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Inorganic pyrophosphatase (PPase) plays an essential role in energy conservation and provides energy
for many biosynthetic pathways. Here, we present two three-dimensional structures of PPase from Homo
sapiens (Hu-PPase) at 2.38 Å and 3.40 Å in different crystallization conditions. One of the Hu-PPase
structures complex of two magnesium metal ions was determined to be a monomer (Hu-PPase-mono)
here, while the other one to be a dimer-dimer (Hu-PPase-dd). In each asymmetric unit of Hu-PPase-
mono, there are four a-helices and ten b-strands and folds as a barrel structure, and the active site
contains two magnesium ions. Like PPases from many species, we found that Hu-PPase was able to
undergo self-assembly. To our surprise, disruption of the self-assembly of Hu-PPase did not influence its
enzymatic activity or the ability to promote cell growth. Our work uncovered that different structure
forms of Hu-PPase and found that the pyrophosphatase activity of Hu-PPase is independent of its self-
assembly.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Inorganic pyrophosphate (PPi), a by-product of numerous re-
actions including nucleic acid polymerization, coenzyme synthesis,
and amino acid and fatty acid activation [1], is converted to
metabolizable phosphate via the hydrolysis catalyzed by inorganic
pyrophosphatases (PPases, EC 3.6.1.1). There are four types of
PPases: integral membrane Hþ/Na þ -pumping PPases (M-PPases)
and soluble family I, II and III PPases (S-PPases). S-PPases hydrolyse
PPi to two orthophosphate (Pi) ions, thus controlling the level of PPi
in the cell. Therefore, S-PPases are essential constitutive enzymes
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present in all living cells. Family I PPases are ubiquitous, including
homo-hexameric archaeal and bacterial enzymes and dimeric eu-
karyotes sharing a common catalytic fold [2]. Family II PPases are
dimeric or tetrameric, with a distinct fold only found in some
bacteria, archaea and primitive eukaryotes [3,4]. Family I and II
PPases employ similar divalent metal-dependent cations as acti-
vators decreasing in the order Mg2þ > Zn2þ > Co2þ > Mn2þ > Cd2þ

[5], although they are not homologous in sequence or overall
structure. Moreover, Family II PPases additionally require a transi-
tion metal ion, such as Mn2þ or Co2þ, for maximal activity [6].

The crystal structures of a wide variety of PPases are available in
the Protein Data Bank (few examples: PDB codes 1WGI from
Saccharomyces cerevisiae, 1SXV from Mycobacterium tuberculosis,
4UM4 from Escherichia coli, 1WPM fromBacillus subtilis.) [3,7e9]. A
dozen amino acid residues exposed to the active site cavity are
conserved, though sequence homology varies considerably. How-
ever, all PPases function as homo-oligomers; prokaryotic forms of
this enzyme are hexamers with a subunit molecular mass of ~20
kD, while eukaryotic PPases are dimers with subunits ~30 kD in size
[10]. However, whether polymer forms of PPases are required for
their enzymatic activities and biological functions are largely
ochemical characterization of inorganic pyrophosphatase from Homo
doi.org/10.1016/j.bbrc.2020.09.139
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Table 1
Data collection and refinement statistics.

Parameters Hu-PPase-mono Hu-PPase-dd

Data collection
Wavelength (Å) 0.9793 0.9793
Space group C 2 2 21 P 21 21 21
Cell dimensions
a, b, c (Å) 84.406, 89.517, 95.237 49.905, 135.041, 212.707
А, b, g (�) 90, 90, 90 90, 90, 90
Resolution range (Å) 19.36e2.382 (2.467e2.382)a 38e3.4 (3.521e3.4)a

