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ABSTRACT: Iron oxides, which are documented phosphorus (P) 5o HZN\(\R‘j’ o 0 tJ:/IP

sinks as adsorbents, have been shown to catalyze organic P ‘ o /N N Lo
dephosphorylation, implicating these minerals as catalytic traps in H;VCO W o omp

P cycling. However, quantitative evaluation of this abiotic catalysis | E%:O W = oPo NH,

is lacking. Here, we investigated the dephosphorylation kinetics of ' AP & (X
eight ribonucleotides, with different nucleobase structures and P N ]\)J'{“Z Ho~( "o
stoichiometry, reacting with common iron oxides. X-ray absorption 05 Ho S HJ %0
spectroscopy determined that 0—98% of mineral-bound P was " e - °
recycled inorganic P (P;). Matrix-assisted laser desorption/ o0 -

ionization with mass spectrometry demonstrated short-lived = n,ao_ H = g _ aBE

triphosphorylated and monophosphorylated ribonucleotides R T e . T B C
bound to goethite. Based on Michaelis-Menten type modeling of StHm Eh o CLHM S GUHm Ph G HmEh Fh—AMP
the kinetic evolution of both dissolved and mineral-bound P;,

maximal P; production rates from triphosphorylated ribonucleotides reacted with goethite (1.9—16.1 ymol P, h™* ggoethite_l) were >5-
fold higher than with hematite and ferrihydrite; monophosphorylated ribonucleotides generated only mineral-bound P; at similar
rates (0.0—12.9 umol P, h™" g .. ™") across minerals. No clear distinction was observed between purine-based and pyrimidine-
based ribonucleotides. After normalization to mineral-dependent P; binding capacity, resulting catalytic turnover rates implied
surface chemistry-controlled reactivity. Ribonucleotide—mineral complexation mechanisms were identified with infrared
spectroscopy and molecular modeling. We estimated iron oxide-catalyzed rates in soil (0.01—5.5 ymol P; h™' g,;) comparable
to reported soil phosphatase rates, highlighting both minerals and enzymes as relevant catalysts in P cycling.
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1. INTRODUCTION Common Fe oxides include those in crystalline phases such as
goethite and hematite, as well as semicrystalline phases such as

Biogeochemical cycling of phosphorus (P) plays a critical role
8 ye s o PP (P) play ferrihydrite.'"® With a high surface area (~200 m® g'),

in P availability in soils, fertilization of lakes and oceans, and

agricultural productivity for food security. Iron (Fe) oxy- ferrihydrite is known to undergo high P adsorption and is
hydroxides and oxides, collectively called Fe oxides here, are implicated in controlling P availability in soil and lake
naturally occurring minerals that have been well documented sediment,”'>'” particularly in regions with frequent redox
to control the chemical and biological fates of P.'™° These cyclings’zo’21 or enriched in organic matter and microbial
minerals, which can be found at concentrations of up to 200 g activity,9’22’23 Goethite and hematite, which have relatively low
Fe kg™' dry weight in soils and sediments,””” are reported to surface area (~30 m* g™'), are two thermodynamically stable
sequester up to 50% of the total soil P.’™° Due to their Fe oxides that are ubiquitous in the natural environ-

prevalence and strong adsorption capacity, Fe oxides are thus

13,18,24 . . ..
i on - ment. Here, we investigated the kinetics of these three
considered to serve as P sinks’ in natural environments.

common Fe oxides in catalyzing the dephosphorylation of

Importantly, Fe oxides are also reported to catalyze the different ribonucleotide structures to capture the effects of

transformation of the less bioavailable organic P (Porg) to
produce the readily bioavailable inorganic P (P;), leading to the
proposal of an additional role of Fe oxides in the P cycle as a
source of bioavailable P."’ Given that P, can account for 20—
60% of the total P content in soils'' and sediments,'
understanding the coupled adsorption and catalytic reactivities
of Fe oxides” " toward P, is critical in evaluating the
contribution of Fe oxides to the biogeochemical cycling of P.

Received: November 6, 2024
Revised:  February S, 2025
Accepted: February 6, 2025
Published: March 4, 2025

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.4c12049

v ACS PUbl icatiOI’]S 5568 Environ. Sci. Technol. 2025, 59, 5568—5584


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jade+J.+Basinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharon+E.+Bone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aurore+Niyitanga+Manzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nasrin+Naderi+Beni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+R.+Tobias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcos+Sanchez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcos+Sanchez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cynthia+X.+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wiriya+Thongsomboon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ludmilla+Aristilde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.4c12049&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12049?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12049?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12049?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12049?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12049?fig=agr1&ref=pdf
https://pubs.acs.org/toc/esthag/59/11?ref=pdf
https://pubs.acs.org/toc/esthag/59/11?ref=pdf
https://pubs.acs.org/toc/esthag/59/11?ref=pdf
https://pubs.acs.org/toc/esthag/59/11?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.4c12049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Environmental Science & Technology

pubs.acs.org/est Article

A
O T S —
1 1
1 1
L ATP AMP GTP GMP
1 1
NH H
E N~ y N L HZN%N ° HoN R° i
Y Sy N Ty
N N )
i HO, . Ho, N W N H ,NJ i
o
| HO” Ho' HO~ "\ © H;iI:>3 i
: 2 o) Q o 0] \\O :
! o R ¢ oR” 0=p-Or o-h=0 |
' 9o o 5.0 o !
1 - L O =4 1
! o-R 5o !
| o 0=P-0 |
i o |
e e e e e e e e e o = = ] ————————————————————— 1
- [Pyimidines]
: :
1 1
! UTP UMP CTP CMP !
| % o NHz NH, |
1 A\ 1
1 / NH NH </ N SN 1
1 N \ H N‘ﬁ ‘ !
| HO #&o N © A o N)*o !
:H o ° HO—(¢ O Ho™ ~© HO~ "o :
1 1
1 o |
1 Q Hd :P/ O\ HO/ O o1
! O;P\/O,' o o:l(’\)—ou o,/P\O_ !
| O-p., Po |
: O‘ozl\D\/O. oo:é»O :
1 o o 1
1 1
1 1
e
F ‘
ATP "? 7' 4 h AM Pads 7_
oo 2T [ %
E ] AT ]
@@ = 5 ATP.4 5
\—/ N 47 Sy
e £9 a0 3
8 2_ ’ ads 2_
kel
g 1 1]
§ 0 ‘ln .LL NN - 1 . T
= e O
o 250 305 360 415 470 525 250

miz

305

D ATP: P,

T
o
@

e

G:: €

E AMP:P_.

0: 6.

AMP

¥

305

360 415

miz

360 415 470 525

mlz

470

Figure 1. Evolution of ribonucleotide dephosphorylation templated on Fe oxide surfaces. (A) Chemical structures of (top) purine-based and
(bottom) pyrimidine-based ribonucleotide structures investigated in this study: ATP, AMP, GTP, GMP, UTP, UMP, CTP, and CMP. Schematic
illustration of reported'*'* time-dependent transformation during the 7-d reaction of (B) ATP and (C) AMP with (top) goethite (Gt), (middle)
hematite (Hm), and (bottom) ferrihydrite (Fh) based on solution analysis by UV-vis spectroscopy for inorganic P (P;) and high-resolution LC-MS

for the P

org

reactant and products. Reported P; and P

org

fractions of total adsorbed P (P,4,) after 7-d reactions of (D) ATP and (E) AMP reactions

with (top) Gt, (middle) Hm, and (bottom) Fh based on the analysis of particulate species by P K-edge XANES spectroscopy. (F) Dynamic
changes in adsorbed levels of ATP, ADP, and AMP on the goethite surface monitored by MALDI-MS during the ATP reaction with goethite after 4
h (left), 1 d (middle), and 7 d (right). In (E), Pads was not available (n/a) for AMP reaction to hematite.

different functional groups in P,, and Fe oxide type on
reactivity (Figure 1A).

