing temperature at pH 10.0. Given these
results, we prepared a face centered central composite experimen-
tal design based on analysis of variance (ANOVA) to investigate
higher temperatures up to 45�C. We also extended the pH range
to 6.0. The model was found to be significant (p < 0.0001) whereas
the lack of fit was not significant (p = 0.1514). The difference
between the predicted R2 (0.7836) and adjusted R2 (0.9509) was
<0.2. Furthermore, pH was a significant factor (p < 0.0001) but
the interaction between pH and temperature was not significant.
The model suggested that pH 7.6 and 41�C were the optimal reac-
tion conditions, although the differences within the pH range 7.0–
8.25 are minimal at 41�C suggesting this is a broad working range
for the enzyme (Fig. 12B). The model also showed a decrease in
specific activity between 42 and 44�C and further increase from
45�C that continued to the model limits.

To verify the model, we carried out a confirmation run at pH 7.6
and 41�C. Under these optimized conditions, we achieved a specific
activity of 5.49 ± 0.0 U�mg�1, which was within the confidence
interval (4.76–7.55). The pH and temperature optima led to a fur-
ther 1.5-fold increase in the specific activity of SmALDH_312 com-
pared to the standard assay conditions.
4. Discussion

The heterologous production of schistosome proteins can be
challenging due to differences in base composition and codon pref-
erence between the source organism and host. The evaluation of
different host systems can therefore help to optimize the expres-
sion of correctly folded and functional schistosome enzymes, espe-
cially for testing as potential drug targets. Here, we compared
E. coli and BEVS for the production of SmALDH_312, a tegument
protein from S. mansoni,which has not been expressed in a heterol-
ogous system before. We recognized a difference in the protein
expression profiles using either E. coli strain pLysS, where no
vity of SmALDH_312 at three pH values and three temperatures. The relative activity
assay conditions (pH 7.5, 37�C). Data are mean ± standard errors (SEM), n = 3. (B)

n the factors pH [-] and temperature [�C].
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expression was detected, or LOBSTR-RIL with additional rare
codons for arginine, isoleucine and leucine, where protein was
detected already 1 h post induction. Analysis of SmALDH_312
codons revealed a possible bottleneck for arginine tRNAs. However,
codon usage cannot be the only reason for the different expression
behavior of the E. coli strains. Even if codon optimized, 19 out of 94
expression constructs performed slightly weaker in a multi gene
study. Furthermore, it was demonstrated that 21 constructs, (ei-
ther wild type or optimized) showed no expression at all [10].
Therefore, in case of SmALDH_312 choosing the appropriate
expression system was found to be important for successful pro-
tein production.

Although related enzymes such as human ALDH2 and ALDH3A1
have been expressed successfully [39,40], our study reports the
first expression of recombinant SmALDH_312 using E. coli and
BEVS. The practical differences between the platforms in terms of
elution volumes and purification means it is uninformative to com-
pare the yields, so we focus on the comparative functionality of
SmALDH_312 produced using each system.

We found that SmALDH_312 produced in E. coli was consider-
ably less active than its counterpart produced in the BEVS, as pre-
viously reported for b-1,4-endoglucanase [41]. In this earlier study,
the authors speculated that the activity of bacterial product may
have been limited by misfolding and/or the absence of PTMs. Mis-
folding may result from the inability of E. coli to form disulfide
bonds in the cytoplasm and/or the saturation of the protein-
folding machinery due to protein overexpression, in both cases
leading to the formation of inclusion bodies [27,42]. Potential solu-
tions include lowering the cultivation temperature (which slows
down protein expression and allows the protein folding machinery
to process nascent proteins correctly) and the expression of soluble
target proteins, for example using a fusion partner [43,44]. Alterna-
tively, the co-expression of chaperons can facilitate protein folding
[45,46], as demonstrated in the case of humanmitochondrial ALDH
by the co-expression of His60 and His10 [47]. Furthermore, PTMs
are involved in folding processes and may contribute to the stabil-
ity and functionality of some enzymes [48]. Human ALDH2 and
other members of the ALDH family are known to undergo acetyla-
tion and phosphorylation [49]. Across vertebrate species, conserva-
tion of lysine acetylation sites was demonstrated, and compared to
mice, 87% of lysine acetylation sites of proteins were conserved in
humans [50]. Phosphorylation events were described for human
ALDH1A2 at tyrosines and serines [51]. Since acetylation and phos-
phorylation appeared to be the prominent PTMs in human ALDH,
we analyzed the literature accordingly. In S. mansoni, a histone
acetyltransferase paralogue (SmGCN5) was found and revealed
acetylation at Lys-14 of histone 3, but also at the schistosome reti-
noid X receptor 1 [19]. In S. japonicum, 1109 proteins were found
with actetylated lysines. Among these is the putative aldehyde
dehydrogenase 1B1 (uniprot-ID: C1LFP4; NCBI Accession:
CAX73522) harboring 6 acetylation sites. [52] Using NCBI’s protein
blast function, this amino acid sequence revealed a 100% match to
SmALDH_312. Therefore, we assume that parts of these PTM sites
are also conserved in S. mansoni. A recent study demonstrated
3,176 phosphorylated proteins in a broad-based phosphoproteome
analysis in S. mansoni, in which phosphorylation was found to be
dominant at serines (67.8%), followed by threonines (20.1%), and
tyrosines (12.1%) [12]. Furthermore, incubation of S. mansoni adult
worms with human tumor necrosis factor alpha led to induction of
phosphorylation events of 8 serine, 9 threonine, and 5 tyrosine
residues in SmALDH_312 [53]. As shown in a study of Nene et al.
[54], phosphorylation of Ser-279 in human ALDH2 elevates the
enzymatical activity. SmALDH_312 lacks Ser-279, but also shares
Tyr-384, -412, and -433, as well as Ser-471. Tyr-384 was conserved
in 16 of the 18 human ALDH isozymes, as Tyr-433 and Ser-471
were conserved in all 18 human ALDH isozymes. While phosphory-
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lation of Tyr-412 led to an increased enzyme activity, it also pro-
tected ALDH2 from inhibition by 4-Hydroxynonenal, probably
due to structural changes of the catalytic tunnel [54].