Unique reflections 14729 (1445) 20300 (2030)
Multiplicity 13.1 (13.8) 13.0 (12.9)
Completeness (%) 99.60 (98.97) 98.25 (99.80)
Mean I/sigma I 18.33 (6.38) 9.77 (1.21)
Wilson B-factor (Å2) 34.66 113.54
Rmerge 0.1312 (0.6468) 0.3408 (2.015)
Rmeas 0.1366 (0.6717) 0.3549 (2.098)
CC1/2 0.997 (0.965) 0.994 (0.437)
Refinement
Resolution (Å) 19.36e2.382 39.06e3.40
Rwork 0.1871 (0.2179) 0.2245 (0.3292)
Rfree 0.2143 (0.3378) 0.2811 (0.3723)
Number of atoms
Macromolecules 2197 8919
Ligands 2 4
Rmsd from ideal
Bond lengths (Å) 0.006 0.005
Bond angles (�) 1.13 1.07
Ramachandran plot
Favored (%) 98.15 93.20
Allowed (%) 1.85 6.26
Average B-factor 39.86 105.79
PDB code 7BTN 7CMO

a Statistics for the highest-resolution shell are shown in parentheses.
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unknown.
It has been reported that Hu-PPase (also known as PPA1) are

highly expressed in tumours due to the increased energy re-
quirements of fast-growing tumour cells and to the regulation of
cell growth and development [11,12]. PPases have been found to be
upregulated in various gastrointestinal tissues and tumours, espe-
cially in the lung and ovarian origin [13,14], suggesting that these
enzymes play an important role in carcinogenesis and in the
development of some tumours.

As a step towards understanding the general principles of
catalysis by PPases, two structures with different forms of the
previously uncharacterized Homo sapiens soluble PPase (Hu-PPase)
were described in this paper. We found that one sturcture of Hu-
PPase with metal ions was determined to be a monomer (Hu-
PPase-mono), while the other one to be a dimer-dimer (Hu-PPase-
dd). Like PPases from many species, we found that Hu-PPase was
able to undergo self-assembly, which was relied on highly
conserved amino acid residues Arg52 and Asp281. Mutation of
Arg52 and Asp281 to alanine (Hu-PPase-2A) abolished the self-
assembly of Hu-PPases. To our surprise, this mutated Hu-PPase
still possesses enzymatic activity and promotes cell growth,
which indicated that self-assembly of Hu-PPase is not required for
its biology functions. Our results revealed different structure forms
of Hu-PPase and found that the pyrophosphatase activity of Hu-
PPase is independent of its self-assembly.
2. Materials and methods

2.1. Macromolecule production

The cDNA of homo sapiens ppase gene (NP_066952.1) was gifted
from Jiahuai Han’s lab, School of Life Sciences, Xiamen University,
China. The human ppase gene was cloned into a modified
2

pRSFDuet-1 expression vector (Novagen) with a N-terminal His tag.
The recombinant plasmid was transformed into Escherichia coli
BL21 (DE3) cells (Novagen) for expression, being induced with
0.3 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG) at 16 �C for
16 h. Cell pellets were resuspended in buffer A consisting of (50mM
TriseHCl pH 8.0, 150 mM NaCl, 1 mM PMSF, 1 mM b-mercaptoe-
thanol) and lysed by soniation on ice. The soluble N-terminally
hexahistidine-tagged PPase was incubated with nickel Sepharose
affinity resin (GE Healthcare) and then extensive washed with
buffer A containing 60 mM imidazole, eluted with 300 mM imid-
azole. The protein was further purified by size-exclusion chroma-
tography on a Superdex 75 column (GE Healthcare) that had been
pre-equilibrated in buffer B (20 mM TriseHCl pH 8.0, 150 mM
NaCl, 1 mM DTT) using an AKTA purifier system (GE Healthcare) at
4 �C. The peak fractions were concentrated to 20 mg/ml for crys-
tallization using a 10 kD cutoff centrifugal filter (Millipore).