Most prior studies on Fe oxide-mediated P, transformation
have focused on products found in solution. By applying
ultraviolet—visible (UV—vis) spectroscopy to analyze P; in
solution, goethite,m’lS hematite,'*'> and an amorphous Fe
oxide'? were found to dephosphorylate para-nitrophenyl
phosphate (pNPP), a synthetic P,,, compound used widely
as a model P, in research investigations. Production of P; in

solution was also observed with naturally occurring P,

org
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compounds such as adenosine triphosphate (ATP), adenosine
monophosphate (AMP), glycerol phosphate, and glucose-6-
phosphate.'”'® In addition to dissolved P, liquid chromatog-
raphy—mass spectrometry (LC-MS) has been applied to
monitor organic dephosphorylation products of ATP after
reactions with goethite, hematite, and ferrihydrite.10’14’17 The
LC-MS data revealed step-by-step sequential dephosphoryla-
tion of ATP to ADP and AMP by the minerals'”'*"” (Figure
1B), as has been demonstrated with phosphatase-like

enzymes.”” Subsequent mass balance analysis determined

https://doi.org/10.1021/acs.est.4c12049
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that a fraction of the generated P; from the ATP
dephosphorylation was missing from solution and instead
remained adsorbed on the mineral surface.'”'*'” Interestingly,
when the LC-MS analysis was performed after AMP reactions
with the same three Fe oxide minerals, no dephosphorylated
product was measured in solution, but there was clear evidence
of AMP adsorption in the case of ferrihydrite and goethite
(Figure 1C). As a surface-based technique, P K-edge X-ray
absorption near-edge structure (XANES) spectroscopy has
afforded direct quantification of the relative fractions of P;
versus P, adsorbed on the Fe oxides (Figure 1D,E).*® For
instance, while mass balance analysis based on inorganic and
organic species of P in solution has determined that ~12% of
ferrihydrite-bound P derived from ATP was adsorbed P, the
XANES data revealed that this was an underestimation and,
instead, there was 3-fold higher amount of P; trapped on this
Fe oxide surface'* (Figure 1D). With regard to the adsorbed P
from the AMP reactions, up to 87% was determined
remarkably to be adsorbed P; on ferrihydrite and goethite;'*
this observation was made possible only by applying the
XANES analysis due to the absence of both P; and
dephosphorylated products in solution (Figure 1E). Therefore,
direct surface characterization of P speciation is necessary to
understand the catalytic reactivity of Fe oxides. Still, the
XANES technique is not able to identify the different types of
P, compounds within the adsorbed P, fraction on the Fe

. 10 : . . .
oxide surface.” The application of matrix-assisted laser
desorption/ionization (MALDI) MS may provide a useful
approach to overcome this analytical limitation.”” For instance,
with MALDI combined with time-of-flight MS, dephosphory-
lated organic products could be distinguished from the P,
reactant, to facilitate direct monitoring P, transformation on
an Fe oxide surface.””

Varying extents of dephosphorylation reactivity of Fe oxides
have been reiported for different P, compounds.'”"* 7"
Baldwin et al.” reported the following decreasing order for
the initial hydrolysis rates of pNPP (starting concentration of
15 uM pNPP-P): 18.0 uyM P h™" g, . ™" with an amorphous
Fe oxide, 8.6 uM P h™' g ... ~" with hematite, and 4.5 uM P
h™ gme | with goethite. Apparent maximum rates of
dephosphorylation (V,,,,) of a natural P, which have been
determined only for ATP after kinetics experiments at varying
ATP concentrations, indicated that goethite was the most
reactive with a V. of 3.2—6.4 uM P h™!, 7-fold higher than
hematite (0.2—0.7 uM P h™') and 2-fold higher than
ferrihydrite (2.6—4.2 uM P h™').' The maximal catalytic
rates for AMP, other ribonucleotides, and other P
compounds remain to be determined.

Mineral-dependent specific surface area was proposed
previously as a controlling factor in the efficiency of
heterogeneous catalysts.”® However, surface area alone could
not account for the differences in P,,, dephosphorylation by Fe
oxides.'”"*'” For instance, greater than 16-fold more P; was
generated from goethite-catalyzed dephosphorylation of ATP
compared to ferrihydrite, despite a 10-fold greater surface area
of ferrihydrite than goethite.'” Therefore, the surface chemistry
of the Fe oxide and the conformation of the adsorbed P, are
both worthy of consideration to gain insights on Fe oxide-
catalyzed transformation of different P, compounds.

Both experimental studies and molecular modeling simu-
lations have been used to investigate the binding of P,**™*
nucleic acids (DNA,**%*” RNA'"), ribonucleotides
(ATP,*'*** ADP,"**® and AMP*'*'"), phytate,’’ glycerol

org
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* and triethyl phosphate™

phosphate,®" trimethyl phosphate,”’

on Fe oxides. Hydroxyl groups on the mineral surface®* are
well acknowledged to drive the adsorption of P; by mediating
inner sphere complexes through ligand exchange with
coordinated hydroxyls on the Fe oxide surface ****%***!
Attenuated total reflectance-Fourier-transform infrared (ATR-
FTIR) spectroscopy has been used to probe different binding
modes of P; onto the Fe oxide surface: monodentate (binding
interaction at one site on the adsorbent), mononuclear
bidentate (binding interaction of one adsorptive atom at two
sites on the adsorbent), and binuclear bidentate (binding
interactions at two different sites on the adsorbent through two
separate atoms of the adsorptive).”” >*** Experimental and
simulated FTIR spectra generated from molecular models of
bound P; have revealed monodentate and bidentate binding in
both mononuclear and binuclear complexes.””*"*> While the
adsorption mechanisms of P; onto Fe oxides have been well
studied, the corresponding mechanisms for the adsorption of
environmentally relevant P,, compounds remain largely
unknown.

Understanding P, binding and the resulting catalytic
activity of Fe oxides is further complicated by the diversity
of the chemical structures in P,,, compounds. Relevant P,
biomolecules include high-molecular-weight nucleic acid
polymers (DNA and RNA), (deoxy)-ribonucleotide mono-
mers, sugar phosphates (e.g, glucose-6-phosphate), phytate,
phospholipids, and phosphonates (e.g., 2-aminoethylphospho-
nate). These different types of P, compounds exhibit a variety
of P bonds: phosphoester (C—O—P), phosphoanhydride (P—
O-P), and phosphonate (C—P).**~*® Therefore, due to the
chemical complexity of P,, compounds, various binding
modes of P, compounds onto Fe oxides have been reported.
For instance, on goethite, molecular modeling of stable
conformations indicated that binding of glycerol phosphate
was mediated through the phosphate moiety by both
monodentate and bidentate modes,”" while binding of phytate
involved one to three mononuclear monodentate interac-
tions.”' Like P; adsorption onto Fe oxides, ATR-FTIR bands of
DNA adsorption onto goethite highlighted mononuclear
monodentate binding through the };hosphate moiety as the
dominant adsorption mechanism.>®®” However, the simulated
adsorption of ribonucleotides on ferrihydrite revealed multiple
mononuclear monodentate modes mediated through both the
phosphate group and organic moieties.'* Experimental data
have revealed the adsorption capacity of goethite was
dependent on the identity of the nucleobase,® with the
following increasing order in the adsorption of ribonucleotides
with different nucleobases: uracil < thymine < cytidine =
adenine < guanine.”® These results implied that non-P-
containing moieties of P, such as contributions from the
electron density of 7 bonds in the nucleobase would influence
adsorption onto Fe oxides,”® albeit the underlying adsorption
mechanism has not yet been elucidated. As adsorption is the
first step in catalysis, differences in P, binding conformations
are proposed to dictate the catalytic reactivity'”'*'®'7*
exhibited by Fe oxides for different P, compounds.

Here, we investigated the adsorption and catalytic
reactivities of three common Fe oxides (goethite, hematite,
and ferrihydrite) toward eight structurally different ribonucleo-
tides. We considered both monophosphorylated and triphos-
phorylated ribonucleotides with purine bases (adenine or
guanine) or pyrimidine bases (cytosine or uracil) to capture
the reactivity toward phosphoester versus phosphoanhydride

org
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bonds in P, compounds with different organic moieties
(Figure 1A). We obtained P K-edge XANES data to determine
the relative fractions of P; and P,, bound to the Fe oxide
surface after reactions with each ribonucleotide reactant. To
monitor the evolution of different P, species adsorbed on a
mineral surface, we employed MALDI coupled to MS. We
performed molecular modeling simulations to obtain opti-
mized adsorbate conformations with predicted binding
interactions. From ATR-FTIR spectroscopic analysis of the
ribonucleotide—mineral complexes after adsorption experi-
ments, we identified the different moieties of the ribonucleo-
tide structures involved in binding with the Fe oxide surfaces.
We conducted Michaelis—Menten-type kinetics analysis to
determine the V. and turnover rate (k) parameters for the
dephosphorylation of the suite of ribonucleotides with the
different Fe oxides. The present study provides the first report
of detailed kinetics of Fe oxide-catalyzed P, dephosphor-
ylation for a complete range of ribonucleotide structures,
comprising four nucleobases (adenine, guanine, cytosine, or
uracil) in RNA and two phosphorylation states (mono-
phosphorylated or triphosphorylated). Finally, we employed
our kinetic parameters to obtain estimated Fe oxide-catalyzed
rates at different Fe oxide content in soils and compare these
abiotic rates with reported phosphatase-type enzymatic rates in
soils. Taken together, the new insights provided by our data
advance quantitative understanding of both Fe oxide-specific
and functional group-specific factors that dictate the reactivity
of Fe oxides toward P,,, dephosphorylation.

