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ABSTRACT: Biological recycling of inorganic phosphorus (Pi) from organic phosphorus (Po) compounds by phosphatase-type
enzymes, including phytases, is an important contributor to the pool of bioavailable P to plants and microorganisms. However,
studies of mixed-substrate reactions with these enzymes are lacking. Here, we explore the reactivity of a phytase extract from the
fungus Aspergillus niger toward a heterogeneous mixture containing, in addition to phytate, different structures of environmentally
relevant Po compounds such as ribonucleotides and sugar phosphates. Using a high-resolution liquid chromatography−mass
spectrometry method to monitor simultaneously the parent Po compounds and their by-products, we captured sequential substrate-
specific evolution of Pi from the mixture, with faster hydrolysis of multiphosphorylated compounds (phytate, diphosphorylated
sugars, and di- and tri-phosphorylated ribonucleotides) than hydrolysis of monophosphorylated compounds (monophosphorylated
sugars and monophosphorylated ribonucleotides). The interaction mechanisms and energies revealed by molecular docking
simulations of each Po compound within the enzyme’s active site explained the substrate hierarchy observed experimentally.
Specifically, the favorable orientation for binding of the negatively charged phosphate moieties with respect to the positive potential
surface of the active site was important. Collectively, our findings provide mechanistic insights about the broad but hierarchical role
of phytase-type enzymes in Pi recycling from the heterogeneous assembly of Po compounds in agricultural soils or wastes.

KEYWORDS: phytase, organic phosphorus, substrate mixtures, liquid chromatography−mass spectrometry, molecular docking simulations,
Aspergillus niger

■ INTRODUCTION

Phosphorus (P), which is a key nutrient for all organisms, is
essential in the form of orthophosphate (Pi) for optimal plant
growth,1 agricultural productivity,2 and important soil micro-
bial processes.3 Organic P (Po) compounds represent 30−65%
of soil P,4,5 which include inositol phosphates, sugar
phosphates, ribonucleotides, and nucleic acids.6,7 Because
these Po compounds are not directly available for biological
assimilation,5 plants and microorganisms employ a suite of
phosphatase-type enzymes to extract Pi hydrolytically from
plant residues and soil organic matter.8,9 Of particular interest
to the P turnover in Pi-deficient agricultural soils are the
phytases,10,11 a subset of phosphatase enzymes that specifically
targets the stepwise dephosphorylation of myo-inositol hexaki-
sphosphate (myo-IP6 or phytate) (Figure 1A),12 the main P
storage compound in plants, seeds, and grains.13 In fact, the
abundance of a phytase gene was found to be 4-fold higher in
soils deficient in Pi relative to soils enriched in Pi,

11 thus
implicating the role of phytase in relieving Pi deficiency in
soils.10 Furthermore, the addition of phytases in the animal
feed has been instrumental in enhancing P nutrient
availability.14 In addition to myo-IP6 and its related by-
products, phytases have been shown to catalyze the
dephosphorylation of other Po compounds such as sugar
phosphates and ribonucleotides.15 However, the activity of
phytase enzymes on organic mixtures has not yet been
investigated. In this study, we explore the reactivity of phytase
A (PhyA) from the fungus Aspergillus niger,16 a predominant

species in the plant rhizosphere17 toward recycling Pi from a
heterogenous mixture of environmentally relevant Po com-
pounds.
Previous studies have been conducted for PhyA only in

single-substrate scenarios with myo-IP6, a sugar phosphate
(glucose-6-phosphate, G6P), or a ribonucleotide (adenosine
monophosphate, AMP; adenosine diphosphate, ADP; or
adenosine triphosphate, ATP).18−21 The dephosphorylation
rate for one specific compound in these single-substrate
experiments does not account for the competition for accessing
the PhyA active site by a different substrate.6,7,22 Because of the
heterogeneity of substrates in environmentally relevant
mixtures, a competition between different Po substrates is
expected to result in different rates of hydrolysis, compared to
the single-substrate scenario.23,24 This mixture effect, which
underlies inconsistencies between in vitro kinetic parameters
and in vivo data, has received much attention in enzyme assays
in molecular biochemistry and drug discovery studies.25,26

Alternative to single-substrate experiments, “internal competi-
tion” experiments with multiple substrates in the reaction
mixture aimed at monitoring the preference of an enzyme for a
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specific substrate in the mixture.24,27 This approach, in which
the reaction rates are calculated by simultaneously monitoring
the concentrations of multiple substrates or multiple
products,24,25 has been employed in enzyme assay studies of
complex biological mixtures26 but has received little attention
within the context of enzyme reactivity with environmentally
relevant substrate mixtures.
Here, we combine high-resolution liquid chromatography−

mass spectrometry (LC−MS) with molecular modeling and
implicate the internal competition approach to investigate the
reactivity of PhyA toward a mixture of Po compounds,
containing myo-IP6 (the endogenous substrate of the enzyme),
one ribonucleotide (ATP), two sugar phosphates [G6P and
ribose-5-phosphate (R5P)], and an intermediate in cellular
carbon metabolism (fructose-1-6-bisphosphate, FBP) (Figure

