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Soluble inorganic pyrophosphatases (PPases) are essential for facilitating the growth
and development of organisms, making them attractive functional proteins. To provide
insight into the molecular basis of PPases in Schistosoma japonicum (SjPPase), we
expressed the recombinant SjPPase, analyzed the hydrolysis mechanism of inorganic
pyrophosphate (PPi), and measured its activity. Moreover, we solved the crystal structure
of SjPPase in complex with orthophosphate (Pi) and performed PPi and methylene
diphosphonic acid (MDP) docking into the active site. Our results suggest that the
SjPPase possesses PPi hydrolysis activity, and the activity declines with increased
MDP or NaF concentration. However, the enzyme shows unexpected substrate
inhibition properties. Through PPi metabolic pathway analysis, the physiological action of
substrate inhibition might be energy saving, adaptably cytoprotective, and biosynthetic
rate regulating. Furthermore, the structure of apo-SjPPase and SjPPase with Pi has
been solved at 2.6 and 2.3 A, respectively. The docking of PPi into the active site of
the SjPPase-Pi complex revealed that substrate inhibition might result from blocking Pi
exit due to excess PPi in the SjPPase-Pi complex of the catalytic cycle. Our results
revealed the structural features of apo-SjPPase and the SjPPase-Pi complex by X-ray
crystallography, providing novel insights into the physiological functions of PPase in
S. japonicum without the PPi transporter and the mechanism of its substrate inhibition.

Keywords: Schistosoma japonicum, inorganic pyrophosphatase, inorganic pyrophosphate, crystal structure,
inhibition

INTRODUCTION

Schistosoma japonicum is one of the major causative agents of schistosomiasis and has a
complex life cycle. From egg to adult, S. japonicum undergoes one hatch and two parasitic
processes. The three steps occur cyclically under natural conditions between Oncomelania snails
and mammals successively (Han et al., 2009). In the mammalian body, S. japonicum develops
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from schistosomula to adult worms that lay eggs. The
developmental stage of S. japonicum in mammals is key
to accomplishing its life cycle from an immature worm
incapable of laying eggs. During the developmental stages of
S. japonicum, several biological macromolecules are rapidly
synthesized in abundance.

The processing of these biosynthetic reactions enables

the rapid hydrolysis of inorganic pyrophosphate (PPi,
a  by-product) by soluble inorganic pyrophosphatase
(sPPase),  further  driving the  reactions forward
thermodynamically. Hence, sPPase might be

significant for facilitating the growth and development
of the organism.

Inorganic pyrophosphatase (PPase) is a one-domain globular
enzyme containing several divalent metal ions that catalyze the
hydrolysis of PPi to two orthophosphates (Pi). The hydrolytic
reaction of PPi not only provides a thermodynamic pull for
many biosynthetic reactions but also makes Pi available to
many biochemical reactions in which inorganic phosphates
are involved (Yi et al, 2012). Additionally, PPase is a type
of metalloenzyme comprised of two parts—a divalent metal
ion and apoenzyme. From a structural point of view, this
type of enzyme has a core structure (Benini and Wilson,
2011) and contains a dimer interface and two chemical-
binding sites (Sitnik et al., 2003; Sitnik and Avaeva, 2007).
Generally, most eukaryotic PPases are homodimers except
for the Trypanosoma brucei brucei PPase tetramer (Jamwal
et al., 2015), whereas prokaryotic PPases are homohexamers
(Benini and Wilson, 2011).

Studies on the roles of sPPase are at three different levels:
molecular characteristics, functions in cells or protozoa, and
metazoa. The properties of sPPase molecules primarily involve
enzyme activity (Hoelzle et al., 2010; Stockbridge and Wolfenden,
2011; Costa et al., 2012), functioning in cells or protozoa by
regulating the cytosolic concentration of PPi in Toxoplasma
gondii directly (Pace et al, 2011) and eliminating excess
pyrophosphate toxicity in Saccharomyces cerevisiae (Serrano-
Bueno et al., 2013). Additionally, sPPase is a key polyphosphate
metabolism enzyme in Leishmania (Espiau et al., 2006). Recent
studies have shown that sPPase is necessary for the larval
development of some metazoan species (Islam et al, 2003;
Ko et al, 2007), such as Caenorhabditis elegans and the
roundworm Ascaris. S. japonicum PPase (SjPPase) has shown
that the expression quantity from cercaria to adult worm
presents a trend from high to low, and expression level in
the integument is higher than that in other parts at different
stages in the adult (Liu et al, 2006; Chen J. H. et al,
2014). Nevertheless, the functions and molecular basis of
SjPPase remain unclear.

This  study analyzed substrate PPi  metabolism,
expressed recombinant  SjPPase, and measured the
activities under different conditions using colorimetric
methods.  Furthermore, we revealed the structural
features of apo-SjPPase and the SjPPase-Pi complex
by X-ray crystallography and provided molecular
insights into substrate inhibition of SjPPase through

docking experiments.

MATERIALS AND METHODS

Sequence Analysis

Amino acid analysis and molecular weight (MW) and electronic
point (pI) determination of protein were performed using BioXM
2.6. Multiple sequence alignment was performed using MUSCLE!
and visualized online using ESPript 3.0> (Edgar, 2004; Robert and
Gouet, 2014). Protein sequences were primarily selected from
pathogens, yeast, and humans. The accession numbers for these
sequences were 4QLZ and 4QMB for S. japonicum, EAX99718.1
for Trichomonas vaginalis G3, CCD82372.1 for S. mansoni,
CCF72873 for Babesia microti strain RI, NP_218145.1 for
Mycobacterium tuberculosis H37Rv, CAB37743.1 for Helicobacter
pylori, 1IPW for Escherichia Coli, 1E9G for S. cerevisiae, and
AAHO01022.3 for Homo sapiens.