2. MATERIALS AND METHODS

2.1. Chemicals. Details on the ribonucleotide reactants and
products purchased for this study are listed in Table S1. Briefly,
these compounds are ATP, ADP, AMP, adenosine, adenine,
guanosine triphosphate (GTP), guanosine diphosphate
(GDP), guanosine monophosphate (GMP), guanosine,
guanine, uridine triphosphate (UTP), uridine diphosphate
(UDP), uridine monophosphate (UMP), uridine, uracil,
cytidine triphosphate (CTP), cytidine diphosphate (CDP),
cytidine monophosphate (CMP), cytidine, cytosine, and P; as
sodium phosphate. Goethite and hematite were purchased
from Alfa Aesar and Strem Chemicals, respectively; ferrihydrite
was synthesized using the methodology by Schwertmann and
Cornell*® and confirmed to be 2-line ferrihydrite by X-ray
diffraction data as reported previously.'” The identity of the
other minerals were also confirmed by X-ray diffraction. All
solutions were prepared with purified water using a GenPure
system (Thermo Scientific; 18.2 MQ cm).

2.2. Kinetic Dephosphorylation Reactions of Ribonu-
cleotide Compounds with Fe Oxides. Triplicate experi-
ments were conducted for reactions of each Fe oxide (goethite,
hematite, and ferrihydrite; 1 g L™") with each ribonucleotide
reactant (ATP, AMP, GTP, GMP, UTP, UMP, CTP, and
CMP) over a range of concentrations (20 uM, 25 uM, SO uM,
125 uM, 200 uM, and 400 M) and reaction times (2, 4, 8, 12,
16, 24, and 48 h). Reactions were initiated by adding 40 mL of
reactant solution consisting of 0.1 M NaNO; and 0.01 M
NaHCO; (adjusted to pH = 7.0 using 2 M HNO;) with the
specific ribonucleotide concentration to 50 mL polypropylene
tubes containing Fe oxide. Reactions were performed in the
absence of light and shaken at 150 rpm in an incubator shaker
(Eppendorf Innova S44i) at 298 K. To stop the reactions at
each time point, the Fe oxide particles were removed from the
reaction solution by filtration through a 0.2-um filter. Aliquots

5571

in

of the filtrate were used for the analysis of P; and P,
solution. The filtrate was frozen at —20 °C until analysis of
organic species by high-resolution LC-MS.

2.3. Analysis of Reactants and Products in Solution.
The concentration of P; in solution was quantified by a
colorimetric phosphomolybdate method using a Cary 60 UV—
visible spectrophotometer.”” The organic compounds (the
ribonucleotide reactants and their corresponding products) in
solution were quantified using our previously established LC-
MS method."* The specific compounds analyzed were ATP,
ADP, AMP, adenosine, adenine, GTP, GDP, GMP, guanosine,
guanine, UTP, UDP, UMP, uridine, uracil, CTP, CDP, CMP,
cytidine, and cytosine. The LC-MS system consisted of a
Dionex Ultimate 3000 LC instrument coupled to a Q-Exactive
mass spectrometer. Measurements and analyses were collected
and performed using the Xcalibur software (Thermo
Scientific). The compounds were separated by a Waters
Acquity UPLC BEH C18 column (2.1 mm X 100 mm X 1.7
pum) using a 25 min gradient of solvent A (3% v/v methanol/
15 mM acetic acid/10 mM tributylamine) and solvent B
(100% methanol). The mass spectrometer was run in negative
ion mode at an MS range of mass-overcharge (m/z) 100 to
600 with a resolution of 70,000. Standard solutions of the
compounds, ranging from 0.5 to 15 uM, were used for
calibration. Samples with concentrations of above 15 uM were
diluted to obtain accurate quantification data within the
calibration range. All compounds were quantified using the
peak area integrated across the elution time of the ion
chromatograms in the specific m/z channel for each
compound. Quality controls were run every 9 to 12 samples
and remained within 30% error. Beyond this error in the LC-
MS signal intensity in quality controls, concentrations of P
compounds were adjusted accordingly.

Before employing XANES to account for the partitioning of
P, and P; in the adsorbed P (Pgorpea) On the Fe oxide
surfaces, we used mass balance based on the concentration of
species in solution to determine P 4. 1.4 at each time point
using the following equations:

org

Ptotal(t) = Pinitial (1)
Ptotal(t) = Psolution(t) + Padsorbed(t) (2)
Psolution(t) = Pi,solution(t) + Porg,solution(t) (3)
Padsorbed(t) = Pinitial - Pi,solution(t) - Porg,solution(t) (4)

Porg,solution(t) =3X XTPsolution +2 X XDPsolution
+ XMPsolution (5)

Padsorbed(t) = Rnitial - Pi,solution -3 X XTPsolution
-2X XDPsolution - XMPsolution (6)

where XTP, XDP, and XMP represent the concentration of
triphosphorylated, dephosphorylated, and monophosphory-
lated ribonucleotide compounds, respectively. To test the
reliability of our analytical quantitation, we compared the
initial P (P,,;;,)) added to the total amount (P,,,,) measured in
solution for the control samples without minerals as a function
of time. For the samples with a triphosphorylated ribonucleo-
tide (i.e, XTP = ATP, GTP, or UTP) as the reactant, over
90% of the controls had P, values within 20% of the

total
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expected value. For the samples with a monophosphorylated
ribonucleotide (i.e, XMP = AMT, GMP, or UMP) as the
reactant, about half of the samples did not have a P, value in
solution within 20% of P, ;. due to the loss of sensitivity of the
LC-MS instrument. Quality control tests revealed that when a
decrease in sensitivity occurred, it was the same across all
samples processed in the same batch in the instrument.
Therefore, we were able to use our control samples to correct
for this sensitivity issue.

2.4. Probing Surface-Localized Ribonucleotides by
MALDI-MS. To understand the speciation of ribonucleotide
reactant and product bound to the Fe oxide surface throughout
the reaction, we performed MALDI-MS. Incubations of
goethite and ATP were chosen for this analysis due to the
reported high reactivity of goethite with ATP.'”"” Similar to
the protocol described above for the kinetic dephosphorylation
reactions, reactions for MALDI-MS analysis were prepared
with 40 mL of reaction solution containing 250 yM of ATP
with 1 g L™" of goethite and shaken for 4 h, 1 day, or 7 days at
150 rpm in the absence of light. Reactions were stopped by
vacuum filtration to collect all the reacted goethite particles on
a filter and rinsed with purified water. Following the freeze-
drying of the mineral particles removed from the filters, a 200-
UL suspension of the dried particles was prepared with 500 uM
of glucose-6-phosphate to be used as an internal standard in
the MALDI-MS analysis. A 1:1 v:v mixture of the suspension
(10 L) and a matrix (10 yL) (composed of 15 g L™" of 9-
aminoacridine in a solvent mixture of 75% acetonitrile and
25%) was mixed vigorously (1 min) followed by deposition of
a 2-uL aliquot of the mixture on a MALDI plate and left to dry
before analysis.

Mass spectra were obtained using a Bruker rapifleX
TissueTyper MALDI coupled with a time-of-flight mass
spectrometer equipped with a 3D smart beam laser system
for enhanced spatial resolution, collected by the FlexControl
data acquisition software, and processed using FlexAnalysis
software for data analysis. All spectra were obtained in negative
ion reflector mode across the 10—4000 mass-to-charge ratio
(m/z) range, averaging 2000—4000 laser shots. Laser beam
attenuation was set between 41 and 50% at a 10 kHz repetition
rate. Initial mass calibration was performed using red
phosphorus, and calibration was maintained throughout the
experiment.

2.5. P K-Edge XANES Spectroscopy and Analysis of
Adsorbed P; and P, Speciation. Samples for XANES
analysis of Fe oxide samples with reacted ribonucleotide were
prepared by adding 400 mL of the aforementioned reaction
solution with 50 uM ribonucleotide in a 500 mL
polypropylene bottle with 1 g L™ of Fe oxide. The samples
were reacted for 75 min or 7 d before stopping the reaction by
vacuum filtration, followed by rinsing the filters containing the
mineral particles with a small volume (~S mL) of purified
water. The collected particles were freeze-dried and ground
before XANES analysis. The rinsing step is important to
remove residual background salts and loosely bound P
reactants, which may crystallize after the drying procedure
and thus interfere with the subsequent XANES analysis. We
note that the rinsing step would not underestimate the total
adsorbed P, which was determined independently based on the
mass balance on the solution species (eq 4).