2.2. Crystallization

Crystallization trials were performed by the sitting-drop vapor-
diffusion method at 16 �C using various crystallization kits from
Hampton Research and Qiagen. Initial hits were obtained in the
JCSG kit (Qiagen, USA) conditions. The crystallization conditions
were further optimized by the hanging-drop method in 24-well
plates, with drops prepared by mixing 0.5 ml protein solution
with 0.5 ml reservoir solution and equilibrated against 150 ml
reservoir solution. Diffraction-quality rod-like crystals of mono-
neric HuPPase were grown under optimized conditions containing
20% PEG4000, 50 mM MgAc, pH 5.5, while crystals of dimer-dimer
HuPPase were obtained in buffer containing 20% PEG4000, 50 mM
Li2SO4, 50 mM Na2SO4, pH 5.5.

2.3. Data collection and processing

X-ray diffraction datawere collected at the BL17U1 station of the
Shanghai Synchrotron Radiation Facility (SSRF) at �173 �C in a cold
nitrogen-gas stream. A complete data set was collected at a wave-
length of 0.9792 Å using 1� oscillations with an exposure time of
0.5 s per image. The data set was indexed, integrated and scaled
using XDS suite [15]. Molecular replacement was performed with
PHASER [16] using Saccharomyces cerevisiaePPase as a search
model (PDB entry 1M38, sequence identity: 52.98%). Model
building and iterative refinement were then performed with the
COOT and PHENIX refinement programs [17,18]. All structural fig-
ures were generated with PyMOL and Chimera [19]. Detailed data
collection and refinement statistics are listed in Table 1. Structural
data are available in Protein Data Bank (PDB) database under the
accession number 7BTN and 7CMO.

2.4. Cell culture

The HEK293T, and HeLa cell lines weremaintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% foetal
bovine serum, 4 mM L-glutamine, 100 IU penicillin and 100 mg/ml
streptomycin at 37 �C in a humidified incubator containing 5% CO2.

2.5. Immunoprecipitation

Protein interactions were assessed using immunoprecipitation.
Briefly, cells werewashed once with cold PBS and lysed in cold lysis
buffer containing protease inhibitors. The supernatants of the cell
lysates were isolated by centrifugation at 12,500�g for 30 min at
4 �C. Immunoprecipitationwas performed using anti-flagM2 beads
beads as previously described [20].
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Fig. 1. Crystal structure of Hu-PPase-mono. (A) Structure of Hu-PPase-mono shown in ribbon form. a-Helices, b-strands and coils of Hu-PPase are highlighted in red, green and
white, respectively; (B) A superposition of Hu-PPase-mono, E-PPase (PDB code: 1IPW) and Y-PPase (PDB code: 1WGI). Hu-PPase-mono is depicted in wheat, E-PPase is shown in
blue, and Y-PPase is presented in purple. The view is 90� from that in A. The position of the metal ion is shown. (C) Sequence alignment of Hu-PPase, E-PPase and Y-PPase. (D) A
superposition of Hu-PPase-mono, E-PPase and Y-PPase. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.6. Cell proliferation assay

Cell proliferation ratio was determined using Cell Counting Kit-8
(CCK8 assay) according to the product manual. Briefly, Hela cells
were seeded at a density of 1000 cells/well in a 96-well plate. The
cells were incubated for indicated time periods, then cell culture
media were replaced with 10 ml of CCK8 solution and 100 ml fresh
growth medica and incubated for 1.5 h. The absorbance was
measured at 450 nm using a microplate reader.
2.7. Enzymatic activity assay

The mutant proteins were purified by size-exclusion chroma-
tography on a Superdex 75 column (GE Healthcare) that had been
pre-equilibrated in buffer B (20 mM TriseHCl pH 8.0, 150mMNaCl)
using an AKTA purifier system (GE Healthcare) at 4 �C. The enzy-
matic activity of Hu-PPase was determined as previous reports
[21e23]. Briefly, Hu-PPase was incubated with reaction buffer
(30 mM Bis-Tris propane, pH7.0), 150 mM NaCl, 5 mM MgCl2,
0.2 mM Sodium pyrophosphate), with or without reductant (1 mM
DTT or 5 mM b-Mercaptoethanol) in 37 �C for 15 min. Then the
phosphate was determined with malachite green phosphate assay
kit.
3

