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Schistosomes are parasitic platyhelminths that currently infect >200 million people
globally. The adult worms can live within the vasculature of their hosts for many years
where they acquire all nutrients necessary for their survival and growth. In this work we
focus on how Schistosoma mansoni parasites acquire and metabolize vitamin B6, whose
active form is pyridoxal phosphate (PLP). We show here that live intravascular stage
parasites (schistosomula and adult males and females) can cleave exogenous PLP to
liberate pyridoxal. Of the three characterized nucleotide-metabolizing ectoenzymes
expressed at the schistosome surface (SmAP, SmNPP5, and SmATPDase1), only
SmAP hydrolyzes PLP. Heat-inactivated recombinant SmAP can no longer cleave PLP.
Further, parasites whose SmAP gene has been suppressed by RNAi are significantly
impaired in their ability to cleave PLP compared to controls. When schistosomes are
incubated in murine plasma, they alter its metabolomic profile—the levels of both pyridoxal
and phosphate increase over time, a finding consistent with the action of host-exposed
SmAP acting on PLP. We hypothesize that SmAP-mediated dephosphorylation of PLP
generates a pool of pyridoxal around the worms that can be conveniently taken in by the
parasites to participate in essential, vitamin B6-driven metabolism. In addition, since host
PLP‐dependent enzymes play active roles in inflammatory processes, parasite-mediated
cleavage of this metabolite may serve to limit parasite-damaging inflammation. In this work
we also identified schistosome homologs of enzymes that are involved in intracellular
vitamin B6metabolism. These are pyridoxal kinase (SmPK) as well as pyridoxal phosphate
phosphatase (SmPLP-Ph) and pyridox(am)ine 5’-phosphate oxidase (SmPNPO) and
cDNAs encoding these three enzymes were cloned and sequenced. The three genes
encoding these enzymes all display high relative expression in schistosomula and adult
worms suggestive of robust vitamin B6 metabolism in the intravascular life stages.
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INTRODUCTION

Schistosomes are intravascular parasitic worms that cause the
chronic debilitating disease, schistosomiasis. More than 200
million people are infected with these parasites around the
world and >800 million live at risk of infection (1). The disease
is a chronic inflammatory disorder that is associated with
disabling anemia, growth stunting and poor performance at
school and at work. People can become infected after
contacting fresh water that contains free-living larval stages
(cercariae). After penetrating host skin, cercariae transform
into juvenile, intra-mammalian forms called schistosomula.
These migrate through the bloodstream to the portal vein,
where they mature into adult males and females. The adults
pair and couples migrate to the blood vessels around the
intestines or the bladder (depending on the species) where egg
laying begins.

Schistosomes can live for many years within the vasculature
of their hosts where they acquire all nutrients necessary for
survival and growth. While the worms have a mouth and a gut,
many metabolites are imported into the worms directly across
their host-interactive tegument (skin) (2, 3). We have
characterized schistosome tegumental proteins that are
involved in the uptake and metabolism of amino acids,
glucose, and water (4–9). In this work, we focus on parasite
acquisition of vitamin B6 and its biochemistry in one of the three
major schistosomes of humans—Schistosoma mansoni.

Vitamin B6 comprises a group of interconvertible, chemically
similar compounds called vitamers. Collectively, six vitamers
comprise vitamin B6. The active form of the vitamin is pyridoxal
phosphate (PLP) which functions as a coenzyme in a wide variety
of enzymatic reactions (over 140 to date) related to amino acid,
glucose, and lipid metabolism (10, 11). Vitamin B6 also
participates in various non-enzymatic reactions as an
antioxidant, carbonyl scavenger and metal chelator (12). The
vitamin is critically important for normal growth, cognitive
development, and immune function (11). Animals are
auxotrophic for vitamin B6 and require it as a supplement;
schistosomes must acquire this vital metabolite from their hosts.

Three vitamin B6 vitamers are: pyridoxal (PL), pyridoxine
(PN), and pyridoxamine (PM). PL can be directly converted into
active vitamin B6 (PLP) by phosphorylation via a pyridoxal
kinase enzyme (11, 13). This kinase can similarly phosphorylate
PN and PM, but an additional enzyme—Pyridox(am)ine 5’-
Phosphate Oxidase—is required to convert these metabolites
into active vitamin B6 (PLP) (11, 13).

This study was prompted by our work on how schistosomes
alter the murine plasma metabolome. When adult worms are
incubated in murine plasma the levels of pyridoxal and phosphate
increase over time. This observation is most easily understood if the
worms have an ability to cleave any PLP that is available in the
plasma, thereby generating free pyridoxal and phosphate.
Abbreviations: PL, pyridoxal; PN, pyridoxine; PM, pyridoxamine; PLP, pyridoxal
phosphate; SmPK, Schistosoma mansoni pyridoxal kinase; SmPNPO, Schistosoma
mansoni pyridox(am)ine 5’-phosphate oxidase; SmPLP-Ph, Schistosoma mansoni
pyridoxal phosphate phosphatase.
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Schistosome express three distinct nucleotide-metabolizing
ectoenzymes (NMEEs) on their external surface and we
hypothesized that one of these mediated PLP cleavage. These
enzymes are: S. mansoni ATPdiphosphohydrolase1
(SmATPDase1), S. mansoni phosphodiesterase/pyrophosphatase
(SmNPP5), and S. mansoni alkaline phosphatase, (SmAP). All
three enzymes have been immunolocalized to the schistosome
tegument (skin) and have been shown to be expressed at the
schistosome host-interactive surface in tegument proteomic
studies (14–16). SmATPDase1 is an ~61 kDa apyrase that can
degrade ATP and ADP in a cation dependent manner (17, 18).
SmNPP-5 is a ~53 kDa protein with a single C-terminal
transmembrane domain that is expressed exclusively in the intra-
mammalian life stages and has been shown to cleave ADP and to
block platelet aggregation in vitro (19–21). SmAP is a ~60 kDa
glycosylphosphatidylinositol (GPI)-anchored protein that is
expressed in the tegument and in the internal tissues of the
intravascular worms (18, 22). SmAP has been shown to cleave
several nucleoside monophosphates including AMP, CMP, GMP
and TMP (23). SmAP additionally hydrolyzes the bioactive lipid
sphingosine-1-phosphate (S1P) (23) as well as the proinflammatory
and prothrombotic polymer, polyphosphate (polyP) (24).

In this work, we set out to measure the ability of intravascular
schistosomes to hydrolyze extracellular PLP and to determine
which (if any) of the three NMEEs listed above is involved.
Further, we identified schistosome homologs of enzymes that are
involved in vitamin B6 metabolism, cloned their cDNAs and
examined their developmental expression profiles. In this
manner, the work provides insight into the acquisition and
metabolism of an essential nutrient in Schistosoma mansoni.
MATERIALS AND METHODS

Parasites and Mice
The Puerto Rican strain of Schistosoma mansoni was used. Adult
male and female parasites were recovered by perfusion from
Swiss Webster mice that were infected with ~100 cercariae, 7
weeks previously (25). Schistosomula were prepared from
cercariae released from infected snails. All parasites were
cultured in DMEM/F12 medium supplemented with 10% heat-
inactivated fetal bovine serum, 200 µg/ml streptomycin, 200 U/
ml penicillin, 1 µM serotonin, 0.2 µM Triiodo-l-thyronine, 8 µg/
ml human insulin, and were maintained at 37°C, in an
atmosphere of 5% CO2 (23). Parasite eggs were isolated from
infected mouse liver tissue (25). All protocols involving animals
were approved by the Institutional Animal Care and Use
Committees (IACUC) of Tufts University.