The P K-edge XANES spectroscopy was conducted at the
Stanford Synchrotron Radiation Lightsource (SSRL) on the
14-3 beamline. The ground samples were applied in a thin
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layer to Mylar tape and then affixed to a sample holder for
analysis. The spectra were collected at room temperature in
fluorescence mode with a Vortex detector under a helium
atmosphere with vertical slits set to 1 mm and horizontal slits
set to 2.5 mm. The energy was selected using a Si(111)
monochromator and calibrated to the energy of the first pre-
edge feature of PPh,-Br (2146.96 eV). All collected spectra
were normalized before being used in a linear combination
fitting analysis. All data processing was performed in the
Athena module of the IFEFFIT software package.’® The
normalization process consisted of fitting a line to the pre-edge
region (—24.5 to —14.5 eV) of the spectrum and fitting a
second-order polynomial to the postedge region (15.0 to 85.0
eV). The pre-edge line was subtracted from the spectrum to
remove the background signal, and the absorption jump at the
first inflection point was set to an intensity of 1.0 based on the
difference between the pre- and postedge fits. For linear
combination fitting, the spectra of the endmember samples
with Fe oxides (using 75-min reaction with each ribonucleo-
tide and the published spectra for 7-d reaction with P,'®) were
combined to generate a combined spectrum fitted to that of
the 7-d reacted sample. Fits were considered acceptable when
three criteria were met: matching of the rising edge, white line
peak shape, and postedge region shape; the sum of all
components was between 0.90 and 1.10, and the R-factor was
less than 0.10.

2.6. Solid-State ATR-FTIR Spectroscopy. For collection
of the ATR-FTIR spectra, separate adsorption experiments
were conducted with ATP, AMP, P, (as sodium phosphate),
and adenine with the Fe oxides. Goethite, hematite, and
ferrihydrite (1 g L") were reacted with the different reactants
(ATP, AMP, adenine, and P;) at two concentrations (S0 or 200
uM) in a 50-mL polypropylene centrifuge tube with 40 mL of
reaction solution shaken for 7 days at 150 rpm in an incubator
shaker. These adsorption reactions for the ATR-FTIR analysis
were prepared using a background solution with only 0.1 M
NaCl solution (adjusted to pH 7.0) to avoid the interference of
NaNO; and NaHCO; with the spectral features of interest.
These adsorption reactions were stopped using vacuum
filtration through a 0.2 ym filter to collect the reacted mineral
particles, which were rinsed with purified water (~S mL),
freeze-dried, and then ground before ATR-FTIR measure-
ments.

The ATR-FTIR spectra were collected using a Bruker Vertex
70 FTIR spectrophotometer with a mid-infrared light source,
room-temperature DLaTGS detector, KBr beamsplitter and
optic windows, and OPUS 7.2 software (Bruker). Before each
sample, a background spectrum of ambient air with the
pressure clamp lowered was recorded using the same
parameters as sample spectra collection: collection from
4000 to 600 cm™" at a resolution of 4 cm™"' and 128 coadded
scans using the MIRacle ATR stage (PIKE) with a diamond
crystal and a pressure clamp. After background collection, a
small amount of the dried ground samples was placed on the
MIR crystal, and the pressure clamp was lowered. Data analysis
was performed by using the OPUS software. For each sample,
the spectrum range was set as 1800 cm™! to 750 cm™}, and a
rubber-band baseline correction (64 points) was applied.

2.7. Molecular Simulations of Adsorbate Conforma-
tions. Molecular modeling simulations of a set of triphos-
phorylated and monophosphorylated ribonucleotides (ATP
and AMP, respectively) adsorbed onto the Fe oxides were
performed using BIOVIA’s Materials Studio software pack-
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age.”’ The Fe oxide structures were prepared in accordance
with published crystal data for goethite,”” hematite,”> and
ferrihydrite>*® to obtain mineral structures with the following
lattice parameters: average stoichiometries of FeO,H (39.8 A
X 36.8 A X 54.5 A) for goethite, FeO, g;sH, -5 (40.3 A X 403
A x 61.2 A) for hematite, and FeO, ;H, ;, (41.2 A X 42.2 A X
61.0 A) for ferrihydrite. The atomic charges of the Fe oxide
lattices were assigned based on the CLAYFF force field
designed for the modeling of mineral oxide structures.*®
Optimized ribonucleotide reactant structures were generated
using geometry optimization calculated using density function
theory with the Becke, 3-parameter, Lee—Yang—Parr (B3LYP)
hybrid density functional.”” Partial charges were calculated
using the Hirshfeld method®® for further simulation work. We
ran a 10 ns molecular dynamics equilibration of the fully
hydrated ribonucleotide structures with explicit water mole-
cules described by the extended simple point charge water
model (SPC/E).”’ Molecular interactions were simulated
using the condensed-phase optimized molecular potentials
for atomistic simulation studies (COMPASS) force field
(version II1).°” The parametrization of the optimized
ribonucleotide structures was validated by comparison of our
simulated ATP structure to reported X-ray crystallography
data.’"®* Specifically, our optimized ATP structure had bond
lengths and bond angles with 100% agreement (within an
imprecision of two standard deviations) and 60% agreement
(within an imprecision of two standard deviations), respec-
tively, to the reported X-ray crystallography data®"* (Tables
S2—54). After this validation with ATP, the same protocol was
performed to generate an optimized AMP structure (Tables
S5—S7). For the subsequent adsorption simulations performed
with dry systems, the optimized ribonucleotide structures were
removed from their hydration boxes to be in accordance with
the ATR-FTIR data obtained under dry conditions.

For the preparation of the periodic ribonucleotide—mineral
system, a vacuum slab of 50 A thickness was placed above the
mineral surfaces to provide adequate space for the adsorptives
(ribonucleotide, Na*, and CI7) and thus avoid the effects of
periodic reflections. The ribonucleotide structures were
adsorbed on the mineral surface using the Adsorption Locator
module of Materials Studio. Specifically, we implemented a
Monte Carlo approach that consisted of translation and
rotational steps over a temperature cycle of 298 to 600 K to
determine the most energetically favorable adsorbate con-
formation. After the most energetically favorable conformation
was obtained, we surveyed the formation of hydrogen bonds
(H-bonds) between the ribonucleotide and the mineral surface
using 2.5 A as the maximum H-bond distance and 120° for the
minimum H-bond-donor—acceptor angle.

2.8. Modeling Catalytic Parameters of the Dephos-
phorylation Reaction Kinetics. The instantaneous rates of
P, generation (V) were determined from the initial slope from
plotting the experimental data of the concentration of P;
generated as a function of time. This slope was calculated by
regression analysis to obtain V at different concentrations (20
UM—400 uM) of each ribonucleotide reacted with each Fe
oxide (1 g L™"). For each set of reactions, we determined two
V values: one for P; in solution (directly determined by
colorimetric analysis) and one for adsorbed P; (determined by
performing mass balance on P to obtain adsorbed P using eqs
1—6, followed by accounting for the P; fraction in the adsorbed
P through P-XANES analysis).
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Michaelis—Menten-type kinetic modeling was performed to
determine the kinetic parameters of the Fe oxide-catalyzed
dephosphorylation reactions, based on the following equation:

Vo X [R]

K, + [R] (7)

where V.. is the apparent maximal rate of reaction (achieved
when the catalyst is fully saturated), [R] is the concentration of
the ribonucleotide reactant, and K, is the Michaelis constant
or the concentration of the reactant required to achieve half of
V..
To determine the V. values, the collective V values for
each set of ribonucleotide—mineral pairings were fitted to the
Michaelis—Menten model within 95% confidence intervals
using GraphPad (version 9.4.0). Subsequently, we calculated
the turnover number or k., which is a measure of the
efficiency of each active site of the catalyst, using the following
equation:

max

~[E] (8)

where [E] typically denotes the enzyme concentration or
active site concentration in the catalyst. Here, considering that
Fe oxides are heterogeneous catalysts, we used the P; binding
site density of each Fe oxide as the “active site” concentration.
The P; binding site densities were reported previously.'’

