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1. Introduction

Phosphorus (P) is an essential element for all life as the building block of
many structural and functional components of organisms (Karl, 2014;
Paytan and McLaughlin, 2007). As one of the most abundant elements on
Earth, P has an average crustal abundance of 0.1% by weight (Canfield
et al., 2005). Total P concentration is estimated to be 170-21,000 mg
kg71 in surface and subsurface environments (e.g., soils and sediments)
(Klein et al., 2019). However, P is always viewed as a potentially limiting
macronutrient for terrestrial and marine primary production (Ruttenberg,
2014; Thingstad et al., 2005).

Different P-containing compounds occur in nature, including ortho-
phosphate, organic P esters, phosphoanhydrides, phosphite, and
phosphonates, etc. (Figueroa and Coates, 2017; Paytan and McLaughlin,
2007; Van Mooy et al., 2015). Orthophosphate is typically considered as
the most common P compound in surface environments and the only P
form that can be directly and effectively taken up by most of living organ-
isms, although recent studies showed that some microorganisms can utilize
low weight dissolved organic phosphates and reduced forms of P (Karl,
2014; Van Mooy et al., 2015). Once external P inputs are limited, local P
recycling is of great importance for P supply and organism survival (Chen
et al., 2018; Zhu et al., 2018) since a large fraction of total P pool consists
of organic phosphates (9.3-69.2%) and inorganic phosphoanhydrides
(0.4-13.0%) (Diaz et al., 2008; Liu et al., 2018; Recena et al., 2018; Wan
et al., 2019b). For example, in open oceans, ~ 90% of gross primary pro-
duction is supported by local hydrolysis and recycling of organic phos-
phates and phosphoanhydrides, mainly driven by microbial P assimilation
and remineralization (Karl, 2014). The remineralization of organic
phosphates into orthophosphate by microorganisms can alleviate
P starvation, and phosphatases are typically synthesized in response to
phosphate depletion, assisting with P acquisition (Duhamel et al., 2021;
Lidbury et al., 2022). The hydrolysis and recycling of organic
phosphates (e.g., phosphate monoesters) and phosphoanhydrides
(e.g., pyrophosphate and polyphosphate) could thus significantly influence
global biogeochemical processes and globe primary productivity via the al-
leviation of P starvation and the assistance with P acquisition (Baldwin,
2013; Ruttenberg, 2014; Van Mooy et al., 2015).

In natural environments, the movement of P among different reservoirs
is generally regulated by biotic (e.g., remineralization, uptake, release, and
assimilation) and abiotic processes (e.g., adsorption, desorption, dissolu-
tion, and precipitation) (Defforey and Paytan, 2018; Ruttenberg, 2014).
Due to the high specificity and high reaction rates, enzymatic hydrolysis
of phosphate esters and phosphoanhydrides — a biotic process — is tradition-
ally viewed as the main mechanism for the degradation of complex P mol-
ecules to produce bioavailable orthophosphate (Huang et al., 2018; Olsson
et al., 2012). Typical extracellular enzymes such as acid and alkaline phos-
phatases can rapidly catalyze the breakage of phosphate ester (P—0O—C)
and terminal phosphoanhydride (P — O —P) bonds, leading to the hydroly-
sis of organic phosphates and polyphosphates to produce orthophosphate
(Huang et al., 2018; Jarosch et al., 2019).

Meanwhile, natural oxide minerals are always considered as an impor-
tant abiotic factor in P sequestration and regulating global P cycling, though
their specific roles still need to be better constrained (Klein et al., 2019;
Wan et al., 2019b; Wood et al., 1984). Iron (Fe) and aluminum (Al) oxide
minerals have large surface areas and highly positive surface charges
under typical environmental conditions, and are able to uptake large
amounts of phosphate via surface adsorption, incorporation, and/or precip-
itation. Thus, these minerals are traditionally viewed as a sink or source of P
in aquatic and soil environments (Ruttenberg and Sulak, 2011; Wang et al.,
2016; Yan et al., 2014). Manganese (Mn) oxides, another common group of
metal oxide mineral in natural environments, are negatively charged at
circumneutral pH conditions and thus generally have a low affinity for
phosphate adsorption.

In addition to the roles of Fe, Al, and Mn oxides as absorbents for P se-
questration, a few recent studies showed that these minerals can act as abi-
otic catalysts and enable the rapid hydrolysis/remineralization of
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phosphate esters and phosphoanhydrides into orthophosphate via the
cleavage of P—O—C or P — O-P bonds, a process that shares similar mech-
anism as enzymatic P hydrolysis (Huang, 2018; Klein et al., 2019; Wan
et al., 2019a; Wan et al., 2021). The rate of Mn oxide-catalyzed hydrolysis
of organic phosphate ester is reported to be an order of magnitude higher
than Fe and Al oxides (Baldwin et al., 1995). These studies provided a
new angle to evaluate the potentially critical yet overlooked roles of natural
minerals in P remineralization and recycle. Despite the previous studies on
phosphatase- and mineral-catalyzed hydrolysis of organic phosphate esters
and phosphoanhydrides (Huang et al., 2018; Huang, 2018; Wan et al.,
2019b), direct quantification and comparison of P remineralization rates
via biotic (enzyme) and abiotic (mineral) pathways are still missing
(Duhamel et al., 2021).