Pyridoxal and Phosphate Detection
in Murine Plasma
Blood was collected from the tail veins of 10 Swiss Webster mice
into heparinized tubes. Blood cells were pelleted by brief
centrifugation and the plasma generated was pooled and
aliquoted. Adult schistosomes (~50 pairs) were incubated in
one 500 µl murine plasma aliquot which was incubated at 37°C.
A control aliquot (without worms) was similarly treated.
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Samples, collected at baseline (0 min) and after 20- and 60-min
incubation with or without parasites, were subjected to
metabolomic analysis at Metabolon Inc. The relative levels of
pyridoxal and phosphate are described; these are extracted from
a global metabolomics analysis carried out using the pipeline
developed by Metabolon. At least four samples per treatment/
time point were tested. Briefly, each plasma sample was prepared
by solvent extraction and the resulting extract was split into equal
parts and then applied to gas chromatography/mass
spectrometry (GC/MS) and liquid chromatography tandem MS
(LC/MS/MS) platforms (26). Pyridoxal and phosphate were each
identified by their retention time and mass by comparison to
purified standards. Results are expressed relative to the baseline
measurement (0 min), set at 1.

PLP Hydrolysis by Living Parasites
and by Recombinant Schistosome Enzymes
To monitor PLP hydrolysis by living schistosomes, schistosomula
(in groups of ~2,000) or adult male or female worms (either singly
or in groups of 2 or 3) were incubated in 200 µl assay buffer (50 mM
Tris-HCl buffer (pH 9), 5 mM KCl, 135 mM NaCl, 5 mM KCl, 10
mM glucose, 10 mM MgCl2) containing 2 mM PLP (Sigma
Aldrich). Aliquots (25 µl) were recovered at selected time points
and any phosphate generated following PLP cleavage was measured
using a Phosphate Colorimetric Assay Kit (BioVision), following the
manufacturer’s instructions.

Recombinant SmAP, SmNPP5, and SmATPDase1 enzymes,
expressed in CHO-S cells, were prepared as described (17, 21, 23)
and each was assessed for its ability to cleave PLP in the assay
described above. For both SmAP and SmNPP5, 0.5 µg protein was
tested in each 100 µl reaction. Since SmATPDase1 is only active
when expressed on the surface of CHO cells (17), PLP substrate was
added to 105 cells expressing SmATPDase1 or control cells not
expressing any heterologous protein. At selected time points,
aliquots were recovered from all experimental conditions and any
released inorganic phosphate was measured using the Phosphate
Colorimetric Assay Kit, as above. As a negative control, in some
experiments recombinant proteins were heat treated at 95°C for
10 min before being included in activity assays.

Gene Suppression Using RNAi
Adult worms were electroporated with either an siRNA (10 µg)
targeting SmAP (SmAP siRNA 1: 5 ’-AAGAAATCAG
CAGATGAGAGATTTAAT-3’), or with a control siRNA that
targeted no sequence in the schistosome genome (Control: 5’-
CTTCCTCTCTTTCTCTCCCTTGTGA-3’) or with no siRNA,
as described previously (22). To assess the level of target gene
suppression, RNA was isolated from some worms from each
group two days later using the TRIzol Reagent (Thermo Fisher
Scientific, MA), as per the manufacturer’s guidelines. Residual
DNA was removed by DNase I digestion using a TurboDNA-free
kit (Thermo Fisher Scientific, MA). cDNA was synthesized using
1 µg RNA, an oligo (dT)20 primer and Superscript III RT
(Invitrogen, CA). Gene expression of SmAP was measured by
quantitative real time PCR (RT-qPCR), using custom TaqMan
gene expression systems from Applied Biosystems, CA using
Frontiers in Immunology | www.frontiersin.org 3
primers and probes, as previously (23, 27). Alpha tubulin was
used as the endogenous control gene for relative quantification,
as described (28) employing the DDCt method (29). Results
obtained from parasites treated with the irrelevant, control
siRNA were used for calibration. For graphical representation,
2-DDCt values were normalized to controls and expressed as
percent difference.

To look for any impact of gene suppression on the ability of
worms to cleave vitamin B6, PLP was added to living worms in
assay buffer seven days post siRNA treatment and free phosphate
levels were measured at selected time points following the
protocol described above.

Cloning cDNAs Encoding the Vitamin B6
Metabolizing Enzymes of Schistosomes
To look for homologs in schistosomes of the human enzymes that
are central to vitamin B6 metabolism within cells, we used human
sequences [GenBank accession number NP_003672 for pyridoxal
kinase (PK, Smp_164250); NP_064711 for Pyridoxal phosphate
phosphatase (PLP-Ph, Smp_030220) and NP_060599 for pyridox
(am)ine-5’-phosphate oxidase (PNPO, Smp_051550)] to blast
against all available “schistosomatidae” family sequences at NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Clear
sequence homologs were identified in each case and were
designated SmPK, SmPLP-Ph and SmPNPO, respectively. Next,
primers were generated to target the entire open reading frame of
each homolog. These primers were: SmPK-F: 5’-ATGG
CAGTTAAAGTTGCACTTAAC-3’, SmPK-R: 5’-TCACATTTC
TTCAACATAATCACC-3’; SmPLP-Ph-F: 5’-ATGACCAAG
GTCGCTTCTGCGGTTCTG-3’, SmPLP-Ph-R: 5’-TTATTC
TTTCAAAATATTTAAAATGTCCG-3’; SmPNPO-F: 5’-ATGCT
ACGAACACTTTACTGTAGCC-3’, SmPNPO-R: 5’-CTATGGAG
CTAGTCGTTCGTATACCC-3’. The primers were used in
separate PCRs, with adult worm cDNA as template, to amplify
the complete schistosome coding sequences. All PCR products were
purified, cloned into pCRII-TOPO and transformed into TOP10
E. coli (Thermo Fisher Scientific, MA), using standard techniques.
Plasmid was purified from a selection of recombinant transformants
and several plasmid DNA inserts were sequenced at Genewiz, Inc.
MA. The gene encoding SmPK was identified by BLAST analysis
using the predicted coding DNA to interrogate the S. mansoni
genome and NCBI databases.

Phylogenetic trees (absolute distance) were generated for each
of the three schistosome proteins and homologs from a variety of
organisms by UPGMA (unweighted pair group method with
arithmetic mean) using Accelrys Gene 2.5 software.