3. Results

3.1. Overall structure of Hu-PPase-mono

The crystal form of monomeric Hu-PPase diffracts to 2.38 Å,
belongs to the orthorhombic space group C2221 and has cell di-
mensions 84.4 � 89.5 � 95.2 Å, with Rwork/Rfree of 0.18/0.21. The
crystallographic data summary and refinement parameters can be
found in Table 1. Of the 289 amino acids corresponding to thewhole
protein, residues 3-287 were clearly visible in the electron density
map. Overall, the Hu-PPase-mono crystal structure showed simple
domain architecture, composed of ten b-strands and four a-helices
arranged in a b1-b2-b3-b4-b5-b6-b7-b8-b9-a1-a2-b10-a3-a4 topology
(Fig. 1A). A b-barrel is typified by six-stranded b3 and b6-b10, which
are flanked by helices a3 and a4. There are two 310 helical turns ƞ1
and ƞ2 at residues 166-168 and 278-381, respectively. Residues
105-114 are highly disordered, showing no clear density in the
crystal structure.

Though the crystal structures of a wide variety of PPases have
been determined, the differences in the Homo sapiens remain un-
known. Here, we compared Hu-PPase-mono with the representa-
tive prokaryotic and eukaryotic PPases. All three enzymes have the
same fold (Fig. 1B) with RMSD values from 0.80 to 1.47 Å per Ca for
the superposition of different pairs of monomers. The structure-
based sequence alignment (Fig. 1C) shows that the sequences are



Fig. 2. Active sites of Hu-PPase-mono. (A) Detailed interactions between Mg metal
ions and Hu-PPase. The residues involved in the interaction are shown with a stick
model; the backbones are coloured yellow, and the nitrogen and oxygen atoms are
blue and red, respectively. (B) Detailed hydrogen bond interactions between one Mg2þ

and Hu-PPase. The schematic represents the backbone structure of Hu-PPase-mono.
The residues involved in the interaction are shown with a stick model. (C) Detailed
hydrogen bond interactions between the other Mg2þ and Hu-PPase. (D) Electrostatic
surface potential of Hu-PPase-mono. Negative potentials are coloured red, and positive
potentials are blue. The neutral surface potential regions are depicted in green. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 3. Key residues contribute to dimer interface. (A) Oligomeric structure of Hu-PPase-dd (P
in Hu-PPase-dd. (C) Schematic shows sequence conservation in variety of PPases. Residue Ar
(D) Hu-PPase HA expression plasmid were co-transfected with Hu-PPase Flag, Hu-PPase-2A
with an anti-Flag antibody. Total cell lysates (TCL) and the immunoprecipitates were immu
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registered from the N- to C-terminus and that the secondary
structure elements are well preserved in the three PPases. How-
ever, compared to those of Hu-PPase-mono and Y-PPase, the N
region (residues 1-29) and the C region (residues 201-269) stretch
away from the structural core and are absent in E-PPase (Fig. 1D). In
addition, the b-barrel in Hu-PPase-mono consists of a b10 helix
instead of a 310 helical turn as in Y-PPase. There is one more b-
strand at the C-terminus of Y-PPase, which is a flexible loop in Hu-
PPase-mono (Fig. 1D).
3.2. Metal ion binding of Hu-PPase-mono

Many studies indicated that metal ions are required for maximal
activity of PPase. The well-defined, recognizable substrate-binding
pocket is formed by a b-barrel, connecting loop b5-b6. The two Mg
metal ions bind at this binding groove near the b-barrel. Twowater
molecules are involved in the coordination sphere of Mg2þ (Fig. 2A).
Strikingly, the negatively charged pocket consists of clusters of
multiple aspartate residues. One of the Mg metal ions is deeply
buried into the hydrophobic cavity consisting of a combination of
hydrophobic interactions and hydrogen bonds from residues
Glu102, Asp116, Asp118, Pro119 and Asp121 (Fig. 2B). Structural
superposition shows a high degree of structural conservation in the
arrangement and position of these residues with other known
PPases, all of which have been proven to coordinate metal ions [7].
Similar coordination of the active site metal ion, such as Mn2þ and
DB code 7CMO). (B) Inter-subunit contacts with important residues are shown as sticks
g 52 and Asp281 are conserved and highlighted in asterisk in the sequence alignment.
Flag, or Vector into 293T cells. Then the cells were harvested and immunoprecipitated
noblotted with the indicated antibodies. #, non-specific band.