1A). Monitoring only the Pi concentration, which is typically
determined by the phosphomolybdate spectrophotometric
method,28 does not capture substrate-specific Pi in mixed-
substrate reactions. Therefore, we developed a LC−MS
method to monitor simultaneously the disappearance of each
Po substrate and the evolution of their sequential dephos-
phorylated organic by-products (Figure 1). Using the LC−MS
data, we quantified the contribution of each specific Po

compound in the mixture to the total recycled Pi. Importantly,
we were able to compare the reaction rates of the parent and
by-product compounds in the mixed-substrate scenarios to
those obtained for the corresponding compounds in single-
substrate scenarios. With respect to the mechanisms of phytase
reactivity, prior studies have focused on the catalytic
mechanisms of phytases with its endogenous substrate (i.e.,

Figure 1. Chemical structures and extracted ion chromatograms of investigated Po compounds. In A, from top to bottom, myo-IP6, myo-IP5, myo-
IP4, myo-IP3, myo-IP2, myo-IP1; shown for myo-IP4, myo-IP3 and myo-IP2 are the reported structures for the most abundant isomers in the
hydrolysis products of PhyA.49,50 In B, ATP, ADP, AMP, and adenosine. In C, ribose 5-phosphate (R5P) and D-ribose. In D, fructose-1,6-
biphosphate (FBP), fructose-6-phosphate (F6P), and fructose. In E, glucose 6-phosphate (G6P) and glucose. In F, extracted ion chromatograms:
myo-IP6 (658.8541), myo-IP5 (578.8878), myo-IP4 (498.9214), myo-IP3 (418.9551), myo-IP2 (338.9888), myo-IP1 (259.0224), FBP (338.9888),
F6P (259.0224), G6P (259.0224), R5P (229.0119), ATP (505.9885), ADP (426.0221), AMP (346.0558) and adenosine (266.0895). The EICs
were obtained at the specified m/z channel with a 25 ppm mass tolerance. The LC−MS response intensity was different for the compounds at
equivalent concentrations (10 μM).
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phytate).29,30 No atomic-scale mechanistic study has been
conducted on the substrate binding selectivity of PhyA for
different Po compounds. Here, we performed molecular
docking simulations of the enzyme−substrate complexes for
each investigated Po compound to shed light on the
mechanistic reasonings of the experimentally determined
substrate selectivity based on the simulated interaction
mechanisms and energies.31 Of agricultural importance, our
experimental and computational findings provide new insights
into the role of phytases and related phosphatases widely
secreted by both plants and microorganisms in mediating Pi
recycling from organic assemblages in environmental matrices.

■ MATERIALS AND METHODS
Materials. Details on the purchase of chemical compounds and

the enzyme are provided in Appendix A in the Supporting
Information.
Dephosphorylation Reactions of Po Compounds Catalyzed

by A. niger Phytase Extract. For single-substrate reactions, we
reacted the phytase extract (50 μL from the purchased batch; 3 U/
mL) with myo-IP6 (400 μM), each of the ribonucleotides (ATP,
ADP, or AMP at 400 μM), or each of the sugar-phosphates (FBP,
F6P, G6P, or R5P at 400 μM). The substrate solution (50 mL) was
prepared with sodium acetate buffer (0.1 M, pH 5.3) in a 125-mL
Erlenmeyer flask and equilibrated for 30 min at 37 °C. After addition
of the PhyA extract to the substrate solution, the solution was well-
mixed and then left to incubate at 37 °C at moderate shaking (110
rpm) before time-course measurements. At a specific time point (0.5
min, 5 min, 10 min, 20 min, 1 h, 2 h, 6 h, 12 h, 24 h, or 48 h), 1 mL
HCl (1 M) was added to a 1 mL aliquot of the reaction mixture to
stop the reaction and immediately immersed in ice. Control
experiments were conducted with each substrate without the PhyA
extract. For the mixed-substrate reactions, the PhyA extract was
reacted with a solution mixture containing myo-IP6, ATP, FBP, G6P,
and R5P (400 μM each); therefore, ADP, AMP, and F6P were the
reaction products in the mixture. To evaluate the influence of myo-IP6
on the PhyA activity toward other substrates, we also reacted the
PhyA extract with the same solution mixture in the absence of myo-
IP6. Control experiments were conducted with the mixtures without
the phytase extract. All experiments were run in three or more
independent replicates. All samples were kept at 4 °C until analysis.
Analysis of Po Substrates and Reaction Products by LC−MS.