SmPK, SmPLP-Ph, and SmPNPO Gene
Expression Analysis
The levels of expression of the SmPK, SmPLP-Ph and SmPNPO
genes in different life stages of the parasite was measured by
reverse transcription quantitative PCR (RT-qPCR), using a
custom TaqMan gene expression system (Applied Biosystems).
RNA was isolated from different stages of the parasites using
TRIzol reagent and cDNA was synthesized as described above.
The levels of expression of these genes in different life stages was
February 2021 | Volume 11 | Article 622162
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measured by RT-qPCR using the housekeeping gene triose
phosphate isomerase as the endogenous control (27). Primer
sets and reporter probes labeled with 6-carboxyfluorescein
(FAM), obtained from Applied Biosystems were used. To
monitor gene expression, the following primers and probe
were used: SmPK-F: 5 ’-TTGAAAATGAAAACGGACA
ACAAATAGCT-3’, SmPK-R: 5’-GATAGAACAGTTTGGATT
GTACTAAGAACTGA-3’, SmPK probe: 5’-FAM-TTCCT
TCAAAGATGCCTTCC-3’; SmPLP-Ph-F: 5’-GTTGCGA
ATTGGACCCTTCAAAA-3’, SmPLP-Ph-R: 5’-CCAAAT
TTATTCCCAAATGCGATATCAGT-3’, SmPLP-Ph-probe: 5’-
FAM-CTGTGATGGTTGGAGATAACTTAT-3’; SmPNPO-F:
5’-GAAAATGAATATGCTTCAAAAGAAAAGCTTCC-3’,
SmPNPO-R: 5’-CCAAAACTCAATTGATTTCGGAGACA-3’,
SmPNPO-probe: 5’FAM-TCCCCAATTTGAAGGCTTT-3’.
Each RT-qPCR was performed using a TaqMan PCR mix,
cDNA and primer and probes in a final volume of 20 µl. All
samples were run in triplicate and underwent 40 amplification
cycles on a Step One Plus Real Time PCR System Instrument.
For relative quantification, the DDCt method was employed.

Statistical Analysis
Data are presented as Mean ± SD. Means were compared by: t-test
(two-tailed, unpaired) for comparison of two groups; one-way
ANOVA for comparison of more than two groups using GraphPad
Prism 8.0 (GraphPad Software). For metabolite comparisons, Welch’s
two-sample t-test was used to identify biochemicals biomolecules that
differed significantly between groups. A probability value (P) of less
than 0.05 was considered significant.
Frontiers in Immunology | www.frontiersin.org 4
RESULTS

Schistosomes Cleave Exogenous
Pyridoxal Phosphate (PLP)
To examine changes brought about by schistosomes on host
plasma, adult worms were first incubated in murine plasma as
described earlier. Twenty and 60 min later, samples were
collected and changes to the plasma metabolome were
measured. Figure 1 illustrates relative changes to pyridoxal (A)
and phosphate (B) levels in murine plasma which contained (+)
or did not contain (-) adult schistosomes. Figure 1A shows that
there is a significant increase in the level of pyridoxal at both the
20- and the 60-min time points in the plasma sample that
contained worms as well as significant increases in the plasma
phosphate level (Figure 1B) (P <0.05 in each case). One
explanation for these results is that the worms cleave pyridoxal
phosphate (PLP, a compound that was not itself monitored in
the plasma metabolome) to generate free pyridoxal and
phosphate, a reaction that is illustrated in Figure 1C. Note that
the fold increase in phosphate is markedly greater than that of
pyridoxal, suggesting that sources other than PLP account for
much of the accumulated phosphate.

We next examined the ability of live worms to hydrolyze
commercially obtained PLP. Figure 2 shows that all
intravascular life stages [schistosomula (Figure 2A), adult
females (Figure 2B), and adult males (Figure 2C)] can indeed
cleave PLP to release phosphate (which accumulates over time).
Schistosomula were tested in groups of ~2,000 and adult worms
were tested either singly or in groups of two or three (as
A B

C

FIGURE 1 | Box plots showing relative levels of pyridoxal (A) and phosphate (B) in murine plasma that either contained adult schistosomes (+, red) or did not
contain schistosomes (-, black) for the indicated time periods. * indicates statistically significant difference compared to the same time point lacking parasites;
Welch’s two-sample t-test, P < 0.05. Each box bounds the upper and lower quartile, the line in each box is the median value and “+” signifies the mean value for the
sample; error bars indicate the maximum (upper) and minimum (lower) distribution. Values obtained at zero time (0) are set at 1. (C) Chemical structure of pyridoxal
phosphate (PLP, left) and the products of its hydrolysis (indicated by the arrow), pyridoxal and phosphate (right).
February 2021 | Volume 11 | Article 622162
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indicated). More worms (and longer time points) lead to greater
phosphate accumulation.

Recombinant SmAP can Hydrolyze PLP
Next, we tested the ability of three S. mansoni ectoenzymes to
cleave PLP. These enzymes are: alkaline phosphatase (SmAP),
nucleotide phosphodiesterase/pyrophosphatase (SmNPP5), and
ATP diphosphohydrolase1 (SmATPDase1); all three have been
generated as recombinants, in enzymatically active form in our
laboratory (17, 21, 23). Figure 3 shows that only rSmAP can
cleave PLP to liberate phosphate. Neither rSmNPP5 nor
rSmATPDase1 are active in this assay [though they can cleave
other substrates (17, 30)]. In addition, heat-inactivated rSmAP
can no longer cleave PLP (data not shown).

Tegumental SmAP Cleaves PLP
To test the hypothesis that tegumental SmAP on living worms is
responsible for PLP cleavage, adult worms were first treated with
Frontiers in Immunology | www.frontiersin.org 5
siRNAs targeting SmAP or with control siRNAs or with no
siRNA. Two days later the relative expression level of the target
SmAP gene was compared in all groups. Figure 4A shows
significant SmAP gene suppression in worms treated with
siRNA targeting this gene compared to the controls; the SmAP
gene is >90% suppressed as determined by RT-qPCR (p < 0.01).
Seven days post siRNA treatment the ability of all worms to
hydrolyze PLP was compared and Figure 4B shows the results of
this experiment. It is clear that living worms whose SmAP gene
has been suppressed cleave significantly less PLP compared to
control worms treated either with the control siRNA or with no
siRNA (P < 0.001). Having less SmAP severely impairs the ability
of the living worms to hydrolyze exogenous PLP.

In Silico Analysis of Vitamin B6
Metabolizing Enzymes of S. mansoni
Figure 5 depicts SmAP (lower left, red) at the schistosome
surface dephosphorylating PLP to generate free pyridoxal
which we hypothesize can then be taken into the worms via an
unidentified transporter protein (Figure 5, blue oval). The large
yellow rectangle in Figure 5 contains depictions of hypothesized
vitamin B6 metabolic reactions within the parasites as
determined by in silico analysis, described next.

If free pyridoxal is taken in by schistosomes, it would need to
be phosphorylated internally to regenerate PLP (the active form
of vitamin B6). Phosphorylating pyridoxal is a function that is
provided in other organisms by pyridoxal kinase (PK) enzymes.
Blasting the human PK protein sequence against schistosome
sequence databases identified a clear S. mansoni homolog. As
detailed in Methods, the complete S. mansoni pyridoxal kinase
(SmPK) coding sequence was amplified by PCR. The purified
PCR product was then cloned, and plasmid was isolated from
several clones that were sequenced. The full length schistosome
SmPK sequence (accession number MW148599) potentially
encodes a 340 amino acid protein with a predicted molecular
mass of 37,773 daltons and a pI of 5.99. Figure 6 shows an
alignment of this SmPK protein with its counterpart from S.
japonicum as well as homologs from a variety of other organisms.
Residues conserved in all seven sequences are depicted as white
FIGURE 3 | rSmAP can hydrolyze PLP. Phosphate generation (µM, mean
+/-SD) by recombinant SmAP, SmNPP5, or SmATPDase1 in assay buffer
containing PLP as substrate, at the indicated time points. No appreciable levels of
phosphate were detected when rSmNPP5 or rSmATPDase1 were tested.
A B C

FIGURE 2 | Live schistosome parasites hydrolyze PLP. Phosphate generation (µM, mean +/-SD) by live schistosomula (groups of 2,000, green bars, n = 4, A) or
adult females (red bars, n = 5, B) or adult males (blue bars, n = 5, C) in the presence of pyridoxal phosphate (PLP) at the indicated time points. Adult worms were
either incubated singly or in groups of two or three, as indicated.
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on a black background; those common to six of the seven
pyridoxal kinase homologs are white on a dark grey
background and those found in a majority of the sequences
(four or five out of seven) are white on a light grey background.
SmPK exhibits several highly conserved domains throughout the
protein, including a series of residues that are important for
pyridoxal binding (indicated by black arrowheads), residues
Frontiers in Immunology | www.frontiersin.org 6
important for ATP binding (blue arrowheads) and residues key
for homodimer formation (red arrowheads) (31).