In this study, we hypothesize that, in addition to the traditional view of
being a P sink or source, natural oxide minerals can assist P hydrolysis and
acquisition by serving as abiotic catalysts to facilitate the degradation of
complex P molecules. We systematically compare and evaluate the hydroly-
sis of nine representative P compounds in the presence of two common P
enzymes (acid and alkaline phosphatases) and the most common phases
of Fe, Al, and Mn oxide minerals (hematite, boehmite, and birnessite). To
our knowledge, the results provide the first quantitative comparison of bi-
otic (enzyme) and abiotic (mineral) hydrolysis rates of these nine common
phosphate compounds. 'P nuclear magnetic resonance (NMR) spectros-
copy was conducted to determine the preferential hydrolysis of organic
phosphate monoester and polyphosphate by enzymes and minerals. By es-
timating the environmental distribution and abundance of these phos-
phates and oxide minerals in soils and sediments, we provide an initial
assessment of the relative contributions of these biotic and abiotic path-
ways in governing P transformation and remineralization in soils and sedi-
ments.

2. Materials and methods
2.1. Materials and reagents

Nine selected P-containing compounds (details in Table 1) were ob-
tained from MilliporeSigma, including six organic phosphates: [-
glycerophosphate (GP), p-glucose 6-phosphate (G6P), adenosine 5’-
monophosphate (AMP), adenosine 5’-triphosphate (ATP), diphosphopyri-
dine nucleotide (NP), and myo-inositol hexakisphosphate (IHP), as well as
three inorganic phosphoanhydrides: pyrophosphate (P,), tripolyphosphate
(P3), and polyphosphate (with 45 P unit, P4s). Beside phosphate monoester
P—O—C bond, ATP and NP also contain phosphoanhydride P—O—P bond
(Table 1). These nine P compounds represent the most abundant organic
phosphates and phosphoanhydrides in the environment. Enzyme and
mineral-catalyzed hydrolysis experiments were conducted using two com-
mon enzymes (acid and alkaline phosphatases, both from MilliporeSigma)
and three most common Fe, Mn, and Al oxide minerals (hematite,
birnessite, and boehmite, respectively). Information on the source, synthe-
sis, and characterization of all materials are in Supplementary Materials
(SM) Text S1 and Table 1.

2.2. Hydrolysis experiments

The two enzymatic experiments were conducted at different pH values
(acid phosphatase at pH 6 and alkaline phosphatase at pH 8) for optimal en-
zymatic activity as suggested by the manufacturer. The optimal pH range is
4-7 for acid phosphatase (Hoehamer et al., 2005) and 6-11 for alkaline
phosphatase (Golotin et al., 2015; Hoehamer et al., 2005). Our selected
pH conditions of 6 and 8 are representative of environment conditions
such as freshwater and seawater. For enzymatic hydrolysis of P compounds,
phosphatase stock solutions were prepared at 2 units mL ™! in a 0.01 M 3-
(N-morpholino)-propanesulfonic acid (MOPS) buffer at pH 6 (for acid phos-
phatase) or a 0.01 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer at pH 8 (for alkaline phosphatase). In 15 mL centrifuge
tubes, 8.3 mL deionized (DI) water containing 0.01 M MOPS buffer or
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Table 1
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Label, type, chemical formula, structure, and stock solution concentrations of the organic phosphate and phosphoanhydride compounds used in this study.

Label Type Compounds and chemical formula

Structure® Concentration of stock solution ®

GP Phosphomonoester

B-Glycerophosphate disodium salt hydrate (HOCH,) HO

50 mM in total P (0.047 + 0.001%)

2CHOP(O)(ONa),xH,0 HO\J\ 0
1
O—IID—ONa * xH0
ONa
G6P  Phosphomonoester p-Glucose 6-phosphate disodium salt hydrate o 50 mM in total P (0.717 * 0.003%)
CeHy1Nay0oPxH,0 NaO—IID—O < xHz0
ONa
(0]
OH OH
OH OH
NP Phosphomonoester/Phosphoanhydride Diphosphopyridine nucleotide Co;H5,N7014P>xH,0 NHz 40 mM in total P (0.027 * 0.005%)

0.

o. N
OH OH
AMP  Phosphomonoester Adenosine 5-monophosphate monohydrate NH, 50 mM in total P (0.044 + 0.002%)
C10H14N50,PH,0 N N>
.
2 S H0
HO-P-O o 2
OH
OH OH
ATP  Phosphomonoester/Phosphoanhydride Adenosine 5’-triphosphate disodium salt hydrate NH, 20 mM in total P (1.245 + 0.026%)
C10H14NsNay043P3xH,0 NZ SN
LY
0 @ 9 SwN
HO-P-0-P-0-P-0—
ONa ONa OH
«xH,0 OH OH
IHP  Phosphomonoester Phytic acid sodium salt hydrate C¢HgO24P¢'12Na OR o 60 mM in total P (3.325 + 0.041%) ¢
RO. OR R="—P-OH
OH
RO" “OR *xNa
OR + yH20

P, Phosphoanhydride

Ps Phosphoanhydride Sodium tripolyphosphate NasP30;o

Pus Phosphoanhydride Sodium phosphate glass, type 45

Sodium pyrophosphate decahydrate Na,P,0,

40 mM in total P (0.394 * 0.133%)
1] I
NaO-P-O-P-ONa

ONa ONa

O O O 20 mM in total P (0.629 *+ 0.057%)
NaO.§ 1 [ ONa ’
NaO” ~0"|~0" “ONa

ONa
('11 e ¢ 40 mg L' (~45 mM) in total P (0.528

R PO LR + 0.051%)
0 (1)‘;0 Lo o

# Structures of GP, G6P, NP, AMP, ATP, IHP, P, and P5 are from manufacturer (MilliporeSigma).
b Percent values in the parentheses indicate the amount of hydrolyzed P in the stock solution after 120-day storage.
¢ 3.325% hydrolysis attributes to pre-existed orthophosphate in IHP salts with 97% purity.