In preparation for LC−MS analysis, the acidified samples obtained
above were neutralized with NaOH and diluted with Milli-Q water to
be within the concentration range of the substrate calibration curve
(0.5−20 μM). Similarly, the samples frozen in liquid nitrogen
(discussed later) were also diluted with Milli-Q water prior to the
LC−MS run. The kinetic samples were analyzed via reverse-phase
ultrahigh-performance LC (ThermoFisher Scientific Dionex UltiMate
3000, Waltham, MA, USA) coupled to high-resolution/accurate-mass
spectrometry (ThermoFisher Scientific Q Exactive Quadrupole-
Orbitrap hybrid MS) with electrospray ionization run in a full scan
negative mode. Building on our in-house metabolomics method,32 we
developed an optimized LC−MS method to detect ATP, ADP, AMP,
adenosine, FBP, F6P, G6P, R5P, myo-IP6, and their lower
phosphorylated by-products, that is, myo-inositol pentakisphosphate
(myo-IP5), myo-inositol tetrakisphosphate (myo-IP4), myo-inositol
triphosphate (myo-IP3), myo-inositol biphosphate (myo-IP2), and
myo-inositol monophosphate (myo-IP1), simultaneously (Figure 1).
Details of the chromatographic separation procedure are provided in
Appendix B (Supporting Information). To measure the sugar by-
products (fructose, glucose, and ribose) in the experiments with sugar
phosphates (FBP, F6P, G6P, or R5P), we employed a recently
published LC−MS method33 for simultaneous carbohydrate
quantitation. Direct measurements of Pi concentration in samples
were obtained using the molybdenum-blue assay,28 which are detailed
in Appendix B (Supporting Information).

Analytical Models of Enzymatic Dephosphorylation Reac-
tions. Using nonlinear regression modeling (SigmaPlot 14.0) of the
LC−MS data of Po compounds and their organic dephosphorylated
by-products, we determined the enzymatic transformation rate
constants (kX, where X represents the compound name) for different
parent Po compounds (ATP, FBP, G6P, and R5P) and their by-
products (ADP, AMP, and F6P) in both single-substrate and mixed-
substrate reactions. Because of the very fast catalysis of myo-IP6
dephosphorylation, we were not able to develop analytical models of
the myo-IP6 reaction with the enzyme. The governing differential
equations and the corresponding analytical solutions used for
modeling the kinetics variations of all species-concentrations are
detailed in Appendix C (Supporting Information). Here, we only
show the corresponding analytical solutions used to determine the
dephosphorylation rates of the Po compounds.

In mixed-substrate reactions, considering the sequential dephos-
phorylation of ATP and its by-products ADP and AMP, eqs 1−3 were
used, respectively.
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For the sequential dephosphorylation of FBP and its by-product
F6P in the mixed-substrate reactions, we used eqs 4 and 5.

k tFBP FBP exp( )0 FBP[ ] = [ ] − (4)
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For monophosphorylated compounds (XP = G6P or R5P) in
mixed-substrate reaction, we use eq 6.

k tXP XP exp( )0 XP[ ] = [ ] − (6)

The dephosphorylation rate of each Po compound (XP = ATP,
FBP, ADP, AMP, F6P, G6P, and R5P) as a single substrate in the
solution was modeled using eq 6.

Tracking the Hierarchical Evolution of Pi from Mixtures of
Po Compounds. To quantify the contribution of each Po compound
to the Pi recycled from the mixture, we determined the substrate-
specific Pi concentration based on the decreased concentration of the
corresponding Po substrate measured by LC−MS [eq 7].

P substrate substratet ti 0[ ] = [ ] − [ ] (7)

where [Pi]t and [substrate]t represent the concentration of released Pi
and the remaining substrate in solution, respectively, at a specific time
of reaction; [substrate]0 is the initial concentration of the parent
compound (i.e., myo-IP6, ATP, FBP, R5P, and G6P), or the highest
concentration of the partially dephosphorylated compounds (i.e.,
ADP, AMP, and F6P) before their subsequent hydrolysis.

Concentration-Dependent Initial Rates of Po Hydrolysis in
Single-Substrate versus Mixed-Substrate Scenarios. We
selected ATP and G6P as representatives of multiphosphorylated
and monophosphorylated Po compounds, respectively, to determine
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the effect of concentrations on the initial rates of Po hydrolysis.
Solutions containing three different concentrations (0.1, 1, or 10
mM) of ATP were prepared in the presence or absence of a Po
mixture, containing myo-IP6, FBP, G6P, and R5P (each at 0.4 mM
concentration), in sodium acetate buffer at pH 5.3. At the same molar
concentrations, G6P solutions (0.1, 1, or 10 mM) were prepared in
the presence and absence of a Po mixture, containing 0.4 mM of each
of myo-IP6, ATP, FBP, and R5P. Enzymatic dephosphorylation
reactions were started by adding 2 μL of PhyA extract to 100 mL of
the reaction solutions. Reaction vessels were incubated in an
incubator-shaker maintained at 37 °C. Aliquots of the reaction
solutions were poured into microcentrifuge tubes at specific time
points, and the reactions were stopped by immersing them in liquid
nitrogen. Triplicate controls were run under the same conditions in
the absence of the enzyme. The samples were stored at −20 °C until
analysis. The Pi concentration in single-substrate reactions was
measured using the molybdenum-blue assay28 (Supporting Informa-
tion Appendix B). For mixed-substrate reactions, the Pi concentration
generated by the targeted substrate (i.e., ATP or G6P) was
determined by monitoring the concentrations of the dephosphory-
lated by-products of each parent compound measured by LC−MS,
using eqs 8 and 9 to calculate the Pi released from ATP and G6P,
respectively.