A phylogenetic tree illustrating the relationships between all
PK homologs is depicted in Figure 6B. Clearly, the two
schistosome sequences are the most closely related and the
homolog from the yeast Saccharomyces cerevisiae is most
distant. Eleven SmPK cloned DNAs were sequenced and, of
FIGURE 5 | Vitamin B6 metabolism in schistosomes. SmAP (depicted at lower left, red) can cleave PLP to generate free pyridoxal which may be imported by
schistosomes via an unidentified transporter protein (blue oval, left). Depicted in the yellow rectangle are hypothetical biochemical pathways in S. mansoni leading to
the generation of PLP (bounded by the red box, center). Imported pyridoxal (left) may be phosphorylated by S. mansoni pyridoxal kinase (SmPK) to directly generate
PLP; the vitamers pyridoxine (top) and pyridoxamine (bottom) may first be phosphorylated by SmPK to generate pyridoxine phosphate and pyridoxamine phosphate,
respectively and these products may then be acted upon by S. mansoni pyridox(am)ine-5’-phosphate oxidase (SmPNPO) to generate PLP. Dephosphorylation of
several vitamers may be driven by S. mansoni pyridoxal phosphate phosphatase (SmPLP-Ph) and/or SmAP.
A B

FIGURE 4 | (A) Relative SmAP gene expression determined by RT-qPCR in adult male worms 48 h after treatment with an siRNA targeting the SmAP gene or with
an irrelevant siRNA (Control) or with no siRNA (None), as indicated. The expression level displayed by the control worms is set at 100%. (B) Phosphate generation
(µM, mean +/-SD, n = 5) by individual live adult male worms seven days after treatment with SmAP siRNA or an irrelevant siRNA (Control) or no siRNA (None) in the
presence of PLP. Parasites treated with SmAP siRNA generate significantly less phosphate compared to either control (One-way ANOVA, P < 0.001).
February 2021 | Volume 11 | Article 622162
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these, six were found to encode the protein shown in Figure 6A.
The remaining five SmPK clones all encoded a variant sequence
(isoform 1, accession number MW148600) in which the
predicted motif 36LGIEVDFINSVQFSNH51 (indicated by a
green line at the top of Figure 6A) is replaced by the sequence:
36CVLLIITY43. This change is brought about by alternative
splicing. The Figure 6C upper panel illustrates the 5’end of the
SmPK gene and shows three of the gene’s 10 exons. The lower
panel illustrates two spliced mRNA transcripts. The SmPK
transcript is depicted at left; here the first three exons encode
part of the mature transcript. The alternatively spliced SmPK
isoform 1 transcript is shown at right; here exon 2 is spliced out
along with intron 1, while the 31 bp intron 2 remains as part of
the mature isoform 1 transcript.

The reverse reaction to that catalyzed by pyridoxal kinase is
commonly driven by PLP-phosphatase (PLP-Ph) enzymes. To
determine if schistosomes possess enzymes belonging to this
protein class, essentially the same strategy as used to identify
SmPK (described above) was applied. Here, the human PLP-
phosphatase sequence was used to query schistosome sequence
databases. A homolog was identified, and its cDNA was cloned and
sequenced (accession number MW148602). The 292 predicted
amino acid protein, designated SmPLP-Ph has a MW of 31,915
and a pI of 6.70. Figure 7A shows an alignment of the predicted
SmPLP-Ph protein with homologs from a variety of other
organisms and a phylogenetic tree illustrating the relationships
between these is depicted in Figure 7B. Conserved motifs are
seen throughout the protein with predicted key active site
residues indicated by black arrowheads, metal (Mg) binding
residues indicated by brown arrowheads and potential
myristoylation sites indicated by blue lines (32, 33).

As noted earlier, pyridoxine and pyridoxamine are vitamin B6
vitamers. In the same way that pyridoxal is phosphorylated to
generate PLP, likewise pyridoxine and pyridoxamine can each be
phosphorylated by pyridoxal kinase to generate pyridoxine
phosphate and pyridoxamine phosphate, respectively. An
oxidase enzyme [pyridox(am)ine 5’-phosphate oxidase, PNPO]
is then required to convert these compounds into PLP—the
biologically active form of vitamin B6. In order to assess whether
schistosomes possess a PNPO homolog (SmPLPO) we applied
the same strategy that was used successfully to find SmPK and
SmPLP-Ph. Here, the human PNPO sequence was used to query
schistosome sequence databases and a homolog was identified.
The cDNA encoding this match was amplified, cloned and its
insert sequenced (accession number MW148601). The predicted
SmPNPO sequence is shown in Figure 8A aligned with several
homologs and a phylogenetic tree illustrating the relationships
between these is depicted in Figure 8B. The 246 amino acid
SmPNPO protein has a predicted molecular mass of 28,878
daltons and a pI of 6.55 and exhibits several highly conserved
domains including a series of residues important for PLP binding
(orange arrowheads) as well as those used to bind co-factor flavin
mononucleotide (FMN, black arrowheads) (34).

Phylogenetic trees chart the relationships between the three S.
mansoni vitamin B6 metabolizing enzymes SmPK (Figure 6B),
SmPLP-Ph (Figure 7B), and SmPNPO (Figure 8B) and their
Frontiers in Immunology | www.frontiersin.org 7
closest homologs from the same seven other organisms. Overall,
the SmPK tree, the SmPLP-Ph tree and the SmPNPO tree are
similar—e.g., the proteins of the two schistosome species are
most closely related while that from the yeast Saccharomyces
cerevisiae is consistently most distant. However, even though the
proteins likely have the same metabolic function involving
vitamin B6 biochemistry in all of the organisms, the three trees
are not identical. This likely reflects the diverse selection
pressures exerted on the proteins during the evolutionary
histories of each of the different organisms.

Not surprisingly, several genes encoding proteins that require PLP
have been annotated in the S. mansoni genome including aspartate
aminotransferase (Smp_064380), ornithine-oxo-acid transaminase
(Smp_000660), 5-aminolevulinic acid synthase (Smp_045260),
serine C-palmitoyltransferase (Smp_028080), and glycogen
phosphorylase (Smp_143840). This highlights the importance of
PLP for widely diverse aspects of schistosome biochemistry.

