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Rapid hydrolysis rates of thio- and phosphate
esters constrain the origin of metabolism
to cool, acidic to neutral environments

Sebastian A. Sanden,’?* Christopher J. Butch,'>* Stuart Bartlett,"* Nathaniel Virgo,' Yasuhito Sekine,'->¢
and Shawn Erin McGlynn'.7.8:9.*

SUMMARY

Universal to all life is a reliance on energy carriers such as adenosine triphosphate (ATP) which connect en-
ergy-releasing reactions to energy-consuming processes. While ATP is ubiquitously used today, simpler
molecules such as thioesters and polyphosphates are hypothesized to be primordial energy carriers.
Investigating environmental constraints on the non-enzymatic emergence of metabolism, we find that hy-
drolysis rates—not hydrolysis energies—differentiate phosphate esters and thioesters. At temperatures
consistent with thermophilic microbes, thioesters are favored at acidic pH and phosphate esters at basic
pH. Thioacids have a high stability across pH 5-10. The planetary availability of sulfur and phosphate is
coincident with these calculations, with phosphate being abundant in alkaline and sulfur in acidic environ-
ments. Since both sulfur esters and phosphate esters are uniquely required in metabolism, our results
point to a non-thermophilic origin of early metabolism at cool, acidic to neutral environments.

INTRODUCTION

Cellular replication is predicated on chemical energy conversion. In today’s metabolisms, universal metabolic energy carriers in the form of
phosphoesters and thioesters, such as adenosine triphosphate (ATP) and acetyl-coenzyme A (CoA), are used to harness chemical potential.
This chemical potential is then used to activate monomers prior to polymerization, and also to drive key protein conformational changes in a
wide array of processes ranging from electron transfer in nitrogenase’ to movement of myosin.”*

The crucial roles of these energy carriers today make them key to our understanding of the origin of life. Biological energy carrier formation
today is driven largely by electron transfer reactions in respiration coupled to chemiosmosis and also involves substrate-level phosphoryla-
tion." A diversity of abiotic, non-enzymatic routes for ester synthesis have been demonstrated experimentally including dry-down®’; heating
of phosphates Ca (HPO,), ®7; thioacid and thioester formation from COS or CO''?; redox neutral reactions involving aldehydes, keto acids,
and light'*'%; and also nitrile hydrolysis leading to phosphoesters, thioesters, and thioacids.'”™'” High group transfer potential of prebiotic
relevance has also come into view from chemistry involving trimetaphosphate, diamidophosphate,'®'” and thioformamide.”® This array of
synthetic paths and the molecular diversity they afford suggest that multiple types of molecules with high group transfer potential may
have been available to early metabolism.

Arguments have been made for life's emergence with one type of energy carrier molecule, with later diversification into others; for
example, in De Duve's “thioester world” life would have started by using thioesters and later phosphate esters would have been recruited
into metabolism,”’ a notion bolstered by the observation of thioester stability at 25°C and rapid thiol exchange which could have been
involved in an early energy economy.?” These molecules may have taken part in early energy exchange reactions, some of which are illustrated
in Figure 1, which shows experimentally demonstrated interconversion of sulfur-based energy carriers into phosphoanhydrides and peptides.
Regardless of the specific type of molecule, the high group transfer potential of energy carriers makes them susceptible to spontaneous
hydrolysis, necessitating continuous synthesis. Water is the numerically major metabolite of a cell today,”® and its involvement in metabolic
evolution is a constraint to be considered.””
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Figure 1. Network of possible interconversions between thioacids, thioesters, peptides and phosphoesters

Acidic environments at thermophilic growth temperatures (>65°C or 340 K) favor thioesters as energy carriers due to an increased stability, whereas
phosphoesters are more stable at alkaline conditions and thioacids tolerate both acidic and alkaline pH. The reaction arrows also include labels with the
names of the corresponding authors and the year of publication,'*'/#%?>-/

Here we integrated kinetic and thermodynamic data on thioacids, thioesters, and phosphoesters to uncover environmental constraints on
energy conversion at the origin of life. Experimental reaction rates are combined with hydrolytic energies computed by density functional
theory (DFT), and the available energy is discussed with respect to the stability of each ester from pH 5-10 and temperatures of 300-400
K. Based on these energy constraints, possible geochemical scenarios are discussed, in the context of the origin of metabolism occurring
in thermophilic settings (>65°C) or at cooler temperatures.

RESULTS

Biological growth extends from below zero to above 100°C.*° Genome comparison studies show that the reverse gyrase gene can be
used as a marker of growth ability above 65°C, establishing this temperature as a natural boundary for considering what constitutes “hot”
for life.>’* Here we are concerned with the non-enzymatic emergence of group transfer potential and discuss the results above and below
the reverse gyrase-established temperature, which is approximately 340 K.

Temperature- and pH-dependent hydrolysis kinetics

Hydrolysis energies are similar between thioesters, thioacids, and phosphate esters (cf. Table S2); however, reaction rates at the same tem-
perature differ by orders of magnitude between the esters, indicating that kinetics are the deciding factor for energy availability. Figure 2
displays the spread of measured hydrolysis rates and shows differences up to 10° s~ for the hydrolysis rates of the thioester methyl-thioa-
cetate (MTA), thioacetic acid (TAA), diphosphate (PP) and triphosphate (PPP), and ATP to ADP at pH 5, 7, and 10. The pseudo first-order hy-
drolysis rate constants were extrapolated for a given pH from experimental results®> ¢ and are supplemented here in the case of MTA and
TAA by new "H-nuclear magnetic resonance (NMR) data at 4 different temperatures at pH 5.