Fig. 4. Enzymatic activity and proliferation in cancer cells of monomer Hu-PPase. (A) Hu-PPase and its mutants were incubated with reaction buffer (without DTT) in 37 �C for
15 min. Then the phosphate was determined with malachite green phosphate assay kit. (B) The enzymatic activity of Hu-PPase and its mutants were incubated with reaction buffer
with or without DTT. (C) The enzymatic activity of Hu-PPase and its mutants were incubated with reaction buffer with or without b-Mercaptoethanol (BME). (D) Size exclusion
chromatography (Superdex 75) elution profile/peaks of Hu-PPase-2A protein monitored by absorbance at 280 nm. Blue curve: without DTT, orange curve: with DTT, green curve:
standard Mwt markers. (E) Hela cells were infected with lentivirus expressing scramble shRNA or Hu-PPase-shRNA to generate stable cell lines. Knockdown efficiency of Hu-PPase
was determined by Western-blot. The cell proliferation rate were determined with CCK8 assay. (F) Hela cells were infected with lentivirus expressing wildtype Hu-PPase or its
mutants to generate stable cell lines. Expression levels of Hu-PPase or its mutants were determined by Western-blot. The proliferation rates of indicated cell lines were determined
with CCK8 assay. *, p < 0.01.
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Ca2þ, is described at the same pocket [7,24,25]. Though the second
Mg2þ is not located at the bottom of the binding pocket, it directly
interacts with one water molecule and the side chains of the
Asp116, 118 and 121 carboxylate groups (Fig. 2C). The average dis-
tance from this Mg2þ to its ligands is 2.67 Å. As observed in earlier
structures, the three Asp residues bridge the two metal ions, which
are approximately in the plane of the carboxylate groups. The core
is conserved in all PPases, and its top surface forms the base of the
active site. The binding pocket encloses a strong acidic electrostatic
surface potential (Fig. 2D).
3.3. Dimeric crystal structure of Hu-PPase

Actually, in addition to the structure of the monomeric Hu-
PPase, another structure, PDB code 7CMO (the data summary and
refinement parameters in Table 1), was determinted in space group
P212121 with lower resolution at 3.40 Å in our lab. In the asym-
metric unit of Hu-PPase-dd crystals, four chains formed two non-
crystallographic dimers (Fig. 3A). The reason for the two different
oligomeric forms in this study may be attributed to the different
ions in the reservoir solutions when crystals grow, as particular
additives influence protein solubility as well, resulting in a
manipulation of the protein phase behavior. In fact, a non-
crystallographic dimer is seen by the symmetry operation in Hu-
PPase-mono, but the residues referred to the principal interdi-
meric contacts are not completely the same as that in Hu-PPase-dd
5

(Fig. SI), implying they are two different structures. Moreover, the
assembly of Hu-PPase-mono predicted by PISA [26] is also
monoeric.

In the structure of Hu-PPase-dd, the principal interdimeric
contacts are between Arg52A-Asp281B and Arg52B-Asp281A
(Fig. 3B). Moreover, both Arg52 and Asp281 are highly conserved
among many species (Fig. 3C). Due to the different structure solu-
tions of Hu-PPase, it is necessary to determine the oligomeric state
by cell assays. Then we investigated whether Hu-PPase forms self-
assemblies in cells. We found that Hu-PPase did undergo self-
assembly (Fig. 3D). According to the dimer structure of Hu-PPase,
disruption contacts between Arg52-Asp281 would destroy the
self-assembly of Hu-PPase. Consistently, Hu-PPase-2A (mutation of
Arg52 and Asp281 to alanine) abolished the Hu-PPase self-assem-
bly, which indicated that the Hu-PPase self-assembly relies on
Arg52 and Asp281 (Fig. 3D). Based on our data, we believe that both
monomer and dimer (or oligomer) form of Hu-PPase coexisted in
different conditions.
3.4. Self-assemblies of Hu-PPase is not required for its enzymatic
activity and its ability of promotion the proliferation of cancer cells