Developmental Expression of SmPK,
SmPLP-Ph, and SmPNPO
The relative expression levels of SmPK, SmPLP-Ph, and SmPNPO,
assessed by RT-qPCR, are depicted in Figures 9A–C. In all cases the
expression level in adult males is set at 100%. For each of the three
genes, lowest relative expression is seen in the cercarial life stage and
robust expression is seen in all intravascular life stages (adults and
schistosomula). SmPLP-Ph exhibits notably high relative expression
in schistosomula and expression of SmPNPO (Figure 9C) differs
from that of SmPK and SmPLP-Ph by having high relative
expression also in the egg stage.
DISCUSSION

When schistosomes are incubated in murine plasma they alter its
metabolomic profile; the levels of two of the metabolites
measured (pyridoxal and phosphate) increase over time. This
change is most easily understood if the worms have an ability to
cleave any pyridoxal phosphate (PLP) that is available in the
plasma thereby generating free pyridoxal and phosphate. Since
intact PLP was not included in the panel of metabolites
monitored, we do not see here a commensurate drop in PLP
levels that would be predicted to accompany the observed
increase in pyridoxal and phosphate. PLP is the active form of
vitamin B6 and plays critical roles in cellular biochemistry.
Animals, including schistosomes, are auxotrophic for vitamin
B6 and require it as a supplement. The intravascular worms must
acquire this vital metabolite from their hosts. These factors
inspired us to investigate how the worms might obtain and
metabolize vitamin B6.

We first show here that all intravascular schistosome life
stages tested (schistosomula as well as adult males and females)
can cleave exogenous PLP. Since PLP hydrolysis was mediated by
live, intact worms this suggests that the enzyme responsible is
expressed at the schistosome surface.

We have long studied the molecular biology of the host-
interactive schistosome tegument and have identified several key
February 2021 | Volume 11 | Article 622162
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A

B
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FIGURE 6 | Alignment of SmPK with other members of the pyridoxal kinase protein family. Sm, Schistosoma mansoni (GeneBank accession number MW148599); Sj,
Schistosoma japonicum (CAX69335.1); Hs, Homo sapiens (NP_003672); Dm, Drosophila melanogaster (AAR82765); Ce, Caenorhabditis elegans (NP_491463.2); Bm, Brugia
malayi (VI094344); Sc, Saccharomyces cerevisiae (NP_014424). Residues found in all seven sequences are depicted as white on a black background; those common to six of
the seven pyridoxal kinase homologs are white on a dark grey background and those found in a majority of the sequences (four or five out of seven) are white on a light grey
background. Residues predicted to be involved in pyridoxal binding are indicated by black arrowheads; those involved in ATP binding by blue arrowheads and those involved
in dimer formation, red arrowheads. The green line (top) indicates the sequence motif 36LGIEVDFINSVQFSNH51 that is replaced by 36CVLLIITY43 in the SmPK isoform 1
sequence reported in this work (GeneBank accession number of SmPK isoform 1: MW148600). Numbers at right are an amino acid count for the S. mansoni protein.
(B) Phylogenetic tree (absolute distance) of selected pyridoxal kinases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic
mean). The designations (and accession numbers) of the homologs compared are as described in (A). (C) Depiction of the 5’end of the SmPK gene (top) and its spliced
variants (bottom). In the upper panel, exons 1–3 of the SmPK gene are depicted as colored rectangles (and introns as black lines). In one transcript (lower left panel), both
intron 1 and 2 are spliced out. Alternative splicing removes intron 1 and exon 2 but maintains intron 2 to generate the mature SmPK isoform 1 transcript. The dashed line
signifies the remainder of the SmPK gene which is identical between transcripts.
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host-interactive proteins (35–37). Among the characterized
proteins are three ectoenzymes that are strong candidates for
mediating the cleavage of PLP by the worms, as seen in this work.
All three are nucleotide metabolizing ectoenzymes (NMEEs) and
include an ATPdiphosphohydrolase1 (SmATPDase1), a
phosphodiesterase/pyrophosphatase (SmNPP5) and an alkaline
phosphatase, (SmAP) (17, 21, 23). Current known substrates for
SmATPDase1 are ATP and ADP (17); for SmNPP-5, ADP, and
NAD (21, 30), and for SmAP: AMP, GMP, CMP, TMP, S1P, and
polyP (23, 24). Here we explored the ability of each of these three
ectoenzymes, all produced in active recombinant form in CHO
cells, to cleave PLP. Of the three, only SmAP was seen to
hydrolyze PLP and this ability was lost upon enzyme heat-
inactivation. Furthermore, parasites whose SmAP gene was
suppressed by RNAi were significantly impaired in their ability
to cleave PLP compared to controls. This proves that SmAP
present at the surface of intravascular schistosomes can cleave
exogenous PLP. The very substantial decrease (> 90%) in PLP
cleavage observed in the SmAP-suppressed worms strongly
Frontiers in Immunology | www.frontiersin.org 9
suggests that SmAP is the sole schistosome ectoenzyme with
this capability.

Much of the literature on schistosome ectoenzyme function
focuses on the ability of the enzymes to maintain an anti-
inflammatory and anti-thrombotic environment around the
worms (38). ATP is a pro-inflammatory, damage-associated
molecular pattern (DAMP) that may be cleaved by SmATPDase1
(17). This enzyme, as well as SmNPP5, can cleave the pro-coagulant,
platelet-activator ADP (17, 21). SmAP cleaves the pro-thrombotic,
immune modulators S1P and polyP (23, 24). SmAP additionally
cleaves AMP to generate the potently anti-inflammatory mediator,
adenosine (22). In addition to its proposed role in impairing host
purinergic signaling [by cleaving AMP to generate the signaling
molecule adenosine (38)], SmAP may also have a role in parasite
feeding; its action may generate metabolites in a form that permits
their easy transportation into the body of the worm. SmAP-
dephosphorylation of not just AMP but also of GMP, CMP, and
TMP [to generate adenosine, guanosine, cytosine, and thymidine,
respectively (23)] may facilitate the efficient uptake of these
A

B

FIGURE 7 | Alignment of SmPLP-Ph with other members of the pyridoxal phosphate phosphatase protein family. Sm, Schistosoma mansoni (GeneBank accession
number MW148602); Sh, Schistosoma haematobium (CAX69944); Hs, Homo sapiens (NP_064711); Dm, Drosophila melanogaster (NP_649015.2); Ce,
Caenorhabditis elegans (NP_504511); Bm, Brugia malayi (XP_001895356); Sc, Saccharomyces cerevisiae (AJV03114). Residue shading is as described in Figure 6.
Predicted active site residues binding are indicated by black arrowheads and those involved in metal (Mg) binding by brown arrowheads. Blue lines indicate potential
myristoylation sites. Numbers at right are an amino acid count for the S. mansoni protein. (B) Phylogenetic tree (absolute distance) of selected pyridoxal phosphate
phosphatases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic mean). The designations (and accession
numbers) of the homologs compared are as in (A).
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nucleosides into the worms as food—an important function since
schistosomes cannot synthesize purines de novo (39).We argue that,
in a comparable manner, SmAP-mediated cleavage of membrane-
impermeable PLP will generate free pyridoxal in the vicinity of the
parasites from where it can be easily imported into the body of the
worms. In similar fashion, in vertebrates, the absorption of PLP first
involves dephosphorylation catalyzed by a membrane-bound
alkaline phosphatase (11, 40).
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Precisely how any pyridoxal that is generated following PLP
cleavage is taken into any cell remains unclear; whether by
passive diffusion and/or by carrier-mediated absorption (11,
41). In either case, uptake is driven by the intracellular
trapping of the vitamin via the formation of 5′-phosphates
through the action of a cytosolic ATP-dependent pyridoxal
kinase (11). To explore the possibility that schistosomes
possess such an enzyme that could likewise trap any imported
A