PPi Metabolic Pathway Analysis

Inorganic pyrophosphate metabolism was analyzed by enzymatic
reaction analysis, a literature search, and sequence alignment.
Enzymatic reactions involving PPi were searched using the search
term “diphosphate” in the Enzyme Structures Database.” Further
confirmation was done “on a one by one basis” to ascertain the
participation of PPi in these reactions. Furthermore, based on
PPi location at product or substrate positions in the reactions,
these catalysts were divided into PPi-generating enzyme and PPi-
utilizing enzyme (including PPi hydrolyase). Enzymes involved
in PPi metabolism were searched* and investigated in humans
and S. japonicum. Furthermore, PPi transporter and member-
integrated PPi metabolism-related enzymes were investigated
using a literature survey based on the PPi homeostasis model
(Villa-Bellosta et al., 2013). Thereafter, a comparison of the
PPi metabolic pathway between blood flukes and human hosts
was performed using a sequence alignment search of genes and
proteins related to PPi metabolism. To search for progressive
ankylosis protein homology (ANKH) in Schistosoma, the query
sequences (Supplementary File 1) were downloaded from
UniProtKB. The search term “ANKH family” was used in the
“Family and Domains > Protein family” field Databases and
included S. haematobium, S. japonicum, and S. mansoni genomes.

Cloning, Expression, and Purification of

Recombinant SjPPase and ScPPase

A forward primer (5'-AATGGGTCGCGGATCCATGTCGGT
TGAACGTGGG-3') and a  reverse  primer  (5-
GGTGGTGGTGCTCGAGTTAAATATTCGTATTACAAAAAT

GCC-3") were used to amplify the SjPPase gene with cDNA as
the template. The 25-pl reaction mixture comprised of 2x Taq
PCR MasterMix (12.5 pl), 10 pM forward primer (1 pl), 10 uM
reverse primer (1 pl), cDNA template (1 1), and water (9.5 pl).
The cycling conditions were set as follows: initial denaturation at
95°C for 5 min, 30 cycles of PCR including denaturation at 95°C
for 30 s, annealing at 55°C for 30 s, and extension at 72°C for

Uhttp://www.ebi.ac.uk/Tools/msa/muscle/
Zhttp://espript.ibep.fr/ESPript/cgi- bin/ESPript.cgi
*http://www.ebi.ac.uk/thornton-srv/databases/enzymes/
“https://www.ncbi.nlm.nih.gov/protein
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40MB TET TE — TT — TT = =T T=p ->TT — TT b d TTT =
4012 —_— T — TT = =>TT=> —>TT — TT TT TTT
40MB 25 MIVETIPRW.[TINARMEIT|CKE|E LMNP I KHD VKNNKLRY I YNVFE PJHKG[Y|I WNEEAL PJOlWEDP SYVDED TKAK
4QLZ 25 MIVEIPRW. TNAMMII|CKEELMNP IKHDVKNNKLRY I YN|VFPHKG|Y|IWN)4EAL POWWEDP SYVDED TKAK
ScPPAl 27 MVVEIPRW. TNABLII|TKEE TLNP I IQDTKK|GK[LRFVRN|CF P|HHG|Y|IHN)4EAF POWWEDPNVSHPETKAV
SmPPAl 68 MIVEIPRW. TNAKMII|CKEELMNP IKQDVKNNKLR[YVNN|VEPHKG|Y|I WN)4EAL POWWEDPNHVDENTKAK
BmPPAl 94 MIVEISKN . QLERLIYI|D|TKTSENP IKQDLKN[GIVR|. . . . .[PFN}4eAMPKWWEDPKEFVEEGGSK
HsSPPAl 30 FIHMVVEVPRW . [SNAEIMIAT|AITKDP LNP T KQD VKK|GK|L R[Y VAN|L F P|Y K G|Y|T WN)4EA|T PQWEDP GHNDKHTGCC
TvPPAl 58 AVIEIPAL.[SRVIITILDKP[S . . . .. ... ... GILILKVDRILHS|SVI|Y[PANNMEF|IPEMLA. ... ... .....
MtPPAl 1 VTIEIPKG.QRNEYIVDHET. . ... .. .... GRVRILDRY|L Y T|P MA|Y|P TDP4EF|IEDWLG . . . . . .. .. ...
HpPPAl R O O 1N 1 . SNV LDKES . v e e e GAILMVDRV|L YGAQN|Y|P ANNMEFVPNLG . . . .. ..o ...
EcPPAl 1 VVIEIPANADPINYIEIDKES. .. .. ... ... GALEVDRFMS TIAMF|Y]P CNME]Y[INHBLS . . . .. .o o L.