P ADP (2 AMP ) (3 adenosine )t t t ti[ ] = [ ] + × [ ] + × [ ] (8)

P glucoset ti[ ] = [ ] (9)

The initial velocities of the PhyA-catalyzed reactions were then
calculated from the slope of the best fitted trendline through the Pi
concentration values at initial time points from the three replicates.
For the ratios of initial rates, standard deviations were estimated based
on the Taylor series method34 (Supporting Information Appendix I).
An unpaired t-test was applied to determine the statistical significance
of the differences in initial rates from the single-substrate versus
mixture conditions.
Molecular Docking Simulations of Po Compounds with

PhyA. We employed the Discovery Studio software package,35 which
has been used previously to obtain accurate predictions of
intermolecular interactions in enzyme−substrate complexes.36−38

The PhyA structure (PDB ID: 3KQ4), with 2.2 Å resolution, was
prepared at pH 5.3 and subjected to two energy-minimization steps in
an implicit water solvent. Substrate structures (myo-IP6, ATP, ADP,
AMP, FBP, F6P, G6P, and R5P), obtained from PubChem, were also
subjected to energy minimization and prepared at pH 5.3 in an
implicit solvent. Docking of the substrates in the active site of the
enzyme was performed using the docking protocol CDOCKER in
Discovery Studio.35 After obtaining the optimized substrate−PhyA
complex, the CDOCKER energy parameter, which accounts for the
internal ligand strain energy and receptor−ligand interaction energy,
was used to compare the relative binding favorability of the different
compounds.39 The ligand-interaction protocol in Discovery Studio
was employed to determine different types of hydrogen bonding (H-
bonding) and electrostatic interactions between each Po compound
and amino acid residues in the PhyA active site. Strong H-bonds were
calculated using a donor−acceptor distance less than 3 Å and a
donor−hydrogen−acceptor angle cutoff of 160−180°;40 weak H-
bonds were considered at a donor−acceptor distance of less than 3.4
Å and a donor−hydrogen−acceptor angle cutoff of 90−180°. The
electrostatic interactions, which included charge−charge and π−
charge interactions, were calculated based on the software default
parameters (Supporting Information Appendix J).35 The one-letter
codes used to designate the amino acid residues of the enzyme are the
following: aspartate (D), arginine (R), glutamate (E), histidine (H),
lysine (K), and tyrosine (Y).

■ RESULTS
Stepwise Dephosphorylation of a Diverse Range of

Po Compounds in a Mixture. The PhyA extract (with 3 U/
mL) was reacted with a mixture of Po compounds (400 μM

each): myo-IP6, ATP, FBP, G6P, and R5P (Figure 2A). By the
first 30 s, complete dephosphorylation of myo-IP6, the
endogenous substrate of PhyA, was obtained (Figure 2A). By
20 min, both ATP and FBP were more than 90%
dephosphorylated and, simultaneously, their subsequent by-
products (ADP and F6P, respectively) reached their maximum

Figure 2. Stepwise dephosphorylation of a mixture of Po compounds
by PhyA extract with (A) or without (B) the natural substrate of the
enzyme (myo-IP6). Upper panels show the dephosphorylation trends
of compounds in the starting mixture: ATP (white squares), FBP
(orange circles), G6P (purple squares), and R5P (green diamonds),
with/without myo-IP6 (black circles). Middle panels and bottom
panels show, respectively, the kinetics of mono-phosphorylated and
unphosphorylated daughter products. Dotted lines represent the non-
linear regression models (see Materials and Methods). The full kinetic
data and the evolution of Pi in solution are shown in Appendix E
(Supporting Information). (C) The transformation rate coefficients
calculated based on the analytical modeling of kinetic data obtained
from a mixed-substrate solution without myo-IP6 (gray), mixed-
substrate solution with myo-IP6 (black) and single-substrate solution
(white). Values that are statistically different (p-value ≤ 0.05) were
designated by different letters. The error bars represent the standard
error over three replicates. The rate coefficient values for Po
compounds are listed in Table S2 (Supporting Information Appendix
F). The progress curves for mixed-substrate solutions are shown in
panels A and B and the curves for the single-substrate solutions are
shown in Appendix D (Supporting Information).
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concentrations (Figure 2A). By 2 h, about 85% of the peaked
ADP concentration (355 ± 9 μM) was dephosphorylated,
accompanied by a peaked AMP concentration of 170 ± 4 μM
(Figure 2A). A gradual dephosphorylation of AMP sub-
sequently occurred in the subsequent 22 h (Figure 2A). In
contrast to the relatively rapid dephosphorylation of the
multiphosphorylated substrates in the initial hours of reaction
time, only 14% of monophosphorylated sugars (i.e., R5P and
G6P) was dephosphorylated after 6 h, indicating limited PhyA
reactivity toward the latter substrates (Figure 2A). After 48 h,
the concentrations of the sugar by-products (i.e., glucose from
G6P, ribose from R5P, and fructose from FBP) reached 238,
155, and 648 μM, respectively (Supporting Information
Appendix E). We found that the higher level of ribose
concentration, relative to what would be expected solely from
R5P dephosphorylation, was due to the degradation of
adenosine (composed of a ribose attached to an adenine
base) by the PhyA extract (Supporting Information Appendix
D).
To determine the influence of the endogenous substrate on