0.01 M HEPES buffer was mixed with calculated volumes of phosphate
stock solution (~0.2 mL; details in Table 1), 0.5 mL of 2 M NaCl solution,
and 1 mL phosphatase stock solution to achieve a total P concentration of
~1 mM and enzyme concentration of 200 units L™ '. The use of MOPS/
HEPES buffers maintained the solution pH within +0.1 unit.

To explore the effects of divalent metal cations (Ca®*, Mg?*, Zn", and
Mn?*) on the enzymatic hydrolysis, parallel experiments were conducted
by adding 0.1 mL of 50 mM metal stock solution to the centrifuge tubes
to achieve a metal concentration of 0.5 mM. All experiments were per-
formed in a shaking incubator at 225 rpm and 37 °C. At different time
points, 50 pL aliquot of solution was sampled and immediately analyzed
for orthophosphate production using the phosphomolybdate colorimetric
assay (Murphy and Riley, 1962) on an UV-vis spectrometer (Carey 60,
Agilent). We note that the observed orthophosphate production is slightly
higher than 1000 pM for P45 hydrolysis by acid phosphatase, likely because
the chemical formula of P45 is unknown, thus making it difficult to accu-
rately calculate P45 concentration as total P. However, it does not affect
the reaction trends and conclusions.

For mineral-catalyzed hydrolysis experiments, 500 mL of 2.4 g L™ ! he-
matite, birnessite, and boehmite stock suspensions were prepared at de-
served pH and equilibrated overnight under magnetic stirring. Then,
22.45 mL DI water containing 0.01 M MOPS or HEPES buffer was mixed
with P stock solution (~ 0.75 mL), 0.3 mL of 50 mM Ca?* stock solution,
1.5 mL of 2 M NaCl stock solution, and 5.0 mL of 2.4 g L™ ! mineral stock
suspension in a 50 mL glass bottle to achieve a total P concentration of
~1 mM and mineral concentration of 0.4 g L', pH value of the reaction
suspension was monitored and adjusted using 0.1 M HCl or NaOH if
needed. To explore the effects of metal cations (Mg®*, Zn>*, and Mn?™,
and a control with no metal addition), parallel experiments were conducted
by adding 0.3 mL of 50 mM metal stock solutions to the 50 mL glass bottles
to achieve a metal concentration of 0.5 mM. Varied amount of DI water was
added to achieve the same total volume of reaction suspension. All reaction
suspensions were constantly agitated. At specific time points, 0.5 mL sus-
pension was taken, immediately centrifuged, and filtered through a 0.22-
pm Millipore membrane, and 50 pL of the supernatant was used to analyze
orthophosphate concentration. To prevent microbial growth, 10 pL of
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5 mM sodium azide (NaN3) solution was added to the reaction suspensions
at selected time points. The stability of the nine phosphates stock solutions
(without enzyme or mineral) was monitored over 120-day storage. The re-
sults (Table 1) show that spontaneous hydrolysis of these phosphates was
limited. These experiments were considered as no-enzyme/mineral con-
trols. All experiments were performed in at least duplicates.

2.3. Solution *’P NMR analysis

To compare the preferential hydrolysis of organic phosphates and
phosphoanhydrides by phosphatases and oxide minerals, the hydrolysis ki-
netics of GP and P45 were monitored using time-resolved 31p solution NMR
spectroscopy. GP and P45 were chosen as representative organic phosphate
monoester and polyphosphate in natural environments.

For enzymatic hydrolysis of co-present GP and P45, 498.5 pL DI water
containing 0.01 M MOPS (pH 6, for acid phosphatase) or 0.01 M HEPES
buffer (pH 8, for alkaline phosphatase) was mixed with 17.5 pL P4s stock so-
lution, 14 pL GP stock solution, 100 pL deuterium oxide (D,0), and 70 pL
phosphatase stock solution in the NMR sample tubes to achieve a total P
concentration of ~2 mM with ~1 mM Py5 (as total P) and ~1 mM GP. In
order to collect good NMR spectra with acceptable signal-to-noise ratio,
total P concentration with GP and P45 were set up to 2 mM (Wan et al.,
2019b). The use of 1 mM total P concentration for P,s is equivalent to
22.2 uM P45 molecules, much lower than GP. Thus, the absolute rates of hy-
drolysis between these two substrates for the same enzyme or mineral
might not be directly comparable; in these experiments, we primarily
focus on the relative trends of orthophosphate production and P45/GP deg-
radation. NMR spectra were collected immediately after the addition of
phosphatase stock solution and at varied time points (0, 0.5, 1.5, 4, 8.5,
24, and 48 h) at room temperature (22 °C).

For mineral-catalyzed hydrolysis of co-present GP and P45, 12.9 mL DI
water containing 0.01 M MOPS or HEPES buffer was mixed with 0.5 mL
P.,s stock solution, 0.4 mL GP stock solution, 0.2 mL of 50 mM Ca®™"
stock solution, 1 mL of 2 M NaCl stock solution, and 5.0 mL of 1.6 g L.~ *
mineral stock suspension in a 50 mL glass bottle. The final mineral concen-
tration is 0.4 g L.~ ! and total P concentration is ~2 mM with ~1 mM P45 (as
total P) and ~1 mM GP. At specific time points (4hand 1, 3,5, 7, 8,9, 14,
18, and 24 d), 1.5 mL suspension was taken, immediately centrifuged, and
filtered through a 0.22-ym Millipore membrane, and 0.8 mL supernatant
and 0.2 mL D,O was finally mixed to perform solution *'P NMR spectros-
copy. pH values of the reaction suspensions were monitored and adjusted
to be target pH if needed before the sampling.