The shifted region of secondary structure between 4QLZ and 4QMB

40MB _— — T T 2000 0000000 QQ000000Q0QQ0Q -
40LZ — Ll — T TP =TT QQ0000Q Q0000000000 QQ0Q =

. v s . . % .
40MB 112 . . GENEEIBVICE[T|GSKIWPS[GSV I LD V|D AHMP G F[LJK[A|T RDWEIK YEZV P AGKP EN|S
4QLZ 112 . . GNPRTVICE[I|GSKIWPS[GSV I L|D VD AHMP GF|L|K/AIT RD[WE|K YP#8V P AGKP EN|S
ScPPAl 114 . GINPRE TVILE[I|GETIAYT|GQVK EDV[EKYFPGL|LIRATNEWE|R IP43T P DGKP EN|Q
SmPPAl 154 . .G[NPRITRVICE|I|GSKIWPP|GSTI H|D V|D T HMP G L|{L|K|A|T RD[W F|K YP#8V P T GK P EN|T
BmPPAl 181 YFGPRINPRATMIVE(I[SPVPYKPGDIL QDAEKYYPSI|CHD|IIVHW YK TP#SVPN . . . .[NR
HSPPAl 115 . .GPJNPRATMVICE[I[GSKVCARGET I NDVIKRLKP G Y|L{EA|T VD[ F|RR}44V P D GK P E|N[E
TvPPAl 121 . .ERINPRTMIILV|L/CQLSVPPLSLY SELPPFK. . .[L|LMINQF FND)44T LERKEV[RT
MtPPAl 51 . .DpGPRLBAILVL|LPQPVFP|GVLY| GDV[PAFE. . .|LDA|IKHF F[VHFSDLE . . . P|GK
HpPPAl 39 . .SPGPRIVINALV[L[SDVAFQAGS VY| DDL|{SKHT . . .|LDK|IKHFF|ETP44DLE . . . PNK
EcPPAl 64 . LG VIVIL VIPITP YPLQP|GSV I PH[SKL|SKEYDH[T NDLPELL. . .[KAQIAHFFEHMUDLE . . . K[GK

DXDXXD
signature motif

FIGURE 1 | Multisequencing alignment of inorganic pyrophosphatase (PPase) family I. There are 15 conserved residues (in consensus) in the sequences of the
PPases. Identical residues are boxed in red. The sequence, DXDXXD, is the signature motif of PPase family I. Secondary structure elements (helices with squiggles,
strands with arrows, and turns with TT letters) are displayed for chain A of 4QLZ and 4QMB. Accession numbers for the sequences: Schistosoma japonicum (4QLZ
and 4QMB), Trichomonas vaginalis G3 (EAX99718.1), S. mansoni (CCD82372.1), Babesia microti strain Rl (CCF72873), Mycobacterium tuberculosis H37Rv
(NP_218145.1), Helicobacter pylori (CAB37743.1), Escherichia Coli (11PW), Saccharomyces cerevisiae (1EQG), Homo sapiens (AAH01022.3). The abbreviation,
ScPPA1, represents inorganic pyrophosphatase family | (PPA1) from S. cerevisiae. And so on, for other abbreviations.

1 min. The full-length gene of soluble PPase from S. japonicum
was inserted by the In-fusion cloning method into plasmid
pET-28a (+) between two restriction sites: BamH I and Xho I.
The recombinant plasmid (SjPPase-pET-28a) was transformed
into E. coli BL21 (DE3), and then the bacteria-harboring
SjPPase-pET-28a was conserved in LB medium containing 15%
glycerol and 50 mg kanamycin per liter at -80°C for protein
expression. The product of small-scale expression was analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting to verify the expression
level of the target protein. The prepared bacteria was revived in
50 ml LB medium containing kanamycin at 37°C, and shaken
at 165 rpm for 7 h. The suspension was then decanted into 1 L
of LB culture, incubated at 37°C, and shaken at 165 rpm. When
ODggo approached 1.4, 0.7 mM isopropyl-p-d-thiogalactoside
(IPTG) was added to the culture; shaking speed and temperature
were altered and set at 195 rpm and 24°C, respectively. After 9 h,
the suspension was harvested by centrifugation at 5,000 rpm and
a temperature of 4°C for 8 min. The pellet was re-suspended in
nickel-nitrilotriacetic acid (Ni-NTA) column buffer A [300 mM
NaCl, 50 mM phosphate buffer (pH 7.4), 10 mM imidazole,
and 10% glycerol] containing 5 mM phenylmethylsulfonyl
fluoride (PMSF) and lysed by sonication. The lysate was clarified
by centrifugation at 13,000 rpm and temperature of 4°C for
30 min, and the supernatant was filtered using a 0.22-um filter
membrane. The flowed fraction was loaded into an affinity
chromatography column of Ni-NTA resin at a 3-ml/min flow
rate using an AKTA purifier 10 (GE Healthcare, Chicago, IL,
United States). The resin was washed with Ni-NTA column
buffer A until the value of UV approached 0 mU, washed again

with a mixture of Ni-NTA column buffer B [300 mM NaCl,
50 mM phosphate buffer (pH 7.4), 500 mM imidazole, and
10% glycerol] and Ni-NTA column buffer A at a volumetric
proportion of 1:9 until the value of UV approached 20 mU,
then eluted with 20 ml buffer B. The eluted protein was dialyzed
overnight against diethyl aminoethyl (DEAE) column buffer A
[20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 5 mM EDTA, and
10% glycerol]. The protein solution was loaded into DEAE
resin at a 3-ml/min flow rate using AKTA purifier 10. The resin
was washed with DEAE column buffer A until the value of UV
approached 0 mU, then eluted with 20 ml DEAE column buffer
B [20 mM Tris-HCI (pH 8.0), 500 mM NaCl, 5 mM EDTA, and
10% glycerol]. Each fraction was performed by SDS-PAGE for
purification analysis and molecular mass analysis. The eluted
protein was dialyzed overnight against a dialysis buffer [50 mM
Tris-HCl (pH 7.4), 100 mM NaCl, and 10% glycerol]. The
purification products were analyzed using SDS-PAGE, and the
purified protein was concentrated to approximately 18 mg/ml
using a microcon-10 kDa centrifugal filter (MilliporeSigma,
Burlington, MA, United States). The S. cerevisiae PPase gene
(ScPPase, 1E9G) was synthesized and further constructed in
pET-28a (+). The ScPPase recombinant protein was prepared
using the method for rSjPPase.

Native-PAGE

We prepared eight samples containing 100 g rSjPPase in 100 .1
PBS. First, these were equally separated into two groups in which
5wl of 1 mM Mg?* was added to one group while the other group
was without Mg?*. Next, four samples from each group were
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treated with 5 pl of 1 mM glutathione (GSH), 5,5 -dithiobis(2-
nitrobenzoic acid) (DNTB), imidodiphosphate (IDP), and 10 pl
PBS for 5 min at room temperature. Thereafter, all samples were
centrifuged at 3,000 rpm (4°C) for 2 min, and native-PAGE was
performed for 3 h at 240 V in an ice bath.