the PhyA reactivity, we conducted a separate experiment with
the same mixture of Po compounds in the absence of myo-IP6
(Figure 2B). In this scenario, dephosphorylation of both FBP
and ATP was complete after only 30 s, compared to 20 min in
the presence of myo-IP6 (Figure 2A,B). The corresponding
dephosphorylated products, F6P and ADP, also reached their
highest concentrations (respectively, 302 ± 18 and 441 ± 38
μM) by the 30 s reaction time (Figure 2B). Moreover, by the
first 6 h, 50% of G6P and 33% of R5P remained in solution in
the absence of myo-IP6, compared to more than 80% in the
presence of myo-IP6 (Figure 2A,B). A faster increase of the
final sugar and nucleoside by-products (i.e., glucose, fructose,
ribose, and adenosine) was also observed in the absence of
myo-IP6 (Figure 2B). Therefore, our data highlight the
capability of PhyA to catalyze the dephosphorylation of
other Po compounds commonly found in soils in a hierarchical
manner, both in the presence and absence of myo-IP6. To
investigate quantitatively the hierarchy of PhyA-mediated Po
hydrolysis, we determine the transformation rates based on the
kinetic decay of Po concentrations (Figure 2C).
Substrate Dephosphorylation Rates in Mixed-Sub-

strate versus Single-Substrate Solutions. Using eqs 1−6
and the nonlinear regression of the kinetic data, we obtained
the dephosphorylation rate coefficients for each Po substrate
across three experimental conditions: single-substrate solu-
tions, mixed-substrate solution with myo-IP6, and mixed-
substrate solution without myo-IP6 (Figure 2C; Supporting
Information Appendix D). In the single-substrate reactions, the
hierarchy of substrate dephosphorylation was as follows: ATP
= FBP > ADP > AMP = R5P > G6P > F6P (Figure 2C,
Supporting Information Appendix F). In the mixed-substrate
experiments containing or lacking myo-IP6, there was a similar
hierarchy, except that there was no preference between R5P
and G6P (Figure 2C, Supporting Information Appendix F).
Compared to both the single-substrate experiment and the
mixed-substrate experiment without myo-IP6, there was a 34-
fold decrease in the rate coefficients of ATP and FBP with the
mixed-substrate experiment with myo-IP6, thus highlighting
myo-IP6 as a direct competitor to these two multiphosphory-
lated compounds for PhyA reactivity (Figure 2C, Supporting
Information Appendix F). Interestingly, in both mixed-
substrate experiments, the ADP dephosphorylation rate was
8 times less than that in the single-substrate experiment,

implying inhibition of ADP dephosphorylation by ATP and
FBP (Figure 2C, Supporting Information Appendix F).
Regarding the low rate coefficient determined for the single-
substrate dephosphorylation of the monophosphorylated
compounds, this remained the same for G6P for both mixed-
substrate scenarios, but this value for AMP, R5P, and F6P
decreased by up to 2.5, 4 and 6 times, respectively, for one or
both mixed-substrate experiments (Figure 2C, Supporting
Information Appendix F). Detailed in the next section are the
contributions of the substrate-specific Pi recycling from the
different Po compounds in the mixture.

Hierarchical Pi Recycling from a Mixture of Po
Substrates. Using the simultaneous monitoring of Po

substrates and their by-products, we were able to profile the
substrate-specific Pi contribution relative to their total Pi-
equivalent potentials catalyzed by the PhyA extract that reacted
with the mixture of Po compounds (Figure 3). In the mixture
containing myo-IP6, all the Pi that could be derived from myo-
IP6 was recycled in less than 5 min (Figure 3A). After myo-IP6,
the multiphosphorylated Po substrates (i.e., ATP, FBP, and
ADP) had the fastest and highest contributions of recycled Pi

(Figure 3A). With myo-IP6 present in the mixture, it took 1 h

Figure 3. Percentage contributions of different Po compounds in
phytase-catalyzed Pi-recycling in a mixture containing myo-IP6 (A)
and a mixture without myo-IP6 (B) during the time. The first three
time points are presented as min and the rest of the time points are in
h unit. The contribution of a specific Po compound in Pi recycling is
shown as the percentage of its associated released Pi ([Pi]released) over
its total Pi-equivalent potentials ([Pi]bound total).
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to achieve the complete recycling of Pi from ATP and FBP,
and only 20% G6P-derived Pi was in solution (Figure 3A).
However, in the absence of myo-IP6, Pi recycling from ATP
and FBP was completed within 5 min, as well as up to 40% of
G6P-derived Pi (Figure 3B). For the two ATP by-products, it
took greater than 20 min to obtain Pi recycled from ADP in the
presence of myo-IP6, but 10% of the ADP-derived Pi was
already recycled by 10 min in the absence of myo-IP6; by 6 h,
only 20% and over 50% of AMP-Pi were recycled in the
presence and absence of myo-IP6, respectively (Figure 3). At 2
h reaction time, in the presence of myo-IP6, only about 10% of
the Pi from R5P and F6P was recycled, but about 33−35% of
the total Pi from G6P were recycled (Figure 3). Subsequently,

the hydrolysis of ADP (from dephosphorylated ATP) was
initiated, with 100% of the ADP-derived-Pi recycled within 6 h
(Figure 3A). At the end of the reaction time (48 h), 57, 89,
and 93% of the total Pi from, respectively, F6P, G6P, and R5P
were recycled in the presence of myo-IP6; complete Pi
recycling from these compounds was achieved in the absence
of myo-IP6 (Figure 3).
In summary, the presence of myo-IP6 was found to impede