B

FIGURE 8 | Alignment of SmPNPO with other members of the pyridox(am)ine 5’-phosphate oxidase protein family. Sm, Schistosoma mansoni (GeneBank
accession number MW148601); Sh, Schistosoma haematobium (XP_012792194); Hs, Homo sapiens (NP_060599); Dm, Drosophila melanogaster (NP_731186.2);
Ce, Caenorhabditis elegans (NP_498518); Bm, Brugia malayi (XP_001896760); Sc, Saccharomyces cerevisiae (AJQ03502). Residue shading is as described in
Figure 6. Residues predicted to be important in pyridoxal phosphate binding are indicated by brown arrowheads and those involved in binding the cofactor flavin
mononucleotide are indicated by black arrowheads. Numbers at right are an amino acid count for the S. mansoni protein. (B) Phylogenetic tree (absolute distance) of
selected pyridox(am)ine 5’-phosphate oxidases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic mean). The
designations (and accession numbers) of the homologs compared are as in (A).
A B C

FIGURE 9 | Expression of SmPK, SmPLP-Ph and SmPNPO in different S. mansoni life stages. Relative gene expression of SmPK (A), SmPLP-Ph (B) and
SmPNPO (C) in the life stages indicated. All values are relative to males (set at 100%) (Mean +/- SD, n = 3).
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pyridoxal, we queried schistosome sequence databases for the
presence of homologs of the human PK. In this manner, a 340
amino acid schistosome protein—SmPK belonging to the PK
protein family was identified that possesses strongly conserved
motifs known to be involved in pyridoxal and ATP binding. Our
analysis also revealed that alternative splicing can lead to the
generation of a 332 amino acid SmPK variant (isoform 1) which
lacks several conserved residues at its amino terminal end. How
this deletion might impact the dimerization ability or other
functions of SmPK is unclear and remains to be investigated.

PLP within cells may be dephosphorylated to generate pyridoxal
which can then be taken up by other cells within the body and in
this manner vitamin B6 vitamers can become distributed between
tissues (10, 11). In schistosomes, SmAP could fulfill this PLP-
dephosphorylation function; the enzyme is widely distributed in
schistosomes (18, 22) and we have shown here that it can cleave PLP
to generate free pyridoxal. However, since SmAP is a GPI-linked
ectoenzyme, whether it is available to contribute to intracellular,
cytosolic PLP metabolism is called into question. In other systems, a
phosphatase more dedicated to this task—PLP-Ph cleaves PLP
intracellularly and we show here that schistosomes possess a clear
PLP-Ph homolog (SmPLP-Ph) with several highly conserved motifs
characteristic of this protein family.

A third enzyme that is key to vitamin B6metabolism is a pyridox
(am)ine-5’-phosphate oxidase (PNPO). This enzyme converts the
vitamin B6 vitamers pyridoxine phosphate and pyridoxamine
phosphate into the active form of the vitamin—pyridoxal
phosphate. Again, examination of schistosome sequence databases
reveals a clear schistosome PNPO homolog (SmPNPO) which
contains multiple conserved motifs throughout the predicted
protein that are characteristic of this protein family.

Taken together our analysis suggests that if schistosomes take in
any B6 vitamer (pyridoxine, pyridoxamine, or pyridoxal) from the
blood, they possess the enzymes necessary to convert these into the
active form of the vitamin—PLP. The pathways involved are
illustrated in Figure 5, yellow rectangle. SmPK could convert
pyridoxal directly to PLP. SmPK could phosphorylate both
pyridoxine (top right, Figure 5) and pyridoxamine (bottom right,
Figure 5) to generate pyridoxine phosphate and pyridoxamine
phosphate, respectively and these two metabolites could be
converted to PLP via SmPNPO. Finally, the phosphatase SmPLP-
Ph, and/or SmAP, could dephosphorylate several vitamers to permit
easier movement of B6 metabolites between tissues.

Developmental expression analysis of SmPK, SmPLP-Ph, and
SmPNPO reveals high relative expression of all three in
intravascular schistosome life stages, suggestive of robust
vitamin B6 metabolism within the final host. The expression
patterns of the genes encoding each of these enzymes are distinct,
likely reflecting differences in the biochemical pathways that are
most engaged in the various life stages.

The work presented here extends the known substrates upon
which SmAP can act; in addition to AMP, GMP, CMP, TMP, S1P,
and polyP, PLP is now added to the list. We hypothesize that SmAP
at the surface of intravascular schistosomes plays a key role in
vitamin B6 acquisition by the parasites. The protein can cleave PLP
in the blood to generate a pool of free pyridoxal in the vicinity of the
Frontiers in Immunology | www.frontiersin.org 11
worms from where this vitamer might conveniently be taken up.
Phosphorylation of pyridoxal via SmPK would trap the vitamer
inside the worms as PLP which could then engage in the many
biochemical reactions that require this co-factor.

It has been reported that plasma PLP gets mobilized to sites of
inflammation for use by PLP‐dependent enzymes that play active
roles in inflammatory processes e.g., the PLP‐dependent
reactions that are necessary for immune cell proliferation or to
generate immunomodulatory sphingolipids (42). Thus, it is
possible that SmAP-mediated cleavage of plasma PLP not only
generates free pyridoxal as a nutrient for the worms but
additionally deprives the host of sufficient PLP for optimal
inflammation. Furthermore, pyridoxal alone has been shown
capable of inhibiting production of inflammatory cytokines in
macrophages (43). Thus, it is possible that any pyridoxal
generated by the action of SmAP that is not imported into the
parasites could contribute to a biochemical anti-inflammatory
perimeter established by the worms around themselves.

Blocking SmAP function in schistosomes might impair parasite
feeding and metabolism by diminishing the available pool of
pyridoxal around the worms (in addition to impeding the
parasite’s ability to generate the anti-inflammatory mediators
adenosine and pyridoxal). Thus, new therapies that inhibit SmAP
might block both parasite feeding and immunomodulation and
could help to promote optimal inflammatory responses thereby
controlling these globally debilitating pathogens.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The name of the repository and accession numbers
can be found here: https://www.ncbi.nlm.nih.gov/genbank/,
MW148599, MW148600, MW148602, MW148601.
ETHICS STATEMENT

The animal study was reviewed and approved by Tufts
University IACUC.
AUTHOR CONTRIBUTION

AD: experiment design and data collection, analysis and interpretation,
writing. ME: data collection, analysis and interpretation, critical
review. SE-B: supervision, critical review. PS: project concept and
design, data analysis, supervision, writing. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was funded with support from NIH-NIAID grant
AI056273. Infected snails were provided by BRI via the NIAID
schistosomiasis resource center under NIH-NIAID Contract
No. HHSN272201000005I.
February 2021 | Volume 11 | Article 622162

https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Da’dara et al. Vitamin B6 Biochemistry in Schistosomes
REFERENCES

1. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis.
Lancet (2014) 383(9936):2253–64. doi: 10.1016/S0140-6736(13)61949-2

2. Skelly P, Wilson R. Making Sense of the Schistosome Surface. Adv Parasitol
(2006) 63:185–284. doi: 10.1016/S0065-308X(06)63003-0

3. Skelly PJ, Da’dara AA, Li XH, Castro-Borges W, Wilson RA. Schistosome
feeding and regurgitation. PloS Pathog (2014) 10(8):e1004246. doi: 10.1371/
journal.ppat.1004246