Enzyme Assay of Recombinant SjPPase
Inorganic pyrophosphatase activity assay was based on a
previously described method for HSP90 ATPase activity (Avila
et al., 2006). The effects of some molecules, such as magnesium
ions (Mg2+), PPi, sodium fluoride (NaF), and methylene
diphosphonic acid (MDP), on the catalytic activities of SjPPase,
were investigated. The detailed conditions are described in
Supplementary Table 1. Each group comprised two reactions,
test and control reactions, each of which was made up of
a 100-pl reaction system. The SjPPase or ScPPase enzyme
and magnesium ions, as well as inorganic pyrophosphate and
NaF or MDP, were mixed to a 50-pul volume—VC signifies
“various concentrations.” VCy represents a series of magnesium
ions concentrations, including 500, 250, 100, 50, and 25 pM.
Various PPi concentrations represented by VCp included
2,000; 1,000; 500; 250; 100; 50; 10; and 5 wM. Various NaF
concentrations represented by VC¢ included 1 and 0.5 mM.
Various concentrations of MDP represented by VCp included 2
and 1 mM. The reaction was incubated for 45 min and monitored
every 2.5 min. A fluorescence microplate reader was used for
fluorescence detection at an excitation of 560 nm and emission
detection at 590 nm. All reactions were processed at 25°C. Protein
concentration was tested using a bicinchoninic acid assay (BCA
assay) using bovine serum albumin as the standard. The curves
were analyzed by nonlinear fitting using the GraphPad Prism
software, version 5.0 (GraphPad, San Diego, CA, United States).
Data for ScPPase and Mg?™ ions concentration-response were
generated by nonlinear regression to Michaelis—-Menten kinetics.
Data for SjPPase PPi concentration-response were analyzed by
nonlinear regression to substrate inhibition.

Crystallization, Data Collection, and

Structure Determination
Crystallization screening was performed in 96-well plates with
sitting drops consisting of 1 pl protein solution mixed with an
equal amount of precipitant. The index™ PEG/Ion Screen™
and the PEG/Ion 2 Screen™ kit were used for screening
(Hampton Research, Aliso Viejo, CA, United States). Colorless
rectangular rod-like crystals were obtained after 2 weeks from
the condition 0.2 M sodium malonate, 20% polyethylene glycol
(PEG) 3,350. Crystallization conditions were optimized by fine-
tuning the pH value, additive type, and salt and precipitation
agent concentration. The final conditions (Supplementary
Table 2) suitable for X-ray diffraction were reproduced manually
in large volumes by the hanging-drop method in 24-well plates,
equilibrating 1 pl protein and 1 pl precipitant against 1 ml
precipitant. The protein concentration for crystallization was 16-
18 mg/ml.

The crystals were collected at a wavelength of 0.9707 A
using an ADSC Quantum 315r CCD detector on a BL17U1

beamline at Shanghai Synchrotron Radiation Facility (SSREF),
China. Data were processed and reduced using the HKL2000
package (Otwinowski and Minor, 1997), and relevant statistics
are shown in Table 1.

The structures of SjPPase-Pi and apo-PPase were solved by
the molecular-replacement (MR) method using yeast PPase (PDB
code: 1E9G) as an initial search model on Phenix (Adams et al.,
2010). Thereafter, refinements were conducted using REFMAC,
and the models were checked and rebuilt using COOT (Emsley
and Cowtan, 2004). Statistical data for the final rounds of
refinement are presented in Table 1. The electron density maps
were calculated using Phenix, and the figures were generated
using PyMOL software (PyMOL molecular graphics system,
version 1.3.1; Schrodinger, Inc, New York, NY, United States).
The atomic coordinates and structure factors (code 4QLZ and
4QMB) were deposited in the Protein Data Bank.’

Structural Comparison

A structural comparison of the SjPPase and ScPPase ligand and
cofactor binding sites was performed. A series of ScPPase PDBs
(Le6a, 1e9g, 1m38, 1wgi, 2ihp, 2ik0, 2ikl, 2ik2, 2ik4, 2iké, 2ik7,
2ik9, and 117e) and SjPPase 4qlz were used for searching the
binding sites of ligands and apo-PPase. Combined with the multi-
sequencing alignment results, some identical or varying residues
between SjPPase and ScPPase at binding sites were found.

Docking Simulation

Docking simulations were carried out using the C-DOCKER
module (Discovery Studio, version 2.1; Accelrys, San Diego, CA,
United States). The X-ray crystal structure of SjPPase was used for
docking calculation. All water molecules in the crystal structure
were removed, while Co?>* (M1 and M2) ions in the active site
were kept as part of the protein. The CHARMm-force field was
applied for docking. The region within 12 A of Pi was chosen as
the active binding site. Random conformations of PPi and MDP
were minimized using CHARMm-based molecular dynamics
(1,000 steps), which were then docked into the defined binding
site. The other parameters were set as default. The CDOCKING
ENERGY scoring function was used to rank binding poses.

RESULTS

Protein Information

The 864 bp CDS encoded a 287-aa putative protein with a
theoretical molecular weight and isoelectric point (pI) estimated
at 32.7 kDa and 6.05, respectively. The protein contained only
one pyrophosphatase region. Multiple sequence alignment shows
that SjPPase contained the characteristics of a family I PPase,
as DXDXXD signature motif and other 12 conserved residues
(Figure 1). In addition, the SjPPase protein sequence exhibited
52% identity with ScPPase.