Solution *!'P NMR spectra were collected on a Bruker AMX 400 MHz
spectrometer operated at 162 MHz and 297 K. Parameters of 90° pulse
width, 6.5 k data points (TD) over an acquisition time of 0.51 s, and relax-
ation delay of 15 s were applied. Chemical shift was calibrated using 85%
H3PO, as the external standard. At least 256 scans (~0.5 h) were collected
for each sample.

3. Results and discussion
3.1. Overall hydrolysis trends

The production of orthophosphate was applied to evaluate the hydroly-
sis rates in this study. Due to the large matrix of P compounds, enzymes, and
minerals studied, we first compare the representative kinetic curves of
polyphosphate (P45) hydrolysis by acid and alkaline phosphatases, hema-
tite, boehmite, and birnessite (Fig. 1). Acid phosphatase shows a higher
rate for P45 hydrolysis than alkaline phosphatase, and both enzymes show
much higher rates than hematite, boehmite, and birnessite. For the three
minerals, hematite shows a higher rate and extent for P45 hydrolysis at
pH 8 after 17 or 24 days, followed by birnessite and boehmite.

We then compare the hydrolysis of six organic phosphates (GP, G6P,
NP, AMP, ATP, and IHP) and three inorganic phosphoanhydrides (P5, Ps,
and Py4s) by phosphatases and minerals (Fig. 2) at pH 6 and 8. Acid and al-
kaline phosphatases can rapidly hydrolyze organic phosphate monoesters
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Fig. 1. Hydrolysis of polyphosphate (P4s) by phosphatases and minerals. Acid and
alkaline phosphatases are the most common enzymes for P hydrolysis in natural
environments. Hematite, birnessite, and boehmite represent common Fe, Mn, and
Al (oxyhydr)oxide minerals in soils and sediments. Enzymatic experiments were
conducted at different pH values (acid phosphatase at pH 6 and alkaline
phosphatase at pH 8) for optimal enzymatic activity as suggested by the
manufacturer, which are representative of environment pH conditions. Error bars
indicate standard deviation (SD) of replicate experiments.

and inorganic phosphoanhydrides, except for [HP (a phosphate monoester)
(Fig. 2a-f). Due to the steric structure, IHP resists rapid hydrolysis and a pre-
vious study indicated that IHP hydrolysis was limited to enzymatic reac-
tions (Jarosch et al., 2019). Acid phosphatase can slowly hydrolyze NP
(containing both phosphate ester and phosphoanhydride bonds), whereas
orthophosphate production is limited through the hydrolysis by alkaline
phosphatase (Fig. 2a and d). The limited production of orthophosphate
from NP reaction with alkaline phosphatase suggests the low ability of alka-
line phosphatase to cleave phosphoanhydride bonds within NP. For the
three mineral systems, all phosphate compounds are slowly hydrolyzed,
and after 17 or 24 days the hydrolysis extents of phosphoanhydrides
(ATP, P,, P3 and P,4s5) are much higher than those of phosphate monoesters
(GP, G6P, AMP, and IHP) and NP (Fig. 2g-0). For example, the hydrolysis
extents of inorganic phosphoanhydrides and organic phosphates by three
oxide minerals are in the range of 11.5-93.1% and 1.5-30.1%, respectively.

3.2. Kinetic fitting of hydrolysis rates

To provide an initial quantitative comparison of the hydrolysis rates of
different experiments, we performed kinetic fitting for orthophosphate pro-
duction during enzyme- and mineral-catalyzed hydrolysis of phosphate es-
ters and phosphoanhydrides. In previous studies, mineral-catalyzed
hydrolysis curves were fitted as first order kinetic reactions (Huang et al.,
2018; Wan et al., 2019b) and enzymatic hydrolysis was fitted using the
Michaelis-Menten equation (Jarosch et al., 2019). In order to obtain an ini-
tial direct comparison between the enzyme and mineral systems, here we
first use linear fitting of the rates during the initial reaction stages. The
fitted hydrolysis rates are summarized in Fig. 3 and the fitting curves are
presented in Fig. S1. The linear fitting parameters (Table S1) show that
NP and IHP have very low hydrolysis rates (a few uM hr™') by both acid
and alkaline phosphatases, as compared to the higher rates (hundreds of
uM hr~1) of other seven phosphates. Acid phosphatase can hydrolyze
three inorganic phosphoanhydrides at higher rates than alkaline phospha-
tase (Fig. 3a). For example, the hydrolysis rate of P, by acid phosphatase
(1281.12 = 129 uM hr~ ) is much higher than that by alkaline phospha-
tase (203.72 + 15.2 uM hr~1) (Table S1). In contrast, for organic phos-
phate monoesters, alkaline phosphatase has a higher hydrolysis rate than
acid phosphatase (Fig. 3a). For instance, GP as a typical organic phosphate
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Fig. 2. Dynamics of orthophosphate (PO3 ) production from enzyme- and mineral-catalyzed hydrolysis of organic phosphates and phosphoanhydrides by acid phosphatase
(a-c) at pH 6, alkaline phosphatase (d-f) at pH 8, as well as birnessite (g-i), hematite (j-1), and boehmite (m-o) at pH 6 and 8. Error bars indicate standard deviation (SD) of

replicate experiments.
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monoester shows a hydrolysis rate of 75.02 = 14.8 uM hr ™! by acid phos-
phatase and 203.41 =+ 70.4 uM hr ™! by alkaline phosphatase (Table S1).