2.9. Statistical Analysis. Statistical significance for
comparisons of kinetic parameters (V.. and k) reported in
the text or in the figures was calculated using the unpaired ¢
test except with statistical significance determined by the F-
test. The kinetic parameters for reactions of ATP only with the
Fe oxides were from a data set published previously.'” The
error bars on P fractions obtained from LCF modeling of the
XANES data represent the errors on the model fitting.

k

cat

3. RESULTS AND DISCUSSION

3.1. Dynamic Evolution of Dephosphorylation Prod-
ucts on the Mineral Surface. As discussed above, previous
kinetic dephosphorylation experiments with ATP and
AMP,'”'*" which employed LC-MS analysis for the
identification of dissolved organic species, revealed that the
reactions of the three Fe oxides (i.e., goethite, hematite, and
ferrihydrite) with monophosphorylated versus triphosphory-
lated adenine-based ribonucleotides resulted in different
extents of produced P; (Figure 1B,C). Importantly, application
of XANES spectroscopy to determine surface speciation after
7-d reactions with ATP and AMP highlighted the presence of
adsorbed P;, which was not fully accounted for by performing
mass balance based on solution data'®'” (Figure 1D,E). The
differences in the partitioning of adsorbed P; versus adsorbed
P, after reactions of ATP and AMP implied different
reactivities of monophosphorylated and triphosphorylated
ribonucleotides with Fe oxides. Here, to investigate further
the role of the reactant structures, we performed 7-d reactions
of six additional ribonucleotides (GTP, GMP, UTP, UMP,
CTP, and CMP) with the three Fe oxides and performed LC-
MS and XANES analyses to determine the adsorption
reactivity and fraction of adsorbed P; versus adsorbed P.

First, from mass balance analysis on the solution species, we
determined the amount of total P retained on the Fe oxide
surfaces after reaction with the ribonucleotide reactants, with a
S0 uM starting concentration (i.e, 150 yM P for the
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Figure 2. Adsorption Mmechanisms of ribonucleotides on iron oxide surfaces. (A) Vibration bands (indicated in letters and boxes) of bonds and
moieties in ATP, AMP, and adenine identified by solid state FTIR spectroscopy after adsorption on Fe oxide surfaces. The ATR-FTIR spectra after
adsorption of (from top to bottom) AMP, ATP, P, and adenine on (B) goethite, (C) hematite, and (D) ferrihydrite with the corresponding (E, F,
G) energetically minimized adsorbate conformations of (top) AMP and (bottom) ATP. Relevant peaks in the ATR-FTIR spectra are shown by the
dashed lines corresponding to the letters highlighted with the structures in panel A. In panels B—D, the two spectra shown represent reactions with
S0 uM of the specified compound (light gray) and 200 uM of the specified compound (dark gray). In panels E—G, H-bonds predicted by
molecular modeling simulations between the mineral surface and the adsorbed ribonucleotide are shown by dashed blue lines. Element key: Fe in
light gray, H in white, oxygen in red, carbon in dark gray, nitrogen in blue, and phosphorus in pink.

triphosphorylated ribonucleotides and 50 yM P for the
monophosphorylated ribonucleotides) (Table S8). With
regard to adsorption reactivity for the different ribonucleotide
structures, goethite and ferrihydrite adsorbed 3-fold to 6-fold
more reactant-P from purine-based ribonucleotides (531—
2013 pg P,y Zminera ') compared to pyrimidine-based
ribonucleotides (45—639 ug P4 Emineral ; P < 0.01) (Table
S8). Previous adsorption data of ribonucleotide reactions with
goethite® and various manganese oxides®® also reported
higher adsorption with purine-based nucleotides than
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pyrimidine-based ribonucleotides, a difference that was
attributed to the relatively higher amount of 7 electron density
in the purine base compared to the pyrimidine base.”> With
hematite, which had a reportedly lower overall adsorption
capacity of P,, compounds than ferrihydrite and goethite,*
there was no statistical difference in adsorption of purines
(25—1591 pug P,y Eminera ) Versus adsorption of pyrimidines
(32—384 ug P,y Zoineral ') (p = 0.19) (Table S8). Thus, these
data implied that both the reactant structure and Fe oxide type
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influenced the total adsorption of P, compounds onto Fe
oxide surfaces.

We employed XANES spectroscopy to capture the extent to
which the Fe oxide surfaces retained adsorbed P, or adsorbed
P,. Due to low adsorbed P (less than 3% of initial reactant P), it
was not possible to obtain P speciation (i.e., relative P; and P,
fractions) on the mineral surface after reactions of AMP with
hematite, CTP with goethite, and CTP with hematite (Table
S8). The low adsorption of CTP by goethite was unexpected,
but the low adsorption on hematite was expected because
hematite was shown previously to exhibit 2-fold to 5-fold lower
adsorption for P,, compounds than ferrihydrite and
goethite.'” With goethite, the triphosphorylated ribonucleo-
tides (GTP, UTP) exhibited adsorbed P, fractions (62%—67%)
close to the fraction (78%) reported for ATP'® (Figures 1D
and S1A). Similarly, with hematite, the reaction with GTP and
UTP resulted in an adsorbed P; fraction (23%—32%)
comparable to the fraction (29%) reported for ATP (Figures
1D and S1B). In contrast, while 23% adsorbed P, fraction was
reported ' for ATP reacted with ferrihydrite, minimal adsorbed
P, (1%—7%) was obtained for the other triphosphorylated
ribonucleotides (GTP, UTP, CTP) (Figures 1D and SI1C).
Interestingly, while reactions of CTP with goethite and
hematite resulted in minimal P; adsorption that was consistent
with minimal P, adsorption, the reaction of CTP with
ferrihydrite resulted in minimal adsorbed P; (1%) despite >6-
fold more fraction of adsorbed CTP-derived P on ferrihydrite
(Table S8 and Figure S1). These data with the triphosphory-
lated ribonucleotides highlighted the compound-dependent
extent of adsorption and transformation of ribonucleotides by
Fe oxides.

With respect to the monophosphorylated ribonucleotides,
reactions of GMP and UMP with goethite resulted in a high
fraction of adsorbed P (63% and 98%, respectively), while
there was no adsorbed P; detected with CMP and the reported
adsorbed P; fraction of AMP'* was only 28% (Figures 1E and
S1A). With hematite, while no adsorbed P was obtained after
reaction with AMP'® (Figure 1E), reactions of GMP, UMP,
and CMP all resulted in P; adsorbption on the surface (98%,
50%, and 66%, respectively) (Figure S1B). With ferrihydrite,
the adsorbed P; fraction after reactions with GMP, CMP, and
UMP contained 4-fold to 10-fold lower fraction of adsorbed P,
(8% to 20%) than the reported value for AMP'® (84%)
(Figures 1E and S1B).

In sum, reactions of purine-based ribonucleotides with
goethite and ferrihydrite resulted in 3-fold to 6-fold greater
adsorbed P than pyrimidine-based ribonucleotides (p < 0.01).
In the case of goethite, this difference translated to a S-fold
higher adsorbed P; fraction from the purine-based ribonucleo-
tides (p < 0.05). In contrast, the adsorbed P, fractions derived
from purine-based and pyrimidine-based ribonucleotides
adsorbed to ferrihydrite were comparable (p = 0.11) (Table
S11 and Figure S1).

To gain insights into the evolution of the mineral-bound P,,,,
reactant and subsequent products on an Fe oxide surface, we
employed MALDI-MS to monitor the adsorbed species of the
ATP reactant and its transformation products on the goethite
surface as a function of time (Figure 1F). Among the Fe
oxide—ribonucleotide pairings, we specifically chose the
reactions of goethite and ATP for this MALDI-MS analysis
due to previous reports of high reactivity of goethite with
ATP.'”" For these MALDI-MS data, the relative intensity of
each compound can be compared with itself across different
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times (e.g., ATP at 4 h can be compared to ATP at 1 and 7 d)
but not with the intensity of another compound (e.g., ATP at 4
h should not be compared to ADP at 4 h or AMP at 4 h)
(Figure 1F). From 4 h to 1 d of the ATP-goethite reaction,
both ATP and AMP intensities were decreased by 30%, while
the ADP intensity was decreased only by 13% (Figure 1F).
After 7 d of reaction, the intensities of all three compounds on
the surface were decreased by 90% or greater, relative to the
intensities at 4 h (Figure 1F). The difference between the
decrease in intensity of ATP and AMP compared to ADP
between 4 h and 1 day of reaction time implied that both ATP
and AMP were short-lived compounds on the goethite surface
(Figure 1F), consistent with previous reports of mass balance
of solution-based LC-MS data'®'” that indicated the ultimate
release in solution of the majority of the dephosphorylation
products from the ATP-goethite reactions (Figure 1F). The
rapid disappearance of surface-bound ATP was in accordance
with the reported high reactivity of goethite for ATP
dephosphorylation, resulting in no ATP in solution after 1 d
of reaction.'” The depletion in surface-bound AMP may be the
result of AMP dephosphorylation as well as desorption because
a steady increase in dissolved AMP in solution was reported
during a 4-day ATP reaction with goethite'” and AMP was
found to have lower binding affinity for the goethite surface
compared to ATP and ADP, likely due to the relatively lower
phosphate stoichiometry of AMP for electrostatic coupling
with the positively charged Fe oxide surface.’*** We attributed
the relatively slower depletion in surface-bound ADP
compared to ATP and AMP to the sustained generation of
ADP from ATP, reportedly reaching a maximum concentration
in solution at 1-d reaction.'” Next, we investigated the
adsorption mechanisms of monophosphorylated and triphos-
phorylated ribonucleotides with the three Fe oxides.