“http://www.rcsb.org/
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TABLE 1 | Summary of SjPPase crystallography data.

0Lz 4QMB

Space group P32 P32
Resolution (&) 34.89-2.33 (2.41-2.33) 37.88-2.60 (2.70-2.60)

Cell dimension

a,b,c (A 76.08, 76.08, 123.41 75.75, 75.75, 122.96
a,B,y () 90, 90, 120 90, 90, 120
Total reflections 33,781 24,093
Uni-reflections 3,172 2,381

Mean I/sigma (I) 34.3(2.1) 32.39 (14.28)
Completeness (%) 98.45 (92.05) 99.69 (99.33)
Wilson B-factor 55.59 48.43

R-work 0.2091 (0.2648) 0.2024 (0.2332)
R-free 0.2606 (0.3376) 0.2631 (0.3586)
4 2 2

No. atoms 4,677 4,588
protein 4,500 4,500
ligands 18 0

water 159 88
Protein residues 561 561

RMS (bonds) 0.009 0.01

RMS (angles) 1.4 1.47

R. favored (%) 92 90

R. outliers (%) 3.1 4
Clashscore 12.84 16.14
Average B-factor 53.5 56.9
Proteins 53.6 57.1
ligands 54.6

solvent 50.2 46.3

Uni-reflections, Unique reflections; Z, number of molecules per asymmetric unit;
No. atoms, number of atoms; R. favored (%), Ramachandran favored (%); R.
outliers (%), Ramachandran outliers (%).

Comparison of the PPi Metabolism in

Schistosoma and Human

According to enzymatic reaction analysis, intracellular PPi
(iPPi) was mainly generated from reactions catalyzed by
nucleotidyltransferases, together with alkyl and aryl transferases,
while PPi is a by-product. Generated PPi was hydrolyzed by
PPase (EC 3.6.1.1) or alkaline phosphatase (AP, EC 3.1.3.1)
or utilized by pentosyltransferases and phosphotransferases
with an alcohol group as an acceptor. Based on a literature
survey (Villa-Bellosta et al, 2011; Foster et al., 2012), PPi
was pumped out from cells by ANKH. Extracellular PPi
(ePPi) was hydrolyzed by tissue-nonspecific alkaline phosphatase
(TNAP) or ectonucleotide pyrophosphatase phosphodiesterase-
3 (NPP3). In addition, a part of ePPi was produced from
pyrophosphorolysis of nucleoside triphosphate (NTP) catalyzed
by ectonucleotide pyrophosphatase phosphodiesterase-1 (NPP1).
All of these formed the general picture of iPPi and ePPi
metabolism (Figure 2). We then further searched for protein
sequences related to PPi metabolism in Schistosoma and humans
(Supplementary Table 3). We observed that PPi transporter
ANKH exists in the human genome (accession number:
NP_473368.1) but was absent in the Schistosoma genome. Based

on the preceding observations, the comparison of iPPi and
ePPi metabolism between humans and Schistosoma is shown in
Figure 2.

Expression and Purification of

Recombinant SjPPase and ScPPase

The Western blotting results suggested that target proteins were
expressed in the supernatant of lysates (data not shown). Protein
was purified using a Ni-NTA column followed by the DEAE
column. The results (Figure 3A) were displayed by SDS-PAGE
using coomassie blue staining.

Interaction Between SjPPase and

Micromolecules

The interaction between PPase and micromolecules was based on
the following: the divalent metal-ions as the co-iron of PPase,
two substrate affinity sites on the surface of PPase, and cystine
residues as the regulatory sites for enzyme activity. A 12%
polyacrylamide gel was run for the designed mixtures to improve
our understanding of the function of SjPPase micromolecules
(Figure 3B). The major components of lanes 1, 2, 3, and 8
were at the same level of electrophoretic distance, while lanes
6 and 7 were at a higher level and lane 4 was at a lower level.
The sample for lane 5 was precipitated after pre-treatment. The
comparison between the nontreated sample (lane 1) and the
sample treated with DNTB (lane 5) revealed that DNTB could
destroy the structure of SjPPase. Having observed the differences
between lanes 5 and 4 (samples treated with DNTB and Mg,
respectively), this study shows that Mg?" could stabilize the
SjPPase structure. IDP can interact with apo-SjPPase (lanes 1 and
7) and the Mg2+—SjPPase complex (lanes 6 and 8). There were
weaknesses in the interaction between GSH and SjPPase (lanes 1
and 3, or lanes 2 and 8).

Enzymatic Activity of Recombinant
SjPPase

The PPase activity was analyzed using a Pi Per™ Phosphate
assay Kit (Molecular Probes, Eugene, OR, United States). We
investigated the influence of PPi on SjPPase and ScPPase activity
(Figures 4A,B). In contrast to ScPPase (higher PPi concentration
and higher activity), SjPPase presents a maximum activity at
a concentration of 250 WM PPi. Inhibition of enzyme activity
was observed when the concentration of PPi was over 250 wM.
In addition, the effect of various concentrations of Mg?>* on
the SjPPase activity was determined (Figure 4C). The enzyme
activity of SjPPase increases with the concentration of Mg?™
from 25 to 500 WM. Subsequently, it was observed that the
inhibitors NaF and MDP inhibited the enzymatic activity of
SjPPase (Figure 4D).