Taking these reported modifications together, we conclude that
the observed difference between the activities of the SmALDH_312
enzymes recombinantly expressed in E. coli and insect cells can be
explained by the capability introducing PTMs. It is known that Sf-9
cells introduce PTMs such as glycosylation, phosphorylation and
acetylation in recombinant proteins [55]. In contrast, E. coli lacks
certain modifications and is also limited in the amount of modifi-
cations compared to eukaryotes [56,57,58].

In addition to the intrinsic characteristics of the protein that
contribute to enzyme activity, it is also necessary to investigate
external factors such as substrate concentration, pH, and tempera-
ture. We found that the activity of SmALDH_312 is strongly pH-
dependent, with a narrow pH working range of pH 7.0–8.25 and
an optimum of pH 7.6. Many enzymes are characterized by a nar-
row pH range around the optimum value [59], and most members
of the ALDH superfamily operate in the pH range 7.0–9.0
[60,61,62]. The pH-sensitivity of enzymes reflects the presence of
amino acid groups that influence enzyme activity when ionized,
hence the need to identify a precise pH optimum [59,63]. We also
found that the activity of SmALDH_312 was highly dependent on
the temperature, increasing as the temperature rises. The optimum
temperature of an enzyme generally reflects an evolutionary adap-
tation to function at a specific location, which for S. mansoni would
be the physiological body temperature of 37�C within the mesen-
teric veins of its human host. However, we found SmALDH_312
as more active at 41�C than 37�C, and maintained its activity up
to at least 45�C (the highest temperature we tested, suggesting it
may remain active at even higher temperatures). It is unclear
why SmALDH_312 becomes more active at temperatures above
those found at its typical site of action, but this appears to be a
common phenomenon in the ALDH superfamily. For example, the
temperature optimum for human salivary ALDH is 45�C despite
the physiological temperature of 37�C in its typical location [64].

Metal ions are known to promote ALDH activity in some species
[65,66] and Mg2+ plays a pivotal role in the activation of class 2
enzymes by directly facilitating the rate-limiting deacylation step
of the reaction [67,68]. We therefore tested the effect of Mg2+,
Ca2+ and Mn2+ on the activity of the SmALDH_312, and found that
0.5 mM Mg2+ achieved the greatest increase in relative enzyme
activity (1.7-fold) which is slightly below the 2-fold increase
reported in other studies [65,67]. Furthermore, increasing the con-
centration of Mg2+ only slightly to 0.6 mM resulted in a clear inhi-
bitory effect, perhaps reflecting the slower dissolution of NADH
from the enzyme, or coenzyme dissociation [67].
5. Conclusions

We compared two widely used expression systems for the
development of a platform that allows the high-level expression
of functional schistosome enzymes for screening as putative drug
targets. Although E. coli has many advantages, such as rapid
expression, high yields, and low costs, this system was outper-
formed by BEVS for the production of a schistosome ALDH. The
expression of SmALDH_312 requires PTMs such as phosphoryla-
tion, and perhaps also acetylation at sites that are possibly not
modified by E. coli. Alternatively, the production of stable and sol-
uble SmALDH_312 may benefit from the protein folding environ-
ment of the insect cells, making BEVS the most suitable platform
for the production of this enzyme. Further results expressing the
Abelson protein-tyrosine kinase 2 of S. mansoni (GeneID:
Smp_128790) support the view that BEVS may be a generally suit-
able platform for the production of recombinant schistosome
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enzymes. The availability of a functional recombinant
SmALDH_312 allowed us to optimize the reaction kinetics in terms
of pH, temperature, enzyme and substrate concentrations, and
cofactor requirements. Having determined the optimal working
range, it will be possible to establish the kinetic constants, which
are required in turn for the screening assay to evaluate IC50 and
ki values. Our platform therefore provides an opportunity for the
expression and subsequent evaluation of schistosome enzymes as
drug targets.
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