Pi recycling from multiphosphorylated substrates and, to a
lesser extent, from monophosphorylated substrates (Figure
3A). Following dephosphorylation of myo-IP6, PhyA was able
to catalyze the recycling of 100% of the potential equivalent Pi
from multiphosphorylated compounds (ATP, ADP, and FBP);

Figure 4. Interactions, docking energies, and structures of simulated compound-PhyA complexes. (A, top) Distribution of different types of
interactions: strong H-bonds with catalytic residues (dark red), weak H-bonds with catalytic residues (dark orange), electrostatic interactions with
catalytic residues (light orange), electrostatic interactions with non-catalytic residues (light purple), weak H-bonds with non-catalytic residues
(light blue), strong H-bonds with non-catalytic residues (dark blue). (A, bottom). Calculated docking energy for the optimized configuration of
each compound-PhyA complex. Docked structures of each Po compound within the active site of PhyA: myo-IP6 (B), ATP (C), ADP (D), AMP
(E), FBP (F), G6P (G), R5P (H). Hydrogen bonding and electrostatic interactions are shown in green and orange dashed lines, respectively;
electrostatic surface map of the active site indicates positively-charged (blue), negatively-charged (red), and neutral (white) regions. The criterion
parameters for determining the different type of interactions and the docking energies are detailed in the Materials and Methods section.
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this recycling was initiated earlier and completed by 48 h in the
absence of myo-IP6 (Figure 3A,B). Interestingly, even after 48
h, a fraction of parent monophosphorylated compounds still
remained, which we attributed to the apparent low
dephosphorylation rate coefficient of these compounds (Figure
2C). To explore the structural basis for the experimentally
determined hierarchy of PhyA reactivity, we conducted
molecular docking simulations to probe the binding mecha-
nisms of each Po substrate within the PhyA active site.
Docking Energies, Theoretical Interactions, and

Mechanisms of Substrate Selectivity of PhyA. We
simulated the docking of the following seven Po compounds
within the active site of PhyA: myo-IP6, ATP, FBP, ADP,
AMP, G6P, and R5P (Figure 4A−H). Expectedly, the
endogenous substrate of PhyA (myo-IP6) had the most
thermodynamically favorable docking energy (i.e., lowest
docking energy) and the highest number of interactions with
the active site (including strong and weak H-bonding and
electrostatic interactions) (Figure 4A). The PhyA active site,
which consists of six conserved residues (R58, H59, R62,
R142, H338, and D339) required for the catalytic process,29 is
characterized by positive electrostatic potentials that favor the
binding of the highly negatively charged myo-IP6

15 (Figure
4B). The catalytic nucleophile and proton donor residues (i.e.,
H59 and D339)29 were involved in H-bonding and electro-
static interactions with phosphate groups of myo-IP6 (Figure
4B). Moreover, the conserved positively charged residues, R62
and R142, mediated H-bonds with the P3-associated O atoms
of myo-IP6 (Figure 4B). Along with these catalytically
important interactions, other interactions between the
phosphate groups and nonconserved residues close to the
active site provided a favorable and stable orientation of myo-
IP6 for catalysis (Figure 4B).

Both ATP and FBP exhibited about the same total number
of interactions with the substrate binding pocket as well as
similar docking energies (Figure 4A), consistent with the
similar preference of PhyA for these substrates deduced from
the experimental data (Figures 2C and 3). Also, in agreement
with the kinetic rate coefficients, ADP had a less favorable
docking energy than both ATP and FBP (Figures 2C and 4A).
The three phosphate groups of ATP mediated interactions
with the active site residues (Figure 4C). Specifically, the ATP
terminal phosphate (P3) was involved in direct or O-mediated
H-bonds with the catalytic residues (H59 and D339), while
facilitating H-bonding and electrostatic interactions with other
conserved residues in the active site (H338, R58, and R62)
(Figure 4C). The adenosine moiety of ATP interacted with an
electronegative region through three π-anions with two
negatively charged residues (Figure 4C). In a similar manner
to ATP, ADP was stretched out along the pocket with the
terminal phosphate group surrounded by interactions from the
active site cavity (Figure 4D). The adenosine moiety of ADP
was stabilized by strong H-bond and π-bond interactions
through the ribose and adenine moieties, respectively (Figure
4D). This stabilization of the ADP adenosine moiety would
reduce the substrate flexibility in the active site, which may be
responsible for the less favorable transformation kinetics of
ADP relative to those of ATP and FBP (Figure 2C).
With respect to the FBP binding, the positive electrostatic

surface of PhyA was narrowly localized around the phosphate
groups (Figure 4F). One of the phosphate moieties of FBP
interacted strongly with the entire set of conserved active site
residues (R58, H59, D339, H338, R62, and R142) and the
other phosphate was stabilized further away interacting with a
electropositive region in the binding pocket (Figure 4F). We
found that FBP exhibited more substrate flexibility in the active