Structure of SjPPase

The structures of apo-SjPPase (4QMB) and SjPPase-Pi (4QLZ)
were similar. Overall, the root mean square deviation (RMSD)
between the two structures was 0.454 A (Supplementary
Table 4). The two structures consist of two molecules in the
asymmetric unit and also form a homodimer (Figure 5A). The
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FIGURE 3 | The SjPPases were identified and measured by sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). (A) The purified results of
SjPPase and ScPPase. The samples of SjPPase and ScPPase were loaded in lanes 2-4 and lanes 5-7, respectively. Lane 1, protein ladder; lanes 2 and 5, the
fraction eluted by Ni column buffer B; lanes 3 and 6, the flow from the DEAE column; lanes 4 and 7, the elution from DEAE column buffer B; (B) Interaction between
SjPPase and micromolecules. GSH, glutathione; DNTB, 5, 5’-Dithiobis (2-nitrobenzoic acid); IDP, Imidodiphosphate; plus sign (+) represents addition of the left

molecule, and minus sign (-) represents non-addition.

two subunits in one asymmetric unit contain residues 1-284 and
1-283 out of a total of 287 residues, respectively. Superimposition
of the two subunits leads to RMSDs of 0.29 A (4QLZ) and 0.12 A
(4QMB). The monomers (Figure 5B) were arranged in a compact
globular shape consisting of several B-sheets and a-helixes, one
310-helix, and some loops. The conservative residues of active
sites were located at the core of the structure.

The apo-SjPPase and SjPPase-Pi had some differences.
The main distinction is that there were ligands (four cobalt
ions and one phosphate) in one SjPPase-Pi unit but not
in apo-SjPPase. By alignment of secondary structure, it
becomes apparent that changes occur in residues 132-157
involving four conserved residues (Glyl139, Aspl45, Aspl50,

and Lys152) (Figure 1). Due to the interaction between
these ligands and SjPPase, the B132—145-turnjse—147-B14g—157 of
4QMB becomes B132—141-100p142-B143—145-tUrnise_147-Prag—149-
loopis0—151-B152—157 of 4QLZ (Figure 1).

The active site of SjPPase is shown in Figure 5C. The overall
shape and size of the active site were very similar to those of
ScPPases (Tuominen et al., 1998). Ligands including magnesium
acted as metal cofactors, and phosphate hydrolyzed products
were incorporated in this structure. These ligand interactions
were mainly derived from the hydrogen donors/receptors and
coordination bond atoms. From the perspective of the six-state
mechanism of PPase (Oksanen et al., 2007), the structure of
the SjPPase-Pi complex is in the F intermediate catalytic cycle,
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which is the stage at which one Pi is released after PPi hydrolysis.
However, the F intermediates differ in the two structures (4QLZ
and 2IHP). Therefore, the Pi in the ScPPase-Pi complex structure
is at the P1 site (Figure 6A), and the Pi in the SjPPase-Pi complex
structure is at the P2 site (Figure 6B).

Docking of PPi and MDP Into the

SjPPase Active Site

Molecular studies were conducted using the CDOCKER program
in the Discovery Studio 2.1 software package to provide
information on the competitive inhibition of MDP on SjPPase.
The X-ray crystal structure of SjPPase was used for docking
calculation. The representative positions of MDP and PPi
considered in this work are shown in Figure 7. Generally,
MDP can mimic PPi precisely to interact with SjPPase at the
same binding site. In addition, MDP exhibited a similar binding
mode compared to PPi (Figures 7A,B), and the same was also
observed in yeast PPase (Oksanen et al., 2007). A few important

hydrogen bonds are involved in the interactions. The docking
models illustrated that PPi might form four hydrogen bond
interactions with three key residues in the active site of SjPPase
(Arg76, Tyr190, and Lys191) (Figure 7C). In the case of MDP,
except for the four hydrogen bonds, an extra hydrogen bond
was formed between the carbonyl oxygen atom and Arg76, as
shown in Figure 7D. Moreover, MDP has a lower CDOCKER
energy than PPi (MDP: -186.23 kcal/mol; PPi: -171.50 kcal/mol).
Furthermore, MDP could serve as a perfect PPi mimic; it is
not surprising that MDP exhibits a significantly competitive
inhibition effect on SjPPase.

Furthermore, docking simulations were performed using
the CDOCKER program within Discovery Studio 2.1 software
package to deepen our understanding of substrate inhibition
of SjPPase by PPi. The simulation was carried out using the
X-ray crystal structure of SjPPase. Results obtained show that
PPi bound just at the entrance of the product release channel
(Figure 8A), which was formed by Lys54, Lys71, Asn72, Lys74,
Arg76, Tyr190, Lys191, and Lys196 (Figure 8B). PPi might
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FIGURE 5 | Overall structure and active site of SjPPase. (A) The centrosymmetric dimer of SjPPase is seen on the surface. The blue site represents the active site of
the enzyme formed by the conserved residues. (B) The structure of the SjPPase monomer (B: beta-sheet, a: alpha-helix, 6: 31g alpha-helix, N-ter: amino-terminal,
C-ter: carboxyl-terminal). The B-sheets are in pink, and a-helices are in cyan. (C) The SjPPase active site. A stereoview of the active site in the SjPPase. The side
chain of conserved residues is shown as a green stick. The 2Fo-Fc electron density map covering the Pi and cobalt ions is shown as a mesh at the 2.1 sigma.
Hydrogen bonds are shown in dashed lines. The carbon skeleton of residues in red forms the product releasing channel.
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FIGURE 6 | The comparison of F intermediate at the enzymatic site between SjPPase and ScPPase. (A) the F intermediate of ScPPase; (B) the F intermediate of
SjPPase. The F intermediate refers to the state where one Pi remains in the active site, and another Pi has been released. However, the structural comparison
suggests that the F state of SjPPase and ScPPase have a distinct discrepancy. The remaining Pi of the F intermediate was P2 (down) in SjPPase but P1 (up) in

Asp118

form three hydrogen bond interactions with three key residues
in the product release channel (Arg76, Tyr190, and Lys191)
(Figure 8B). Product (Pi) was supposed to be released through
the flexible positively charged channel (Oksanen et al., 2007),
which could provide a low-energy pathway out by passing Pi
along the chain of lysines (Oksanen et al., 2007). As shown in
the simulation models, PPi blocked the exit of Pi and cut off its
release pathway (Figure 8C), which might explain the mechanism
of action of the substrate inhibition of SjPPase.