3.2. Binding Interactions at the Fe Oxide Surfaces.
The initiation of the precatalytic complex requires the
formation of a ribonucleotide adsorbate with an Fe oxide
surface. Therefore, we probed the binding interactions and
adsorbate conformations of a monophosphorylated ribonu-
cleotide and a triphosphorylated ribonucleotide, focusing on
AMP and ATP, using solid-state ATR-FTIR data and
molecular modeling simulations both as dry adsorbate systems
to facilitate direct comparisons (Figure 2). With ATR-FTIR
spectroscopy, we sought to identify the functional groups, as
depicted in Figure 2A, that may be involved in mediating the
binding of ATP, AMP, and adenine to the Fe oxide surfaces.
Reference spectra®~®” for ATP and AMP have highlighted the
following relevant bands, which we subsequently followed to
determine complexation mechanisms: two deformation (5)
amine bands (SNH bands, denoted a and b) at 1654 and 1596
cm™ for ATP and at 1643 and 1604 cm™' for AMP; a
stretching (v) band for C—O (vC—0) at 1100 cm™" (denoted
c); a C—N band at 1245 cm™' (denoted d); bands for the
phosphate group at 1245 cm™ (denoted d), 1001 cm™!
(denoted e), and 900 cm™' (denoted g); and the sugar-
phosphodiester band at 810 cm™ for ATP and 819 cm™" for
AMP (denoted g) (Figure 2A—D).

The ATR-FTIR spectra for ATP and AMP adsorbed onto
goethite both showed only three notable peaks, which were all
shifted by 5—30 cm™: the two SNH bands (a and b) at 1665
and 1590 cm™ and the vC—O band (denoted c) at 1130 cm™!
(Figure 2B). Thus, the adsorption interactions with goethite
appeared to be mediated primarily through the amino group in
the adenine base, with some contributions from the C—O
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data for reactions of ATP with the Fe oxides were reported previously.'’

bond present in the ribose sugar (Figure 2B). In contrast to
previous evidence on adsorbed ATP and AMP on goethite,36
we did not obtain any evidence of the contribution of
phosphate groups toward the binding mechanism on this
mineral (Figure 2B), which may be due to the weak absorption
of phosphate on goethite, or an artifact of the background
subtraction due to overlaps of the bands corresponding to the
phosphate with those from the goethite mineral at the 950 to
800 cm ™ region that has been reported in previous ATR-FTIR
spectra of goethite—phosphate complexes.””***” However, our
molecular modeling simulations corroborated the lack of
involvement of the phosphate group, and instead, the model
adsorbate conformations predicted H-bonding only between
the amino group of AMP and goethite (Figure 2B).
Compared to that of goethite, the ATR-FTIR data with both
hematite and ferrihydrite implicated the involvement of
additional functional groups in the ribonucleotide adsorption
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(Figure 2C, D). With hematite, we recorded that the band for
the C—N moiety (d, at 1243 cm™"), the three bands for the
phosphate group (d, at 1243 cm™Y; e, at 997 cm™'; and g at
905 cm™"), a band corresponding to an OH moiety (e at 997
cm™'), and a band associated with the sugar—phosphodiester
chain (g, at 815 cm™") were subjected to a small shift (less than
5 cm™"), suggesting minor contributions of these functional
groups (Figure 2C). However, a significant (30 cm™") shift in
the C—O band implied a relatively greater involvement in the
adsorption of the ribonucleotide onto the hematite surface
(Figure 2C). In agreement with the ATR-FTIR data, the
binding mechanisms in the optimized model adsorbates with
hematite revealed H-bonds between organic moieties in both
ribonucleotide reactants (i.e., AMP and ATP) with the mineral
surface, in addition to the phosphate group in the case of ATP
(Figure 2E). The H-bonding interactions on the hematite
surface were through N atoms in the amino moiety and
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Figure 4. Dephosphorylation reactivity rates of iron oxides with monophosphorylated purine-based and pyrimidine-based ribonucleotides.
Apparent maximal rate (V,,,,, gmol P, h™" g ="'} of solution P; (white box with red outline) and adsorbed P; (gray box with black outline)
generated by dephosphorylation of (from left to right) purine-based ribonucleotides (AMP, GMP) and pyrimidine-based ribonucleotides (UMP,
CMP) catalyzed by (A) goethite, (B) hematite, and (C) ferrihydrite. The box plots represent the lower and upper 95% confidence intervals and the

expected V., value obtained from fitting experimental data to Michaelis—Menten enzyme kinetics;

v,

max

value was not available (n/a) when no P,

was detected. Data and Michaelis—Menten kinetic models are provided in Figures S8—S11 and Tables S15—S21.

heterocyclic nitrogenous ring of the adenine base and oxygen
atoms in both the OH group and sugar ring of the ribose sugar
(Figure 2E). In contrast to the molecular simulation results
with hematite, the involvement of the amino group in adenine
was not captured by the ATR-FTIR data, likely due to low
resolution in the 1700 to 1400 cm™" region of the spectra that
overlapped with the N—H stretching band (Figure 2E). In
summary, the molecular modeling with hematite predicted 14
H-bonds for ATP and six H-bonds for AMP binding on
hematite, thus implying a relatively greater binding affinity of
ATP than AMP for the hematite surface (Figure 2E).

For the adsorption of ATP and AMP on ferrihydrite, the
ATR-FTIR data captured strong involvement of an amino
group (a, shift by 8 cm™ in one of the SNH bands), a
nucleobase moiety (h, shifted by 13 cm™ from the C—N
band), the sugar OH moiety (c, shifted by 30 cm™ of the C—
O band), and the phosphate group®”*° (i, shifted by 11 cm™!
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for ATP and by 5 cm™" for AMP; j, shifted by 3 cm™") (Figure
2F). Our molecular simulations predicted the formation of H-
bonds to the ferrihydrite surface through both the phosphate
and OH moieties of ATP and AMP, corroborating previous
binding studies'**"*° that emphasized the important involve-
ment of the phosphate moiety in the binding of ribonucleo-
tides to the ferrihydrite surface. Additionally, in agreement
with our ATR-FTIR data, our modeling data highlighted the
importance of the amino moiety and the N atoms of the
heterocyclic nitrogenous ring of the adenine base and the OH
groups of the ribose sugar (Figure 2G). We acknowledge that
water bridges may be involved in the binding of and
transformation of compounds by Fe oxides.”””" Therefore,
future studies should consider hydrated systems in elucidating
binding interactions at water—mineral interfaces and the
subsequent implications for the catalytic reaction mechanism.
Here, the dry systems of both the experimentally determined
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Figure S. Catalytic turnover number of iron oxides for the dephosphorylation of purine-based and pyrimidine-based ribonucleotides. Apparent total
turnover number (total k., h™") of (A) triphosphorylated ribonucleotides and (B) monophosphorylated ribonucleotides for each Fe oxide:
goethite (gold), hematite (pink), and ferrihydrite (gray). Each k., value was calculated by normalizing the sum of the V,,,, values, when both
solution P; and adsorbed P; were detected, by the density of P; binding sites (umol P,™" g . ...™") for each mineral. Statistical significance is
represented by the lettering above each value (p < 0.05), calculated using the F-test; n/a denotes no available V,,, values for k., calculations. The
kinetic parameters for reactions of ATP with the Fe oxides were reprinted from a data set published previously."*

FTIR data and the theoretical model of the ribonucleotide—Fe
oxide complex illustrated adsorbate conformations with
corroborating binding interactions.