4. Skelly P, Cunningham J, Kim J, Shoemaker C. Cloning, characterization and
functional expression of cDNAs encoding glucose transporter proteins from
the human parasite, Schistosoma mansoni. J Biol Chem (1994) 269(6):4247–
53. doi: 10.1016/S0021-9258(17)41770-4

5. Mastroberardino L, Spindler B, Pfeiffer R, Skelly PJ, Loffing J, Shoemaker CB,
et al. Amino-acid transport by heterodimers of 4F2hc/CD98 and members of
a permease family. Nature (1998) 395(6699):288–91. doi: 10.1038/26246

6. Krautz-Peterson G, Camargo S, Huggel K, Verrey F, Shoemaker CB, Skelly PJ.
Amino Acid Transport in Schistosomes: Characterization of the Permease
Heavy Chain SPRM1hc. J Biol Chem (2007) 282(30):21767–75. doi: 10.1074/
jbc.M703512200

7. Faghiri Z, Camargo SM, Huggel K, Forster IC, Ndegwa D, Verrey F, et al. The
tegument of the human parasitic worm Schistosoma mansoni as an excretory
organ: the surface aquaporin SmAQP is a lactate transporter. PloS One (2010)
5(5):e10451. doi: 10.1371/journal.pone.0010451

8. Faghiri Z, Skelly PJ. The role of tegumental aquaporin from the human parasitic
worm, Schistosoma mansoni, in osmoregulation and drug uptake. FASEB J Off
Publ Fed Am Soc Exp Biol (2009) 23(8):2780–9. doi: 10.1096/fj.09-130757

9. Krautz-Peterson G, Simoes M, Faghiri Z, Ndegwa D, Oliveira G, Shoemaker
CB, et al. Suppressing glucose transporter gene expression in schistosomes
impairs parasite feeding and decreases survival in the mammalian host. PloS
Pathog (2010) 6(6):e1000932. doi: 10.1371/journal.ppat.1000932

10. Hellmann H, Mooney S. Vitamin B6: a molecule for human health?Molecules
(2010) 15(1):442–59. doi: 10.3390/molecules15010442

11. G. a M, Combs JP. Vitamin B6. In: The vitamins: fundamental aspects in
nutrition and health, 5th ed. San Diego: Elsevier Academic Press (2017).

12. G. a J,Wondrak EL. Vitamin B6: BeyondCoenzyme Functions. In: O S, editor.Water
Soluble Vitamins. Dordrecht: Springer (2012). doi: 10.1007/978-94-007-2199-9_15

13. Mukherjee T, Hanes J, Tews I, Ealick SE, Begley TP. Pyridoxal phosphate:
biosynthesis and catabolism. Biochim Biophys Acta (2011) 1814(11):1585–96.
doi: 10.1016/j.bbapap.2011.06.018

14. Braschi S, Borges WC, Wilson RA. Proteomic analysis of the schistosome
tegument and its surface membranes. Mem Inst Oswaldo Cruz (2006) 101
Suppl 1:205–12. doi: 10.1590/s0074-02762006000900032

15. Braschi S, Wilson RA. Proteins exposed at the adult schistosome surface
revealed by biotinylation. Mol Cell Proteomics (2006) 5(2):347–56.
doi: 10.1074/mcp.M500287-MCP200.

16. Castro-Borges W, Dowle A, Curwen RS, Thomas-Oates J, Wilson RA.
Enzymatic shaving of the tegument surface of live schistosomes for
proteomic analysis: a rational approach to select vaccine candidates. PloS
Negl Trop Dis (2011) 5(3):e993. doi: 10.1371/journal.pntd.0000993

17. Da’dara AA, Bhardwaj R, Ali YB, Skelly PJ. Schistosome tegumental ecto-
apyrase (SmATPDase1) degrades exogenous pro-inflammatory and pro-
thrombotic nucleotides. PeerJ (2014) 2:e316. doi: 10.7717/peerj.316

18. Araujo-Montoya BO, Rofatto HK, Tararam CA, Farias LP, Oliveira KC,
Verjovski-Almeida S, et al. Schistosoma mansoni: molecular characterization
of Alkaline Phosphatase and expression patterns across life cycle stages. Exp
Parasitol (2011) 129(3):284–91. doi: 10.1016/j.exppara.2011.07.008

19. Rofatto HK, Tararam CA, Borges WC, Wilson RA, Leite LC, Farias LP.
Characterization of phosphodiesterase-5 as a surface protein in the tegument
of Schistosoma mansoni. Mol Biochem Parasitol (2009) 166(1):32–41.
doi: 10.1016/j.molbiopara.2009.02.006.

20. Bhardwaj R, Krautz-Peterson G, Da’dara A, Tzipori S, Skelly PJ. Tegumental
Phosphodiesterase SmNPP-5 Is a Virulence Factor for Schistosomes. Infect
Immun (2011) 79(10):4276–84. doi: 10.1128/IAI.05431-11
Frontiers in Immunology | www.frontiersin.org 12
21. Elzoheiry M, Da’dara AA, deLaforcade AM, El-Beshbishi SN, Skelly PJ. The
Essential Ectoenzyme SmNPP5 from the Human Intravascular Parasite
Schistosoma mansoni is an ADPase and a Potent Inhibitor of Platelet
Aggregation. Thromb Haemost (2018) 118(6):979–89. doi: 10.1055/s-0038-
1641715

22. Bhardwaj R, Skelly PJ. Characterization of schistosome tegumental alkaline
phosphatase (SmAP). PloS Neglected Trop Dis (2011) 5(4):e1011. doi: 10.1371/
journal.pntd.0001011

23. Elzoheiry M, Da’dara AA, Bhardwaj R, Wang Q, Azab MS, El-Kholy EII, et al.
Intravascular Schistosoma mansoni Cleave the Host Immune and Hemostatic
Signaling Molecule Sphingosine-1-Phosphate via Tegumental Alkaline
Phosphatase. Front Immunol (2018) 9:1746. doi: 10.3389/fimmu.2018.01746

24. Elzoheiry M, Da’dara AA, Nation CS, El-Beshbishi SN, Skelly PJ.
Schistosomes can hydrolyze proinflammatory and prothrombotic
polyphosphate (polyP) via tegumental alkaline phosphatase, SmAP. Mol
Biochem Parasitol (2019) 232:111190. doi: 10.1016/j.molbiopara.2019.111190

25. Tucker MS, Karunaratne LB, Lewis FA, Freitas TC, Liang YS. Schistosomiasis.
Curr Protoc Immunol (2013) 103:19.1.1–19.1.58. doi: 10.1002/
0471142735.im1901s103. Unit 19 1.

26. Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. Integrated,
nontargeted ultrahigh performance liquid chromatography/electrospray
ionization tandem mass spectrometry platform for the identification and
relative quantification of the small-molecule complement of biological
systems. Anal Chem (2009) 81(16):6656–67. doi: 10.1021/ac901536h

27. Da’dara AA, Skelly PJ. Gene suppression in schistosomes using RNAi.
Methods Mol Biol (2015) 1201:143–64. doi: 10.1007/978-1-4939-1438-8_8

28. Krautz-Peterson G, Bhardwaj R, Faghiri Z, Tararam CA, Skelly PJ. RNA
interference in schistosomes: machinery and methodology. Parasitology
(2010) 137(3):485–95. doi: 10.1017/S0031182009991168

29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
(2001) 25(4):402–8. doi: 10.1006/meth.2001.1262. S1046-2023(01)
91262-9 [pii].