DISCUSSION

Previous phylogenetic tree results (Sivula et al., 1999) suggested
that soluble PPases (sPPase) are grouped into three subfamilies,
i.e., plant PPases, prokaryotic PPases, and animal and fungal
PPases. The alignment results and phylogenetic analysis (data
not shown) indicate that inorganic pyrophosphatase from
S. japonicum belongs to the animal PPases of sPPase family I.
The alignment of protein sequences revealed that 15 residues
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FIGURE 7 | Molecular docking analysis of PPi and MDP with SjPPase. The
protein is shown as a ribbon diagram, color-coded according to its secondary
structure. Selected residues are displayed as gray backbones. PPi and MDP
are colored according to atom type (phosphorous atoms are colored in
orange, oxygen atoms in red, carbon atoms in gray, and Co ions in royal blue).
Metals (M1 and M2) are represented by royal blue spheres, coordination
bonds by black solid lines, and hydrogen bonds by green dashed lines.

(A) lllustration of PPi docked into the active site of SjPPase. (B) lllustration of
MDP docked into the active site of SjPPase. (C) Stereoview of PPi docked
into the active site of SjPPase. (D) Stereoview of MDP docked into the active
site of SjPPase.

are conserved in some family I sPPase sequences (Figure 1).
Although these conserved residues are separated in sequence,
they participated in forming the active site (Tuominen et al.,

1998; Avaeva, 2000; Chao et al., 2006) for PPi hydrolysis from
a structural standpoint (Figure 5C). Most eukaryotic PPases are
homodimers; crystal structure results suggest that SjPPase is also
a homodimer (Figure 5A). Interestingly, the activity of human
PPase (HuPPase) depends on self-assemblies by interdimeric
contacts of Arg52-Asp281 (Hu et al., 2020). The Arg52/Asp281
of HuPPase corresponds to Arg49/Glu278 of SjPPase in multiple
alignments (data not shown). The effect of the Glu278 of SjPPase
on its self-assembly and activity is subject to further studies.

To better understand the role of PPase in Schistosoma, we
analyzed the metabolic pathway of substrate PPi by enzymatic
reaction analysis, a literature search, and sequence alignment.
iPPi was primarily generated by pyrophosphorolysis (Figure 2);
the generated iPPi can be quickly hydrolyzed by sPPase.
However, sPPase hydrolysis is not the only approach to
reduce iPPi levels (Serrano-Bueno et al., 2013). Other ways,
such as transshipment by the PPi transporter (ANKH) (Ryan,
2001; Netter et al., 2004), hydrolysis by alkaline phosphatase
(AP) (Araujo-Montoya et al, 2011), and utilization by some
enzymes, can also reduce iPPi concentration. ANKH genes are
found in most vertebrate tissues (Ho et al, 2000; Nurnberg
et al, 2001; Foster et al, 2012); however, no ANKH gene
has been found in the genome of Schistosoma by sequence
alignment. Enzymes that utilize PPi in Schistosoma mainly
include some transferases (Yuan et al., 1990; Yang et al,
2007; Ge et al,, 2011). In relation to these results (Figure 2),
the iPPi generated by pyrophosphorolysis in Schistosoma
is regulated by sPPase and AP together with transferases
that utilize PPi.

Soluble inorganic pyrophosphatase is one of the cellular tools
that reduce iPPi concentration in Schistosoma. As previously
analyzed and exemplified (Islam et al., 2003; Ko et al., 2007),
sPPase can facilitate the growth and development of organisms
by hydrolyzing iPPi. Furthermore, sPPase can also eliminate
the rapidly generated PPi to prevent cell injury or even death
that might result from the accumulation of iPPi under certain
conditions (George et al, 2010; Serrano-Bueno et al., 2013).

\‘ 1\&*

-~ Arg7e Lys191/

ﬁ_’ V}:F-"Pi

7\

3”"Tyr1 90

FIGURE 8 | Simulation models of substrate inhibition of SjPPase by PPi. (A) Overall structure of the SjPPase-Pi complex with PPi docked into its active site. The
protein is shown as a ribbon diagram, color-coded according to its secondary structure. Metals (M1 and M2) are represented by royal blue spheres. (B) Stereoview
of PPi in the product release channel of SjPPase. Selected residues are represented by gray backbones and hydrogen bonds by green dashed lines. (C) Surface
view of PPi in the product release channel of SjPPase. The protein is shown in surface view, color-coded according to its interpolated charge.
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Hence, the efficacy of sPPase catalytic activity is significant for
performing its functions. The enzyme assay results suggested that
SjPPase possesses PPi hydrolysis activity in a dose-dependent
manner with Mg?* (Figure 4C).

In addition, SjPPase activity that hydrolyzes PPi can be
inhibited by different inhibitors with different mechanisms,
including excess PPi, NaF, and MDP—their influence on PPase
enzyme activity is shown in Figures 4A,D. The inhibition of
PPase by NaF resulted from the substitution of a water molecule
by NaF in the active site (Heikinheimo et al., 2001; Pohjanjoki
et al, 2001). The force of interaction is stronger between
Mg?* and NaF than between Mg?* and water molecules.
Therefore, NaF substitutes water molecules in the active site and
blocks water molecules from attacking pyrophosphate bonds.
Consequently, the hydrolysis of PPi is inhibited by NaF. MDP
is a substrate analog (Zyryanov et al, 2005) and substrate
competitive inhibitor (Figure 7). Therefore, the inhibition of
PPase by MDP was caused by the competitive binding of MDP
and PPi to the active site (Figure 7; Gordon-Weeks et al,
1999). Due to high substrate similarity (Figures 7C,D), MDP
easily binds to the PPase active site. PPase cannot hydrolyze
MDP; therefore, the catalytic cycle is aborted at the inhibition-
binding state. As a result, the hydrolysis of PPi is inhibited.
Although the two inhibitors (NaF and MDP) show different
mechanisms, their active sites are adjacent. This may give
us a clue to pursue a novel inhibitor with high efficiency
and selectivity.