Studies have shown that many species of PPase possesses
enzymatic activity in the form of dimers or tetramers. However, to
our knowledge, whether oligomer structure of these PPases are
required for their enzymatic activity is largely unknown.
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Interestingly, as indicated above, we found that both monomer and
dimer (or oligomer) form of Hu-PPase coexisted. Therefore, we
wondered whether self-assemblies of Hu-PPase is required for its
enzymatic activity or not. To answer this question, we compared
the enzymatic activity of wildtype Hu-PPase and the Hu-PPase-2A
mutant. As shown in Fig. 4A, we found that wildtype Hu-PPase
exhibits strong pyrophosphatase activity, while mutation of the
Hu-PPase residues Asp116, Asp118, Pro119 and Asp121 to alanine
(leading to complete loss of enzymatic activity, hereafter referred to
as Hu-PPase-ED) completely abrogated the enzymatic activity. We
also found that the enzyme activity of Hu-PPase-2A was greatly
attenuated.

We noticed that the reaction buffer of commercial PPase, as well
as other enzymes, contain reducing agents such as DTT to maintain
the enzyme activity. Therefore, we tested whether reducing agents
could influence the enzymatic activity of Hu-PPase. As shown in
Fig. 4B, we found that DTT did not significantly influence the
enzymatic activity of wildtype Hu-PPase. To our surprise, DTT
significantly increase the enzymatic activity of Hu-PPase-2A.
Consistently, another reducing agent, b-mercaptoethanol (BME),
also increased the enzymatic activity of Hu-PPase-2A (Fig. 4C). To
explore how reducing agents influence the enzymatic activity of
Hu-PPase-2A, we performed column chromatography and found
that Hu-PPase-2A appeared to form different types of polymer
structures (Fig. 4D). Interestingly, most Hu-PPase-2A mutants
formed a monomeric structure upon treatment with DTT (Fig. 4D).
We speculated Hu-PPase-2A protein might underwent oxidation
in vitro when there is no reducing agent in solvent, which might
influences its enzymatic activity. These results suggest that even if
we destroy the dimeric form of Hu-PPase, Hu-PPase may still have
pyrophosphatase activity, at least in the case of a reducing
environment.

Many studies have shown that Hu-PPase is essential for cancer
cell proliferation [13,27]. Consistent with previous studies, knock-
down of Hu-PPase significantly attenuated the proliferation of
cancer cells (Fig. 4E). Moreover, overexpression of wildtype Hu-
PPase, but not Hu-PPase-ED, promoted the proliferation of cancer
cells. Interestingly, we found that Hu-PPase-2A also promoted the
proliferation of cancer cells, which indicates that the ability of Hu-
PPase to promote cell growth within cells does not depend on the
self-assembly of Hu-PPase (Fig. 4F). Since many species of PPase
have been shown to form dimers or tetramers and have pyro-
phosphatase activity in either case. It will be intriguing whether
dimers or tetramers structure of PPase is required for its pyro-
phosphatase activity and relative biological functions or not in
these species. Taken together, our work indicated that Hu-PPase
exhibits pyrophosphatase activity and is capable of performing
biological functions within cells, which is independent of its self-
assembly.
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figS,Fig. SI. Comparison of the key residues contribute to dimer
interface between Hu-PPase-mono and Hu-PPase-dd. (A) Inter-
subunit contacts with important residues are shown as sticks by
the symmetry operation in Hu-PPase-mono. (B) Inter-subunit
contacts with important residues are shown as sticks in Hu-
PPase-dd.
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