3.3. Kinetic Benchmarking of Phosphatase-Mimetic
Reactivity of Fe Oxides. 3.3.1. Maximal Production Rates
or Vo We determined the kinetics of the reactions of the
ribonucleotides with goethite, hematite, and ferrihydrite and
compared these results to the reported'” values for reactions of
ATP with Fe oxides. To acknowledge the evolution of both
solution P; and mineral surface-localized P;, we determined a
V... for P, measured in solution (termed solution V) and a
Viax for P; accumulated on the mineral surface as determined
by XANES analysis (termed adsorbed V). Only goethite
reactions with the triphosphorylated ribonucleotides led to the
production of significant P; in solution (Figure 3A). Reported
reactions of ATP with goethite10 exhibited the highest solution
Vinax (2.70—4.65 P, h™' g7! goethite), which was 50% higher
than with GTP (1.08—3.15 P;h™! g™! Gt; p < 0.05), and about
20% higher than with UTP and CTP (1.82—4.49 P, h™' g*
goethite, p < 0.01) (Figure 3A and Table S19). By comparison,
with hematite, the solution V,,, was reported to be minimal
with ATP' (0.05—0.08 P; h™! g~ hematite), as found here
with CTP (0.01-0.22 P, h™" g™ hematite, p < 0.01), and no
solution P; was detected in GTP and UTP reactions with
hematite (Figure 3B and Table S20). Additionally, for the
reactions with ferrihydrite, none of the triphosphorylated
ribonucleotides generated P, in solution (Figure 3C and Table
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S21), including previously reported reactions of ATP with
ferrihydrite."’

In contrast to the mineral-dependent detection of dissolved
P, all three Fe oxides exhibited some catalytic reactivity in the
form of adsorbed P; produced from various triphosphorylated
ribonucleotides. Goethite expressed a range of mineral surface-
based V,,,, with the triphosphorylated ribonucleotides above
the reported'® value with ATP (0.45—1.70 umol P; h™! g
goethite) and up to 12.33 pmol P, h™' g~ goethite (Figure
3A), which was 3-fold to 30-fold higher than the surface-based
Vipax recorded previously,'® with hematite (0.16—0.58 pmol P
h™ ¢! hematite, p < 0.01; Figure 3B and Table S20).
Ferrihydrite was reported'” to show appreciable surface-based
reactivity with ATP (2.59—4.24 umol P, h™' g ferrihydrite);
however, this value was minimal with the other triphosphory-
lated ribonucleotides investigated here (<0.25 ymol P, h™" g~
ferrihydrite; p < 0.01) (Figure 3C and Table S21). Of the Fe
oxides, goethite exhibited the highest V. values due to the
summation of the solution-based and surface-based P;
generation from triphosphorylated ribonucleotides (Figure
30).

With respect to the dephosphorylation kinetics of mono-
phosphorylated ribonucleotides, they were distinct from those
of their triphosphorylated counterparts (Figure 4). Notably,
potentially due to the higher energy requirement for breaking
phosphomonoester bonds compared to phosphoanhydride
bonds,”” no P; was detected in solution during the reactions of
the monophosphorylated ribonucleotides with the three Fe
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Figure 6. Comparison between reported soil enzymatic rates versusand iron oxide-catalyzed dephosphorylation rates. The rate of Fe oxide-
catalyzed dephosphorylation (umol P, h™" g, ;™" in log,, scale) of the combined triphosphorylated (orange) and combined monophosphorylated
(gray) ribonucleotides as a function of Fe oxide fraction in soil for (A) goethite, (B) hematite, and (C) ferrihydrite. Dashed lines show the upper
and lower 95% confidence intervals for the combined dephosphorylation rate of all triphosphorylated ribonucleotide (collectively referred to as
XTP; orange) and monophosphorylated ribonucleotide (collectively referred to as XMP; gray) dephosphorylation. The black horizontal line
depicts the reported'* averaged enzymatic dephosphorylation rate (11.6 + 0.8 gmol P; h™' g, ;™"; acid and alkaline phosphatases); the light gray

box shows the range of reported'* global soil enzymatic rates.

oxides, and thus, only adsorbed V,,,, was determined (except
for AMP with hematite and CMP with goethite, where no
adsorbed P; was detected) (Figure 4A,B, Tables S19 and S20).
Interestingly, in contrast to the lack of solution V., for GTP
reacted with hematite, reactions of GMP with hematite
exhibited the highest adsorbed V,, values (2.14—12.91
umol P; h™" ¢™! hematite), which were 30% higher than the
adsorbed V,,,, for the GMP reaction with goethite (1.76—6.18
pmol P, h™' g7' goethite; p < 0.05) and about 6-fold higher
than the GMP reaction with ferrihydrite (0.63—8.64 umol P,
h! g_1 ferrihydrite; p < 0.001) (Figure 4A,—C; Tables S19—
S21). However, the adsorbed V, value for UMP reacted with
hematite (0.64—9.84 pmol P; h™' g' hematite) was
comparable to the rate with goethite (1.36—5.76 yumol P, h™*
g~ ! goethite; p = 0.42) and ferrihydrite (0.65—1.52 ymol P; h™!
g~ ferrihydrite; p = 0.06) (Figure 4A—C and Tables S19—
S21). The adsorbed V,,,, values for UMP and CMP reactions
with hematite were 2-fold to 4-fold lower than the
corresponding values obtained from the GMP-hematite
reactions (Figure 4B and Table S20). With goethite, we
obtained comparable adsorbed V,,, values for the reactions
with GMP (1.76—6.18 umol P, h™" ¢! goethite) and UMP
(1.36—5.76 umol P; h™" g™ goethite) (p = 0.73), both of
which were more than 45% higher than the adsorbed V,,,, for
the AMP—goethite reaction (1.06—2.56 ymol P; h™' g7!
goethite) (p < 0.05) (Figure 4A and Table S19). While V.,
values present useful parameters for comparing the reactivity
on a per-mass basis, the k., values are the appropriate
parameters for probing catalytic efficiency by accounting for
the density of active sites.

3.3.2. Catalytic Turnover Rates or k., Here, as
demonstrated previously,'’ we determined the k., of each
ribonucleotide—Fe oxide pair by dividing the summed solution
Vmax and adsorbed V., by the reported site density of P,
binding for each Fe oxide:'”'” 26.0 + 1.2 umol P; g" goethite,
9.1 + 0.9 umol P; g~' hematite, and 184.1 + 6.0 ymol P; g™*
ferrihydrite. Compared to the specific surface area of the
mineral, the P; binding site density was reported to be a better
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predictor of the affinity of the Fe oxide surface for P adsorption
because it accounts for both the adsorption reactivity and the
available surface area of the mineral.'” While it exhibited the
highest site density for P; binding, ferrihydrite was the least
efficient Fe oxide catalyst for both triphosphorylated and
monophosphorylated ribonucleotides (Figure 5). For the
triphosphorylated ribonucleotides, goethite was the most
efficient Fe oxide catalyst, with k., values (0.07—0.62 h™*')
>68% higher than hematite (0.00—0.34 h™; p < 0.001) and
>95% higher than ferrihydrite (0.00—0.02 h p < 0.001)
(Figure SA). For the monophosphorylated ribonucleotides,
hematite exhibited the highest k. (0.00—1.41 h™'), >45%
higher than goethite (0.00—0.24 h™'; p < 0.05) and >95%
higher than ferrihydrite (0.00—0.05 h™; p < 0.01) (Figure 5B).

3.3.3. Estimations of Fe Oxide-Catalyzed Dephosphor-
ylation in Soils with Varying Fe Oxide Content. Based on the
rates obtained on a per-mass basis (i.e., V,,,), we estimated the
dephosphorylation rates in soils containing varying fractions of
each Fe oxide and compared these estimations with reported
phosphatase rates from soils globally’® (Figure 6). We
predicted that goethite-catalyzed rates for triphosphorylated
ribonucleotides in a soil would reach within 1 order of
magnitude of the averaged enzymatic P; generation at a
goethite content of >10% of the total soil by mass. Due to
lower rates of P; generation from monophosphorylated
ribonucleotides compared to the triphosphorylated ribonucleo-
tides, a goethite content of >25% of the total soil by mass
would be needed to achieve comparable rates to enzymatic
rates with monophosphorylated ribonucleotides (Figure 6A).
The same content (>25% of the soil by mass) was estimated to
be required for ferrihydrite to generate P; from mono-
phosphorylated ribonucleotides within 1 order of magnitude
of the averaged soil enzymatic rates, whereas the relatively
more reactive hematite would only need to constitute >15% of
the soil by mass (Figure 6B,C). Relative to goethite, hematite
and ferrihydrite were much less reactive with triphosphorylated
ribonucleotides, thus requiring the soil content to be more
than 80% hematite or ferrihydrite to obtain rates comparable
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to reported average values for enzyme activity (Figure 6B,C).
Given a reported Fe oxide content of about 20% on a per-mass
basis in certain high-Fe containing soils and sediments,””” our
data implied that abiotic rates from Fe oxides have the
potential to generate P,,-derived P; alongside enzymes in the P
cycle in these environments,'® albeit the potential effects of
organic matter coatings of soil minerals on our estimated rates
remained to be examined. In environments enriched in Fe
oxides and other minerals, enzyme activity may be limited due
to enzyme adsorption onto mineral surfaces,”*’" thereby
further highlighting the importance of accounting for the
abiotic contributions in P recycling catalyzed by Fe oxides in
these environments.