The three minerals have low hydrolysis rates (a few uM d ™) for five or-
ganic phosphates, except for ATP which contains both P—O—P
(phosphoanhydride) and P —O — C (phosphate ester) bonds (Fig. 3b-d and
Table 1). ATP can be viewed as an organic phosphoanhydride (structure
in Table 1). The production of orthophosphate from ATP hydrolysis by
three minerals may first come from the cleavage of terminal P—O—P
bond in the molecule. The hydrolysis rates of three inorganic
phosphoanhydrides are an order of magnitude higher than those of phos-
phate monoesters and are affected by mineral type and solution pH. For
the hydrolysis of inorganic phosphoanhydrides, birnessite has a higher
rate at pH 6 than 8, while hematite and boehmite have higher rates at pH
8 than pH 6 (Fig. 3b-d). The hydrolysis rates roughly follow the order of
birnessite > hematite > boehmite at pH 6, and hematite > birnessite >
boehmite at pH 8 (Fig. 3b-d). Regardless of solution pH, birnessite and he-
matite always display an order of magnitude higher hydrolysis rates (tens of
uM d 1) than boehmite (a few M d ~*). Specifically, birnessite, hematite,
and boehmite can hydrolyze P45 at 65.63, 19.17, and 4.07 pM d ' at pH 6,
and 45.12, 59.93, and 4.99 yM d ! at pH 8, respectively (Table S1).

3.3. Preferential hydrolysis of phosphates by enzymes and minerals

Based on the differences in hydrolysis rates of organic phosphates and
inorganic phosphoanhydrides, we hypothesize that phosphatases and
oxide minerals might have different substrate preferences for phosphate
monoesters and phosphoanhydrides. To test this hypothesis, we performed

time-resolved solution *'P NMR measurements to investigate the hydroly-
sis of co-present GP and P45 by enzymes or minerals. GP and P45 were cho-
sen as a representative organic phosphate monoester and inorganic
phosphoanhydride/polyphosphate in natural environments, respectively.

In the presence of acid phosphatase at pH 6, we observed the simulta-
neous decrease in intensity for the chemical shifts of GP (at 1.68 ppm)
and P45 middle P groups (at —21.8 ppm), as well as an accompanied in-
crease in the intensity of orthophosphate chemical shift (at 0.44 ppm)
(Fig. 4a), suggesting no obvious preference of acid phosphatase in hydro-
lyzing organic phosphate ester and phosphoanhydride. Due to the higher
hydrolysis rate of P45 (539.71 + 20.7 uM hr™ 1) over GP (75.02 + 14.8
uM hr~ 1) by acid phosphatase in the single substrate system (Fig. 3a), the
presence of GP probably inhibits the hydrolysis of P45 in the binary system
to some extent. In contrast, a different trend is observed for alkaline phos-
phatase (Fig. 4b). During the first 4 h of the hydrolysis, the chemical shift
of GP (8p = 3.76 ppm) rapidly disappears as the chemical shift of ortho-
phosphate (8p = 2.25 ppm) increases to become a dominant P species,
while the chemical shift of P45 middle P groups (8p = —21.66 ppm)
shows limited change within this time frame. After the complete disappear-
ance of GP chemical shift (at 8.5 h), P45 is gradually hydrolyzed to produce
orthophosphate (Fig. 4b). These results indicate that alkaline phosphatase
preferentially hydrolyzes organic phosphate monoester in the co-presence
of polyphosphate P45 (Fig. 4b). This is also consistent with the result that al-
kaline phosphatase has a higher hydrolysis rate for organic phosphate
monoesters than phosphoanhydrides (Fig. 3a).

In the presence of minerals, as the reaction proceeds, the intensity of GP
chemical shift shows very limited change, and the chemical shift of
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Fig. 4. 3P solution NMR probed P speciation dynamics of glycerophosphate (GP) and polyphosphate (P,s) co-hydrolysis by phosphatases and minerals. (a-h) are the time-
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P groups, respectively, and their exact positions are affected by solution pH.

orthophosphate gradually appears and dominates the NMR spectra due to
P45 hydrolysis (Fig. 3c-h). As shown in the batch experiments (Fig. 2), the
three minerals present limited reactivity and have very slow rates toward
hydrolyzing organic phosphate monoesters. Although it is difficult to quan-
tify the amount of GP hydrolyzed into orthophosphate using NMR spectros-
copy, we hypothesize minimal GP hydrolysis by minerals in the co-presence
of P45 and that the three minerals prefer to hydrolyze Py4s, due to the high
negative charge of P45 and its abundant phosphate groups that can compete
to occupy the adsorption sites on the mineral surface. The surface binding
of P45 may impede the hydrolysis of GP on the surface of oxide minerals.
This result is consistent with the observation that hematite, birnessite,
and boehmite show higher activity in hydrolyzing phosphoanhydrides
than organic phosphate esters (Fig. 3c-d). Overall, these results indicate
the different preferences of phosphatases and minerals toward hydrolyzing
organic phosphate monoesters and inorganic phosphoanhydrides when
these substrates are both present.