The effect of substrate PPi on SjPPase suggests that
excess PPi can inhibit enzyme activity (Figure 4A and
Supplementary Figure 1). Due to the increasing concentration
of Pi with the hydrolysis of PPi, two variable factors (the
concentrations of PPi and Pi) are present in the reaction.
Therefore, this leads to the question of which factor is directly
responsible for inhibition. A Pi-time curve of the reaction
(Supplementary Figure 1) revealed that PPi is the causative
factor. The detailed explanation involves three arguments:
(1) excess PPi inhibits SjPPase activity at the initial stage
of the reaction (the concentration of Pi is extremely low);
(2) the inhibition of SjPPase activity was not enhanced with
an increase in Pi (Supplementary Figure 1); and (3) the
inhibition of SjPPase activity was enhanced with increased
PPi (Figure 4A and Supplementary Figure 1). Therefore,
inhibition is caused by substrate PPi, and it is termed
substrate inhibition.

Soluble inorganic pyrophosphatase is not just one
of the cellular tools that reduce iPPi concentration in
Schistosoma. Substrate inhibition is often regarded as a
non-physiological phenomenon; however, previous reports
have accumulated evidence proving that it is a biologically
relevant regulatory mechanism (Reed et al., 2010). Substrate
PPi is an energy-rich compound; therefore, with reference
to energy utilization, substrate inhibition of SjPPase may
reduce reserved energy wastage in PPi. In addition, the
abundant PPi generated from pyrophosphorolysis reactions
can participate in the reactions catalyzed by transferases
utilizing PPi (Figure 2; Yuanetal,1992). Furthermore,

PPi hydrolysis is accompanied by the release of heat (da-
Silva et al, 2004); as such, a situation whereby abundant
PPi is rapidly generated and completely hydrolyzed in a
cell might cause thermal injury, which could lead to the
eventual death of the cell. However, the situation may not be
completely hopeless; as mentioned earlier, cells containing
ANKH, such as human cells (Figure 2A), do not die due
to the heat produced by PPi hydrolysis because the PPi
generated is pumped out of the cell by ANKH. The question
is on what happens to Schistosoma cells without ANKH
(Figure 2B). Evidently, Schistosoma cells do not die due
to overheating caused by excessive PPi hydrolysis for the
substrate inhibition of PPase. Furthermore, there is limited
acceleration in the rate of macromolecular biosynthesis.
Therefore, substrate inhibition of SjPPase is physiologically
significant in organisms without ANKH, such as Schistosoma.
Hence, substrate inhibition of SjPPase not only allows
complete energy utilization but also helps prevent heat stress
that may lead to cell injury and also regulates the rate of
macromolecular biosynthesis.

Substrate inhibition of SjPPase is of great importance to
Schistosoma, but its mechanism is still unknown. Therefore,
the occurrence of substrate inhibition is quite interesting, albeit
being problematic.

The inhibition phenomenon arising from excess PPi has been
previously reported for PPase from the photosynthetic bacterium
Rhodospirillum rubrum (Klemme and Gest, 1971); however,
the mechanism remains unclear. A structural comparison
method coupled with site-directed mutagenesis successfully
identified the key residues related to substrate inhibition
of betaine aldehyde dehydrogenase in Staphylococcus aureus
(Chen C. et al, 2014). Using a similar method, we found
that SjPPase and ScPPase ligand and cofactor binding sites
were identical. Unfortunately, we were unable to identify the
key residues contributing to substrate inhibition of SjPPase
using this method.

Nevertheless, two exciting studies on PPi hydrolysis
mechanisms by PPase (Heikinheimo et al, 2001; Oksanen
et al., 2007) reported that hydrolysis undergoes a six-state
mechanism in catalytic cycles. For the F intermediate (one
of the six states), only one Pi binds to the active site, and
this has ample room to accommodate at least three Pi
(Oksanen et al., 2007). Therefore, the intermediate has
enough space to accommodate another PPi. Hence, we
proposed a substrate-inhibition hypothesis that substrate
PPi binds to an F intermediate and blocks the exit of
Pi from the active site, thereby causing the inhibition of
enzymatic activity.

An SjPPase F intermediate crystal structure was first
prepared to verify this hypothesis (Figure 5). The second Pi
is located at the bottom of the product release channel in
the intermediate (Figure 5C) and leaves the SjPPase active
site momentarily.

It is important to have a good understanding of substrate
inhibition regardless of whether PPi binds with SjPPase at the
F intermediate and blocks Pi exit from the SjPPase active site.
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Therefore, we realized that the docking of PPi into the active site
of the SjPPase F intermediate allows PPi to bind with the SjPPase
F intermediate and block Pi exit (Figure 8).

CONCLUSION

In summary, SjPPase is a vehicle for PPi hydrolysis, and
its hydrolysis activity toward PPi could be inhibited not
only by NaF and MDP but also by excessive substrate PPi
(substrate inhibition). Furthermore, the structure of the SjPPase F
intermediate was solved at 2.3 A. In addition, excess PPi blocked
the exit of Pi by binding with enzymes in the docking experiment,
indicating that substrate inhibition may be caused by excess
PPi attacking the SjPPase F intermediate of the catalytic cycle.
Lastly, our results provide novel insight into the mechanism of
substrate inhibition.
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