Figure 5. Progress curves of Pi recycling from ATP (A) and G6P (B), in the presence of a mixture of competing substrates (mix) or in single
substrate solution (single), at three initial concentrations: 0.1, 1 and 10 mM. In B and D, no values are reported for the reaction of 0.1 mM G6P in
the mixture because Pi concentration was below the limit of detection. The initial rates of dephosphorylation (V) are plotted against the
concentration of the substrates, ATP (C) and G6P (D), in the mixed-substrate (mix) and the single-substrate (single) reactions. (E) The effect of
mixture on the rate of dephosphorylation is shown by plotting the ratio VX(mix) over VX(single) against the fractional amount of total P in the mixture
of Po compounds was found in the target substrates (X = G6P or ATP). The gray area represents the fractional P (less than 0.025) content whereby
V values could not be determined for the mixed-substrate reactions. Datasets and statistical analyses are listed in Appendix G and Appendix H
(Supporting Information).
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site than ADP because of the smaller size of fructose moiety
relative to that of adenosine moiety in ADP, which may explain
the faster dephosphorylation kinetics of FBP compared to that
of ADP (Figures 2C and 4F).
In agreement with the experimental kinetic data, the least

favorable docking energies were found for the mono-
phosphorylated substrates (i.e. G6P, R5P, and AMP) and the
lowest number of interactions were found for AMP and R5P
(Figures 2C and 4A). While the phosphate group of either
AMP and R5P was not involved in any interaction with the
catalytic residues, the ribose moieties in these compounds
mediated interactions with the active site (Figure 4E,H).
Compared to AMP and R5P, a relatively more desirable
interaction network was observed for G6P in the active site
(Figure 4E,G,H). However, while the O atoms associated with
the phosphate group of G6P formed H-bonds with five
conserved residues in the active site, the glucose moiety was
also stabilized via H-bonds with four noncatalytic positive
residues (Figure 4G), leading to reduced structural flexibility of
G6P in the active site. Considering the experimentally and
theoretically determined preference of PhyA for multi-
phosphorylated Po compounds over monophosphorylated
ones, we chose two representatives from these Po substrates
(ATP and G6P) to investigate the mixture effects on the initial
dephosphorylation rates of each substrate as a function of
different concentrations in the mixture.
Concentration-Dependent Effect of Internal Compe-

tition in Mixed-Substrate Reactions. Separate experiments
were performed at three initial concentrations of ATP and G6P
(0.1, 1, and 10 mM) in the presence or absence of a mixture of
competing substrates (Figure 5A,B). We obtained the initial
rates of Pi recycling from the time-dependent substrate
hydrolysis in the mixed-substrate and single-substrate con-
ditions (Figure 5C,D, Supporting Information Appendix G). In
accordance with the aforementioned hierarchy in substrate
preference, we found that the single-substrate hydrolysis rates
at initial substrate concentrations of 1 and 10 mM for ATP
were 141-fold and 28-fold higher than the corresponding
hydrolysis rates for G6P (Figure 5C,D).
With respect to the substrate hydrolysis in the mixed-

substrate conditions, we observed different behaviors of PhyA
activity toward each substrate (Figure 5D,E). On the one hand,
a linear increase in the rates of G6P hydrolysis was again
observed by increasing the G6P concentration but the rates
obtained with the mixture remained the same as the ones
obtained with the single-substrate scenario despite a 10-fold
increase in the G6P concentration (from 1 to 10 mM) in the
mixture (Figure 5D,E); there was no hydrolysis of G6P at the
0.1 mM G6P experiments in the mixture (Figure 5B,D). On
the other hand, the rates of ATP hydrolysis increased as the
fractional amount of ATP in the mixture increased, but these
values were lower than the rates in the single-substrate
conditions (Figure 5D). Moreover, we found that the
inhibitory effect of the presence of competitive substrates
was reduced as the ATP concentration increased in the mixture
(Figure 5E, Supporting Information Appendix G). Specifically,
comparing the mixed-substrate data to the single-substrate
data, there was a 7-fold decrease in the hydrolysis rate for 0.1
mM ATP, whereas there was only a 2-fold decrease in the
hydrolysis rate for 10 mM ATP (Figure 5E, Supporting
Information Appendix G). However, the decreasing slope in
the profile of the increased rate of ATP hydrolysis highlighted
that the maximum rate for ATP hydrolysis would be lower with

the mixture than in the single-substrate conditions, indicating
that increasing ATP concentration would not fully remove the
internal competition by the other substrates in the mixture
(Figure 5C).