3.4. Insights into the Dependence of Phosphatase-
Mimetic Reactivity on Mineral and Reactant Structures
and Environmental Implications. 3.4.1. Effect of Mineral
Crystallinity on Catalytic Efficiency. Our data stressed that
the surface area of reactive minerals such as Fe oxides was not
a good predictor of the efficiency of the catalytic reactivity.
Ferrihydrite, the semicrystalline Fe oxide with the highest
surface area amongst the three minerals in our investigation.
However, after normalizing V., by the P; binding capacity, the
resulting k., values revealed that the crystalline Fe oxides
express higher dephosphorylation efficiency than ferrihydrite.
Surface acidity of the mineral has been proposed to mediate
the dephosphorylation reaction catalyzed by Fe oxides.
Specifically, the content of Lewis acid sites has been linked
to the enhanced reactivity of hematite and goethite." In fact,
the Lewis acid site was reported to act as the catalytic center of
Fe oxide-mediated oxidation reactions.'>’%’%”” However, like
surface area, the concentration of Lewis acid sites may not fully
explain mineral reactivity. For instance, while hematite was
reported to possess ~20% more Lewis acid sites than goethite,
hematite displayed approximately 75% lower dephosphoryla-
tion of synthetic pNPP.'> Mineral characteristics such as
surface wetting’' or the position of Fe (III) centers in the
mineral structure'® may also influence reactivity. Thus, further
investigations are needed to determine the extent to which
Lewis acid sites and other surface properties control the
reactivity of Fe oxides toward P, compounds.

3.4.2. Reactivity of Compounds with Phosphoester,
Phosphodiester, and Phosphoanhydride Bonds. Phospho-
monoesters, which are P, compounds with phosphoester
bonds, are reported to accumulate in environmental
matrices.”™”®”? Previous studies with a single P, concen-
tration'”"*"” have demonstrated preferential dephosphoryla-
tion of phosphoanhydride bonds over phosphoester bonds by
goethite and hematite. Here, our kinetics data over a wide
range of P, concentrations revealed that the three Fe oxides
trapped all the P; generated during the dephosphorylation of
the monophosphorylated ribonucleotides. Therefore, in
addition to dissolved P;, produced P; from ribonucleotides
that remains bound on the Fe oxide surface may provide a
bioavailable P source after desorption from the mineral or
mineral dissolution.

3.4.3. Weak Adsorption and High Catalytic Efficiency.
Among the investigated Fe oxides, goethite exhibited the
highest k., toward AMP and ATP, but these adsorptives
displayed the fewest intermolecular interactions with the
goethite surface. Therefore, we propose that the surface
chemistry may drive the catalytic reactivity of the Fe oxides by
modulating the extent of adsorption. Interestingly, we obtained
a greater than 2-fold higher k., for ATP than for AMP reacted

cat
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with goethite, and the molecular modeling highlighted a H-
bonding between the adenine base and the mineral surface to
anchor the bound AMP, an interaction that was absent in the
ATP—goethite complex. The lack of H-bonding through the
adenine base in the latter complex may be due to limitations in
the structural flexibility of ATP, especially given the orientation
of all three phosphate groups toward the mineral surface that
may prevent the required orientation of the nucleobase to form
H-bonding interactions with the mineral. These latter findings
were thus in agreement with an inverse relationship between
the binding affinity and catalytic reactivity. However, our data
were not consistent with those from Li et al.,"> which reported
2-fold higher rates of pNPP dephosphorylation by goethite
faces that facilitated relatively stronger binding as indicated by
~15% greater adsorption energy. Ribonucleotides and pNPP
are structurally different compounds; there is no biological
analog to pNPP. The difference between the nucleobase in
ribonucleotides, which is a bulkier organic moiety containing
several functional groups, and the nitrobenzyl ring in pNPP
may influence the conformation of the P,,,—Fe oxide complex
and the resulting catalysis.*” Therefore, direct comparisons to
naturally occurring P, compounds should not be made. Our
findings with naturally occurring compounds such as
ribonucleotides suggested a threshold at which the extent of
the binding affinity of the P, reactant to the mineral surface
would be inhibitory to the catalytic reaction.

3.4.4. Environmental Implications. In agricultural soils,
standard practices rely heavily on P; fertilizers to meet crop
needs.”’ However, plants only take up 10—15% of any given
year’s applied P, thereby relyin§ instead on legacy P stored in
soils to meet P requirements.”” This legacy P includes Pog
from plant and microbial biomass and P; primarily from
previous fertilizer applications. In fact, up to half of the legacy
P in soils is in P forms.*” Consequently, assessments of
global food security stress the need to advance our under-
standing of the biogeochemical recycling of P, as legacy P,
is much less well studied than P,.** Prior studies have proposed
the addition of Fe oxides as abiotic catalysts, beyond serving as
only adsorbents, in P cycling in soil and sediment environ-
ments.”'”'® Here, for the first time, we provide detailed
quantitative benchmarking of this abiotic catalysis on
structurally different P, compounds by exploring the
dephosphorylation kinetics of eight different ribonucleotides
by three Fe oxides. We identified the varying involvement of
the phosphate group, sugar hydroxyl moieties, and the
nitrogenous ring and amino moiety in the nucleobase in
mediating the mechanisms of adsorption onto the different Fe
oxide surfaces. Importantly, we found that triphosphorylated
ribonucleotides, which contain a phosphoanhydride bond, and
monophosphorylated ribonucleotides, which contain a mono-
ester bond, were both dephosphorylated by Fe oxides at rates
comparable to the reported rates of soil phosphatases.”” Given
the ubiquitous detection of phosphomonoesters in soils,”> it
is worthwhile to determine the kinetic parameters for the
dephosphorylation of other phosphomonoesters such as
phytate and glucose-6-phosphate, which were found to
undergo minimal to no dephosphorylation by Fe oxides at a
single #M reactant concentration'’ or exhibit appreciable to
significant dephosphorylation at a single mM reactant
concentration.'® Furthermore, the possible Fe oxide-catalyzed
production of P; from other common P, compounds with
phosphodiester bonds such as phospholipids and nucleic acids
(i.e, DNA and RNAs) remains underexplored, both of which
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can produce phosphomonoesters during abiotic or biotic
degradation.””®” Thus, Fe oxide-catalyzed dephosphorylation
of the phosphomonoester pool can potentially constitute an
important contribution to the conversion of P, to P; in the
global P cycle.

We posit that the accounting of environmental P fluxes is
currently incomplete due to the exclusion of Fe oxides and
other reactive mineral oxides,'>'®'” especially given our
aforementioned estimations that Fe oxide-catalyzed dephos-
phorylation rates at relevant soil Fe oxide content may be
comparable to reported rates of phosphorus-recycling enzymes
in soils. Our findings contribute to the mounting evidence on
the catalytic reactivity of goethite,'”'*'>'” hematite,'>'>">~"
and ferrihydrite,"”'>'*"” all of which support the inclusion of
these minerals as catalysts of organic P recycling in P cycling
models. In addition to the reactivity investigated here in the
absence of light, goethite and ferrihydrite were reported to
transform ATP through photolysis in the presence of light.*®
Therefore, these photocatalytically reactive minerals can
potentially further contribute to the abiotic generation of P;
in sunlight-exposed environments such as shallow lakes.*’
Manganese oxides, which are often present at relatively ~10-
fold lower concentrations than Fe oxides in soil’””' and
sediment’"”? environments, represent another reactive mineral
oxide of interest. Manganese oxide can also catalyze the
production of P; from P,, compounds via both hydrol-

is'>'*'7%* and transformation of organic matter through

org

sis
Zedox reactions.”””* Investigations of the catalytic parameters
for dephosphorylation reactions by manganese oxides are
warranted. Furthermore, to complete a comprehensive
evaluation of the abiotic contribution of Fe oxides in
environmental matrices by building on the present study,
future work needs to address the effects of natural organic
matter”® and plant-derived small carboxylic acids’*’” on the
kinetic catalytic parameters of the Fe oxides determined here.
In support of the persistence of the catalytic reactivity of Fe
oxides in environmental matrices, a recent study'® with natural
soil and sediment samples identified that the small fraction of
Fe oxides (< ~20%) in these heterogeneous samples was
responsible for the catalytic reactivity toward ribonucleotides.
Future studies on contextualizing the kinetic parameters such
as those provided here for the transformation of various P,
compounds catalyzed by Fe oxides within complex environ-
mental matrices will be instrumental in advancing a modeling
of the budget for both abiotic and biotic catalysts in
environmental P cycling.
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