3.4. Extrapolation to soil and sediment conditions

With the normalized hydrolysis rate data (Figs. 5-6), we can evaluate
the relative contributions of phosphatase and mineral catalyzed processes
in different environmental settings, assuming substrate-saturating condi-
tions. We first compiled literature data on the contents and distributions
of phosphatases and oxide minerals in soils and sediments (SM ref 6-31)
(Fig. S2 and Table S3). The estimation calculation of enzyme and mineral
contents in soils and sediments could be found in SM Text S3. The enzyme

contents reported in literature are mainly estimated based on activity mea-
surements and do not represent the actual protein concentration in nature.
Our literature review showed that alkaline phosphatase content distributes
in a wide range of 0.00005-12.02 unit g~ ! in sediments and 0.00018-2.27
unit g~ ! in soils (Fig. S2a and Table S3). Acid phosphatase content is in the
range of 0.00004-1.17 unit g~ in soils and sediments. The large range of
alkaline phosphatase reactivity in the sediments may be attributed to the
abundant microbial activity in aquatic environments (Duhamel et al.,
2021; Lidbury et al., 2022). The content distribution of Fe/Al/Mn oxides
is around 0.0001-0.7364 g ¢! in soils and sediments, and the contents
of Fe/Al/Mn oxides in soils are much higher than those in sediments
(Fig. S2b and Table S3), probably due to the different origin and diagenesis
of these oxide minerals in terrestrial and aquatic environments.

The fitted hydrolysis rates by phosphatases (uM hr~*) or oxide minerals
pMd~ D) (Fig. 2 and Table S1) are divided by their studied concentrations
to convert the hydrolysis rate units into pmol d ! unit ! phosphatase and
umol d ! g~ ! mineral (Table S2 and calculation procedures in SM Text S2).
Then, by multiplying the environmental contents of phosphatases (unit
g~ 1) and minerals (g g~ ') in soils and sediments by the initial hydrolysis
rates (umol d ! unit ! for phosphatases or pmol d ' g~ * for minerals)
for each studied P compound, we obtained the hydrolysis contributions
for each phosphate-enzyme/mineral system in soils and sediments with a
uniform rate unit of pmol d~* g~ . This normalization allows us to com-
pare the relative significance of organic phosphate ester and
phosphoanhydride hydrolysis by phosphatases and minerals in soils and
sediments (Figs. 5-6).
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Using this approach, alkaline phosphatase is estimated to significantly
contribute to the hydrolysis of organic phosphate monoesters (GP, G6P,
and AMP) and the associated hydrolysis rates can reach hundreds of pmol
d~' g~ ! (Fig. 5). Due to the high stability of NP and IHP, their hydrolysis
rates by phosphatases and minerals are relatively low at a few pmol d ™!
¢~ ! regardless of soil or sediment environments (Figs. 5d-e). The hydrolysis
rates of the other seven P compounds by acid phosphatase, birnessite, and
hematite are similar and estimated to be tens of ypmol d ™' g~ (Figs. 5-6).
Meanwhile, we note that the contribution of alkaline phosphatase to the hy-
drolysis of three inorganic phosphoanhydrides is similar to or even lower
than that of acid phosphatase, birnessite, and hematite (Fig. 6) under
some different conditions. Especially for long chain polyphosphate (P4s),
hematite and birnessite may dominate polyphosphate hydrolysis in soils
with hydrolysis rates of 110.3 and 32.9 ymol d ~! g~ ! at pH 8, respectively
(Fig. 6d). Regardless of the P species considered, boehmite consistently
shows the lowest activity toward hydrolyzing organic phosphates and
phosphoanhydrides (Figs. 5-6). Due to the complex matrices of natural en-
vironments (e.g., different reactivity of natural minerals vs. lab-synthesized
minerals, different solid composition/phases, the presence of organic mat-
ters, etc.), this extrapolation is the first and initial attempt on comparing
the contribution of abiotic and biotic P remineralization in nature. Future
research should warrant to 1) explore a complete evaluation and full

comparison between different minerals and enzymes under environmental
conditions and 2) reveal the mechanistic roles and reactivities of oxide min-
erals in the hydrolysis of different P compounds. However, to our knowl-
edge, the current study provides a first direct semi-quantitative
comparison of the relative contributions of environmental phosphatases
and minerals on P mineralization and gives the initial basis for further ex-
ploration on the critical roles of natural minerals in global P cycling.

3.5. Hydrolysis mechanism explanations

The dephosphorylation activity of acid and alkaline phosphatases is at-
tributed to the metal cofactors in the enzyme structure that can form
bidentate binding to terminal phosphate groups of the substrate P mole-
cules (Lassila et al., 2011; Yong et al., 2014). For instance, acid phosphatase
has an active site containing one Fe(III) and one Mn(II) (Rodriguez et al.,
2014), and alkaline phosphatase (PhoA) active site contains two Zn(II)
ions (Sunden et al., 2017). Recent studies on the crystal structure of two
other alkaline phosphatases (PhoD and PhoX) revealed that the active hy-
drolysis sites of PhoD contain one Fe(III) and two Ca(II) ions (Rodriguez
et al., 2014), whereas PhoX active sites contain two Fe(III) and three Ca
(I) ions (Yong et al., 2014). Interestingly, mineral surfaces contain large
amounts of surface metal atoms, which that might serve similar functions
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via the formation of inner-sphere complexes with the terminal phosphate
groups of the substrate P molecules (Baldwin et al., 2001; Huang, 2018;
Wan et al., 2019b). The presumed transition state geometry of bidentate
binuclear complexes at the mineral-water interface makes adsorbed phos-
phate easily attacked by proximally coordinated hydroxyl groups [e.g., u-
(hydr)oxo bridges], leading to the hydrolysis of phosphate esters and
phosphoanhydrides (Baldwin et al., 1995; Huang, 2018; Wan et al., 2019b).