■ DISCUSSION
Phosphatase-type enzymes including phytases can play an
important role in P recycling from Po compounds in
agricultural soils.8,9 In relevance to increasing plant-available
P, the soil around the plant rhizosphere is enriched in organic
matter containing a mixture of Po compounds.3,41 Therefore,
understanding the reactivity of phosphatases in a mixture of Po
compounds is of particular interest. Previous studies on the
activity of PhyA, which were conducted only with single-
substrate solutions,18−20 have indicated myo-IP6 as the
preferred substrate for PhyA18−20 which is in agreement with
the substrate preference observed in our study but inconsistent
with a higher activity of PhyA for G6P than for myo-IP6
reported by George et al.20 Regarding the hierarchical substrate
preference of PhyA across different Po compounds based on
single-substrate reactions, Greiner et al.21 reported the highest
activity rate with myo-IP6, followed by, in a decreasing order,
ADP, AMP, ATP, and G6P; by contrast, Casey and Walsh19

reported higher activity for AMP than for ADP; and Sariyska et
al.18 reported G6P as the preferred substrate, followed by ATP,
AMP, and ADP. Therefore, based on the reported discrepant
findings from single-substrate experiments, it is challenging to
determine substrate selectivity in environmentally relevant
mixed-substrate reactions.
Our application of high-resolution LC−MS offers an

approach for probing the Pi-recycling activity of PhyA reacted
with a mixture of Po substrates. Such LC−MS-based analysis
would be instrumental in conducting subsequent comprehen-
sive enzyme kinetic studies of PhyA and other phosphatases.
Within the scope of this study, our findings provide
mechanistic insights into the hierarchical reactivity of PhyA
toward a mixture of diverse Po compounds consisting of myo-
IP6, sugar phosphates, ribonucleotides, and metabolic inter-
mediates. Our experimental data captured the dephosphor-
ylation activity toward all investigated compounds, but the
reactions kinetics were faster for the multiphosphorylated
compounds than for the monophosphorylated ones. Our
molecular docking simulations revealed that the positively
charged potential surface along the enzyme’s active site
facilitated favorable binding interactions with multiphosphory-
lated compounds, which were consistent with the substrate
hierarchy observed experimentally. Consistent with the slow
dephosphorylation kinetics measured for the monophosphory-
lated compounds, the simulation results revealed that these
compounds adopted unfavorable binding orientations within
the substrate-binding pocket. In addition to these electrostatic
attractions revealed by the molecular docking data, we posit
that steric hindrance may influence the substrate−enzyme
interactions. For instance, in accordance with the findings of a
recent study on purple acid phosphatases,42 the spacious active
site of PhyA might better accommodate the binding of the
large substrates than the smaller ones.
It is well established that a competitive inhibition can occur

when two substrates are reacted with the same enzyme.43 Here,
we found that the presence of a mixture containing several
competitive substrates decreases the dephosphorylation rates
of a favorable substrate (ATP) compared to the single-
substrate scenarios, but this mixture-induced inhibition was
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not exhibited for a nonfavorable substrate (G6P). The
inhibitory effect of the mixture on ATP hydrolysis was relieved
by increasing the substrate concentration in the mixture. The
lack of inhibitory effect of the mixture on the rates of Pi

recycling from G6P could be due to persistent low activity for
the nonfavorable substrates (i.e., monophosphorylated com-
pounds) in the presence of other substrates. Nevertheless, such
low-affinity phosphatase reactions on organic mixtures within
agricultural soils could contribute sugars and nucleosides as by-
products, which can be incorporated subsequently into soil
microbial carbon metabolism.
Given the wide distribution of phytases and other

phosphatases secreted by plants, bacteria, and fungi,8,9 our
data thus highlight the potential role of these enzymes to
contribute to the cycling of both phosphorus and carbon in
agricultural soils.44 Acknowledging the potential adsorption of
both Po compounds4,6,45 and phosphatase enzymes6,46−48 on
soil minerals, an important next step is to investigate the
influence of minerals on the substrate hierarchy for the enzyme
reactivity determined here. It was reported previously46 that
adsorption of an alkaline phosphatase on a clay (montmor-
illonite) and iron-oxyhydroxide mineral (goethite) led to
reduction in enzymatic reactivity toward a synthetic Po

compound (para-nitrophenyl phosphate). However, relative
to enzyme activity in solution, another study7 reported that
adsorption to goethite did not change the activity of an acid
phosphatase reacted with a sugar phosphate. Olsson et al.6

proposed that minerals could preserve acid phosphatase
reactions by concentrating the co-presence of enzyme and
substrate on the mineral surface. Furthermore, Leprince and
Quiquampoix48 posited that clay minerals can enhance the
stability of acid phosphatase enzymes. These previous findings
imply that the hierarchical reactivity determined here for PhyA,
an acid phosphatase, may be maintained in the presence of soil
minerals. Subsequent investigations are needed to evaluate the
effects of soil minerals on the activity of phosphatase enzymes
in the presence of a mixture of Po compounds. Furthermore,
toward improving our forecasting of enzyme-mediated Pi

recycling from soil organic matter, further mechanistic insights
are warranted regarding the reactivity of phosphatase-type
enzymes of different biological origins (i.e., from plant, fungi,
and bacteria) present in agricultural soils.
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