30. Nation CS, Da’Dara AA, Skelly PJ. The essential schistosome tegumental
ectoenzyme SmNPP5 can block NAD-induced T cell apoptosis. Virulence
(2020) 11(1):568–79. doi: 10.1080/21505594.2020.1770481

31. Churchich JE, Kim YT. Pyridoxal kinase. Structure and function. Ann N Y
Acad Sci (1990) 585:357–67. doi: 10.1111/j.1749-6632.1990.tb28068.x

32. Gohla A, Birkenfeld J, Bokoch GM. Chronophin, a novel HAD-type serine
protein phosphatase, regulates cofilin-dependent actin dynamics.Nat Cell Biol
(2005) 7(1):21–9. doi: 10.1038/ncb1201

33. ShuoHao H, Jing L, Jie Z, JianYun Z, LongQuan H. Identification and
characterization of a pyridoxal 5’-phosphate phosphatase in tobacco plants.
Plant Sci (2019) 278:88–95. doi: 10.1016/j.plantsci.2018.10.014

34. Musayev FN, Di Salvo ML, Ko TP, Schirch V, Safo MK. Structure and
properties of recombinant human pyridoxine 5’-phosphate oxidase. Protein
Sci (2003) 12(7):1455–63. doi: 10.1110/ps.0356203

35. Da’dara A, Skelly PJ. Manipulation of vascular function by blood flukes? Blood
Rev (2011) 25(4):175–9. doi: 10.1016/j.blre.2011.04.002

36. Da’dara A, Krautz-Peterson G, Faghiri Z, Skelly PJ. Metabolite movement
across the schistosome surface. J Helminthol (2012) 86(2):141–7. doi: 10.1017/
S0022149X12000120

37. Wang Q, Da’dara AA, Skelly PJ. The human blood parasite Schistosoma
mansoni expresses extracellular tegumental calpains that cleave the blood
clotting protein fibronectin. Sci Rep (2017) 7(1):12912. doi: 10.1038/s41598-
017-13141-5

38. Bhardwaj R, Skelly PJ. Purinergic signaling and immune modulation at the
schistosome surface? Trends Parasitol (2009) 25(6):256–60. doi: 10.1016/
j.pt.2009.03.004

39. Levy MG, Read CP. Purine and pyrimidine transport in Schistosoma mansoni.
J Parasitol (1975) 61(4):627–32. doi: 10.2307/3279455

40. Fedde KN,Whyte MP. Alkaline phosphatase (tissue-nonspecific isoenzyme) is
a phosphoethanolamine and pyridoxal-5’-phosphate ectophosphatase:
normal and hypophosphatasia fibroblast study. Am J Hum Genet (1990) 47
(5):767–75.
February 2021 | Volume 11 | Article 622162

https://doi.org/10.1016/S0140-6736(13)61949-2
https://doi.org/10.1016/S0065-308X(06)63003-0
https://doi.org/10.1371/journal.ppat.1004246
https://doi.org/10.1371/journal.ppat.1004246
https://doi.org/10.1016/S0021-9258(17)41770-4
https://doi.org/10.1038/26246
https://doi.org/10.1074/jbc.M703512200
https://doi.org/10.1074/jbc.M703512200
https://doi.org/10.1371/journal.pone.0010451
https://doi.org/10.1096/fj.09-130757
https://doi.org/10.1371/journal.ppat.1000932
https://doi.org/10.3390/molecules15010442
https://doi.org/10.1007/978-94-007-2199-9_15
https://doi.org/10.1016/j.bbapap.2011.06.018
https://doi.org/10.1590/s0074-02762006000900032
https://doi.org/10.1074/mcp.M500287-MCP200
https://doi.org/10.1371/journal.pntd.0000993
https://doi.org/10.7717/peerj.316
https://doi.org/10.1016/j.exppara.2011.07.008
https://doi.org/10.1016/j.molbiopara.2009.02.006
https://doi.org/10.1128/IAI.05431-11
https://doi.org/10.1055/s-0038-1641715
https://doi.org/10.1055/s-0038-1641715
https://doi.org/10.1371/journal.pntd.0001011
https://doi.org/10.1371/journal.pntd.0001011
https://doi.org/10.3389/fimmu.2018.01746
https://doi.org/10.1016/j.molbiopara.2019.111190
https://doi.org/10.1002/0471142735.im1901s103
https://doi.org/10.1002/0471142735.im1901s103
https://doi.org/10.1021/ac901536h
https://doi.org/10.1007/978-1-4939-1438-8_8
https://doi.org/10.1017/S0031182009991168
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1080/21505594.2020.1770481
https://doi.org/10.1111/j.1749-6632.1990.tb28068.x
https://doi.org/10.1038/ncb1201
https://doi.org/10.1016/j.plantsci.2018.10.014
https://doi.org/10.1110/ps.0356203
https://doi.org/10.1016/j.blre.2011.04.002
https://doi.org/10.1017/S0022149X12000120
https://doi.org/10.1017/S0022149X12000120
https://doi.org/10.1038/s41598-017-13141-5
https://doi.org/10.1038/s41598-017-13141-5
https://doi.org/10.1016/j.pt.2009.03.004
https://doi.org/10.1016/j.pt.2009.03.004
https://doi.org/10.2307/3279455
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Da’dara et al. Vitamin B6 Biochemistry in Schistosomes
41. Said ZM, Subramanian VS, Vaziri ND, Said HM. Pyridoxine uptake by
colonocytes: a specific and regulated carrier-mediated process. Am J Physiol
Cell Physiol (2008) 294(5):C1192–7. doi: 10.1152/ajpcell.00015.2008

42. Paul L, Ueland PM, Selhub J. Mechanistic perspective on the relationship
between pyridoxal 5’-phosphate and inflammation. Nutr Rev (2013) 71
(4):239–44. doi: 10.1111/nure.12014

43. Zhang P, Tsuchiya K, Kinoshita T, Kushiyama H, Suidasari S, Hatakeyama M,
et al. Vitamin B6 Prevents IL-1beta Protein Production by Inhibiting NLRP3
Inflammasome Activation. J Biol Chem (2016) 291(47):4517–24527.
doi: 10.1074/jbc.M116.743815
Frontiers in Immunology | www.frontiersin.org 13
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Da’dara, Elzoheiry, El-Beshbishi and Skelly. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 11 | Article 622162

https://doi.org/10.1152/ajpcell.00015.2008
https://doi.org/10.1111/nure.12014
https://doi.org/10.1074/jbc.M116.743815
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Vitamin B6 Acquisition and Metabolism in Schistosoma mansoni
	Introduction
	Materials and Methods
	Parasites and Mice
	Pyridoxal and Phosphate Detection in Murine Plasma
	PLP Hydrolysis by Living Parasites and by Recombinant Schistosome Enzymes
	Gene Suppression Using RNAi
	Cloning cDNAs Encoding the Vitamin B6 Metabolizing Enzymes of Schistosomes
	SmPK, SmPLP-Ph, and SmPNPO Gene Expression Analysis
	Statistical Analysis

	Results
	Schistosomes Cleave Exogenous Pyridoxal Phosphate (PLP)
	Recombinant SmAP can Hydrolyze PLP
	Tegumental SmAP Cleaves PLP
	In Silico Analysis of Vitamin B6 Metabolizing Enzymes of S. mansoni
	Developmental Expression of SmPK, SmPLP-Ph, and SmPNPO

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contribution
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