For enzymatic dephosphorylation, the biological molecules in the phos-
phatase structure can promote the dissociation of newly formed orthophos-
phate from the metal cofactor-phosphate complex (Coleman, 1992), and
studies have shown inhibitory effects of orthophosphate on acid and alka-
line phosphatase activities (Fernley and Walker, 1967; Srivastava and
Anand, 2015). In mineral systems, competitive adsorption onto the mineral
surfaces exists between the initial organic phosphate/phosphoanhydride
molecules and produced orthophosphate. For long chained polyphosphate
(e.g., P4s), the produced short chained products can compete for surface ad-
sorption sites to displace the produced orthophosphate and further promote
the hydrolysis reaction (Wan et al., 2019b). The weak competitive ability of
organic phosphate monoesters suggests that they cannot replace the formed
and coordinated orthophosphate. Although IHP has a high negative
charge and high adsorption capacity, the coordination geometry of surface
IHP complexes may resist nucleophilic attack (Jarosch et al., 2019). We
note that the rate of mineral-catalyzed hydrolysis for inorganic
phosphoanhydrides is generally positively correlated to the chain length
(Fig. 2b-d). The high hydrolysis rate of long chained phosphoanhydrides
might be attributed to their higher negative charge and stronger competi-
tive adsorption ability, which promote the dissociation of the produced or-
thophosphate from the mineral surface and allows continuous proceeding
of the hydrolysis reaction (Wan et al., 2019a). The hydrolysis extents and
rates of organic phosphates and phosphoanhydrides at the mineral-water
interface is also determined by the competitive adsorption and dissociation
of newly formed orthophosphate. These results reveal the similarities and
differences of enzyme- and mineral-catalyzed pathways for the hydrolysis
of organic phosphate esters and phosphoanhydrides (Klein et al., 2019;
Olsson et al., 2012; Wan et al., 2019b).

To further explore the effects of extrinsic metal ions on phosphatase and
mineral hydrolysis, we conducted hydrolysis experiments of ATP by acid

and alkaline phosphatases, hematite, birnessite, and boehmite with or with-
out the presence of 0.5 mM metal cations (Ca®*, Mg®*, Zn?>*, and Mn?**)
at pH 6 and 8 (Fig. S3). ATP has both phosphoanhydride and phosphate
monoester bonds and can be readily hydrolyzed by phosphatases and min-
erals (Fig. 3). Metal cations have limited impacts on ATP hydrolysis by acid
phosphatase at pH 6 but inhibition effects were observed for alkaline phos-
phatase at pH 8 (Figs. S3a-b), consistent with previous studies (Hoehamer
et al., 2005; Huang et al., 2018; Wu et al., 2013). Thus, these extrinsic
metal cations cannot directly improve the hydrolysis reactivity of metal
co-factors in phosphatase active sites. However, at pH 8, metal cations
may strongly complex with the phosphate groups of ATP molecules and in-
hibit the coupling of ATP terminal phosphate group with the active sites of
alkaline phosphatase, subsequently reducing the enzymatic catalysis reac-
tion (Huang et al., 2018). Meanwhile, we observed a promotion effect of
metal cations on ATP hydrolysis by hematite and birnessite at different
levels, and such effect is more obvious at pH 8 than pH 6 (Figs. S3c-f).
This might be explained by the stronger co-sorption and/or complexation
of metal cations and phosphate groups on mineral surfaces at pH 8, which
increases the chance of hydrolysis reactions for this phosphate molecule
(Li et al., 2012; Wan et al., 2019b; Wan et al., 2017). In boehmite suspen-
sions with 0.5 mM metal cations, there was only a slight enhancement in
ATP hydrolysis rate, which is likely due to the already low reactivity of
boehmite for ATP hydrolysis (Figs. S3g-h). The results of metal cation ex-
periments indicate the different effects of metal cations on ATP hydrolysis
by phosphatases and minerals, and such effects are influenced by the
types of enzymes, minerals, metal type, and solution pH, which warrant fu-
ture investigations.

3.6. Discussions on abiotic and biotic P remineralization pathways

Phosphatases and oxide minerals possess different hydrolysis abilities
toward organic phosphate esters and phosphoanhydrides (Figs. 1-3) and se-
lective reactivity for different P substrates (Fig. 4). Acid and alkaline phos-
phatases can hydrolyze phosphate monoesters (except for IHP) and
inorganic phosphoanhydrides at high rates (Fig. 2a). The unit contents of
the enzymes used in this study is much higher than those in natural envi-
ronments. By normalizing the hydrolysis rates of phosphatases and oxide
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minerals processes to include the environmental activity or contents of
these enzymes and minerals, the contribution of mineral-catalyzed
phosphoanhydride hydrolysis is estimated to be comparable to enzymatic
processes in soils and sediments under some conditions (e.g., high mineral
contents) (Fig. 6).

Additionally, in soil environments where pH is usually below 7, alkaline
phosphatase activity is potentially lower than our calculated contribution
as its activity significantly decreases with the decrease of pHs. Thus
mineral-catalyzed hydrolysis as an abiotic process might play significant
yet previously overlooked roles in the transformation of phosphoanhydride
compounds (e.g., ATP, pyrophosphate, and polyphosphate) in these envi-
ronments, especially Fe and Mn oxide mineral-enriched soils. Specifically,
within three selected oxide minerals, birnessite and hematite show higher
hydrolysis activity for phosphoanhydrides (ATP, P,, P3, and Py4s5) than or-
ganic phosphate esters (Figs. 5-6). Boehmite consistently shows low hydro-
lysis reactivity for all nine phosphates tested, which may be attributed to its
low surface reactivity. The difference in mineral crystal structure might af-
fect the reactivity of oxide minerals toward hydrolyzing different phos-
phates. Future studies should explore the specific structure of varied
phosphate compounds at the mineral-water interface and the influences
of crystalline structures and surface properties (e.g., surface area, charge,
reactive site type and density) for different Fe, Mn, and Al oxides to provide
further mechanistic explanations. Finally, at the mineral-water interface of
soils and sediments, abundant oxide minerals might undertake a part of P
remineralization as abiotic factors to contribute the P recycle and reuse
since a large amount of organic P are easily associated with natural oxide
minerals (Baldwin, 2013; Ruttenberg and Sulak, 2011; Zhu et al., 2018).
Since Fe and Mn oxides are sensitive to redox fluctuations, these minerals
could be reduced to aqueous Fe®>* and Mn?* in anoxic environments
(e.g., the reducing layers of soils or sediments) (Scholtysik et al., 2022),
leading to the low contribution of mineral-catalyzed P remineralization.
Thus, it is likely that abiotic P remineralization undertaken by
natural oxide minerals can occur in the oxic layers of soils and sediments
and alkaline phosphatase might significantly undertake biotic remineral-
ization of organic phosphates and phosphoanhydrides in aquatic environ-
ments.

The current study has used a simplified treatment to reveal the impor-
tant contributions of natural oxide minerals to the degradation and remin-
eralization of organic phosphates and phosphoanhydrides in soil and
sediment environments. The further efforts and new research tools should
be applied to track and distinguish abiotic and biotic P mineralization path-
ways. For example, phosphate oxygen isotope has been used to understand
the interplay of biotic and abiotic processes on P cycling in natural environ-
ments. Phosphate oxygen isotope exchange in a mineral-water-biota system
(including mineral surface, aqueous phase, and bacterial cells) was
modelled to indicate that the rate of biological uptake of P was the major
factor controlling the changes of phosphate isotope composition (Jaisi
et al., 2017). Additionally, using isotopic dilution approaches, a previous
study indicated that typical basal gross organic P remineralization rates
range between 0.003 and 0.08 ymol P d ™! g~ ! in arable soils, but the
rates can be up to 0.4 pmol P d™! g~ ! in grassland and forest soils
(Biinemann, 2015). The author also pointed out that soil organic P reminer-
alization rates determined by phosphomonoesterase activity measurements
are one to two orders of magnitude greater than those determined by isoto-
pic dilution. Our calculated values based on laboratory-controlled experi-
ments are slightly larger than those observed in soils and sediments,
likely due to the difference in analytical methods, as well as the potential
influences of complex environmental matrices with various physiochemical
conditions (e.g., pH variation, different redox potential, different solid com-
position, different abundance of varied P compounds, presence of organic
and inorganic substances) (Wang et al., 2019; Wang et al., 2020; Zhu
et al., 2018). The alkaline phosphatase-harboring bacterial community as-
sociated with arbuscular mycorrhizal hyphae was reported to be signifi-
cantly changed in response to different P sources, with Pseudomonas being
higher relative abundance in organic P treatments than inorganic P ones
(Wang et al., 2019).
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Finally, our study provides a first semi-quantitative comparison of the
relative contributions of biotic and abiotic processes for the transformation
and remineralization of organic phosphate and phosphoanhydride
molecules. Our results broaden the current state of knowledge on the
roles of enzymes and minerals in P transformation, remineralization, and
cycling via biotic and abiotic controls in natural systems. Future research
is warranted to provide mechanistic explanations for surface-catalyzed
phosphate hydrolysis at the molecular level and to further explore
the critical roles of natural minerals in P remineralization and cycling in
the environments.

3.7. Environmental implications

In the global P cycle, it is commonly accepted that microbes/plants
undertake a biological role by regulating the degradation (e.g., hydrolysis)
of complex P compounds and production of orthophosphate
(e.g., remineralization), whereas natural minerals play geochemical roles
in controlling the sequestration and immobilization (e.g., adsorption, desorp-
tion, precipitation, and dissolution) of environmental phosphates (Defforey
and Paytan, 2018). The current research is a first simplified evaluation to-
ward understanding the potential overlooked roles of natural oxide min-
erals as an inorganic catalyst in global P cycling. This study implies that
natural minerals can play significant roles in catalyzing the degradation
and hydrolysis of complex P compounds and production of orthophosphate,
not just presents as a P sink or source to fix P on the surface. This finding
highlights a previously overlooked pathway for environmental P remineral-
ization and provides new insights for understanding the global P cycle. For
instance, in the surficial layers of lake and marine sediments where the
rapid transformation of phosphoanhydrides (e.g., polyphosphate) into or-
thophosphate occurs during the diagenesis, both enzyme- and mineral-
catalyzed hydrolysis may play an important role in regulating the reminer-
alization and transformation of phosphoanhydrides or other phosphate spe-
cies at the sediment-water interface (Diaz et al., 2008; Hupfer et al., 2004).
Such roles of natural minerals were not previously appreciated, and our
study presents a shift in paradigm for constraining P biogeochemical
cycling by revisiting the roles of minerals as abiotic catalysts in addition
to their traditionally accepted roles as geological P sequestration.

4. Conclusions

Our study indicates that both enzymes and minerals can hydrolyze or-
ganic phosphate esters and phosphoanhydrides to various extents and
have different substrate preferences. Alkaline phosphatase hydrolyzes
phosphate monoesters at a faster rate than phosphoanhydrides, whereas
acid phosphatase and minerals show faster rates toward inorganic
phosphoanhydrides than phosphate monoesters. After the normalization
to the natural reactivity/abundance of enzymes and minerals, abiotic
(mineral-catalyzed) P remineralization rates of phosphoanhydrides are
comparable to biotic one mediated by phosphatases. Thus, mineral-
catalyzed P hydrolysis might play a critical but previously overlooked
role in environmental P cycle as they contribute to the remineralization
of complex P molecules in addition to the traditionally viewed role as a
P sequestration sink.
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