Attemperatures <50°C and between pH 5 and 7, the hydrolysis rates have a spread of about 102 s~", but, if we consider hyperthermophilic
growth temperatures above 65°C, the thioester MTA is most stable at pH 5, and the thioacid TAA at pH 7. This higher stability of thioesters at
high temperature and acidic pH is coincident with De Duve's proposal that thioesters might have been the primordial energy carrier and have
operated in a hot acidic environment.”’ But the advantage of thicesters disappears at alkaline pH, as MTA hydrolysis is base catalyzed.”” At a
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Figure 2. Hydrolysis rates and half-lives of methyl-thioaceate, thioacetic acid, pyrophosphate, triphosphate, and adenosine triphosphate
The hydrolysis rates at pH 5 (A), pH 7 (B), and pH 10 (C) plotted on a log base 10 scale vs. 1,000/T in K. The hydrolysis rates of MTA and TAA were measured via H-
NMR in a 100 mM citric acid buffer at pH 5 and are indicated as points in (A). r? of the residual sum of squares method was 0.99 for MTA and 0.56 for TAA. The

hydrolysis rates for PP, PPP, and ATP are extrapolated from experimental results between 30°C to 120°C found in the literature,”

temperature of 100°C, the hydrolysis rate of MTA is extrapolated to being 4 orders of magnitude faster than that for TAA at pH 10; which
results in a half-life of 43 s for MTA at alkaline hydrothermal conditions, making thioesters an unsuitable energy carrier at alkaline hydrothermal
vent conditions.*® The 46.5 h half-life of TAA is comparable to those of ATP and PP, which are 46 h and 33 h respectively.

From pH 5to 10, the phosphoesters PP, PPP, and ATP exhibit a similar temperature dependence of their respective hydrolysis rates, which
result from similar activation energies for hydrolysis (cf. Table S1). Phosphoesters are not subject to base-catalyzed hydrolysis at pH 10, likely
because of coulombic repulsion of the hydroxyl ions due to their negatively charged phosphate residues, and the hydrolysis rates even
decrease by an order of magnitude from pH 5 to pH 10. Similarly, the hydrolysis rates of the negatively charged thioacetate (pk, = 3.3)
are largely independent of pH and, while phosphoesters are the most stable compounds until about 100°C (Figure 2C), at higher tempera-
tures and high pH, TAA is hydrolytically more stable. Across the pH conditions surveyed, the thioacid is broadly the most kinetically stable at
high temperatures.

Energy availability from geo-esters
When life began, geochemically produced esters harboring group transfer potential may have provided energy needed for metabolic pro-
cesses. Such "geo-esters” would have been subjected to water hydrolysis, leaving behind variable amounts of energy depending on the
group transfer potential of each molecule and the kinetics of the molecules which might react with them. To gain an understanding of this
variability of energy availability from the different esters, we combined kinetic hydrolysis data with thermodynamic information and calculated
energy availability over time at variable concentrations, different temperatures, and different pH values. In this model, 1 Mis used as the start-
ing concentration for easier connection to other known values at AG”.*” To obtain a consistent set of hydrolysis energies that includes MTA
and TAA, for which no experimental data were available, the Gibbs free energies of hydrolysis were computed via DFT using PBEO 6
311(2d,2p), as implemented in Gaussian 16, and the SMD solvation model including implicit solvation. The Gibbs free energy of hydrolysis
at a given pH and temperature, which can potentially be coupled to a group transfer reaction, is referred to here as energy availability.
Figure 3 shows the time evolution of energy availability for a thioester, thioacid, and ATP. Although there is variability in group transfer
potential between the esters, the primary control in energy availability is hydrolysis rate. The energy demands and required reaction rates
of early metabolism are not constrained, but we can consider what we know from contemporary biology: free energies in the range of
—10to —20 kJ mol™" are associated with cellular metabolism, —20 kJ mol™" is needed for transporting a monovalent ion across a charged
cellular membrane, and ca. —15 kJ mol™" is needed to promote peptide bond formation.>*” In our model, all esters are able to provide at
least —20 kJ mol™" at ambient conditions of 300 K (27°C) for up to 900 h, but, at hyperthermophilic temperature of 360K (87°C) and pH 5, MTA
is able to provide —20 kJ mol ™" for 420 h, whereas TAA reaches this threshold in 33 h and ATP in less than é h. (Figure 3, dashed line). At pH 7
and 360 K (87°C), TAA can provide —20 kJ mol™ ' for 310 h, but MTA and ATP for less than 20 h. At the hyperthermophilic temperature of 360 K
(87°C), thioesters and thioacids can thus provide sufficient free energy for at least ten times longer than ATP at acidic and neutral pH,
respectively. In contrast, at 360 K (87°C) and pH 10, ATP can provide —20 kJ mol~" for 103 h, whereas MTA is hydrolyzed after 0.3 h and
TAA after 360 h.*® The increased stability of ATP under alkaline conditions also extends to the inorganic analogs PPs and PPPs, but they
are also subjected to rapid hydrolysis at elevated temperatures at pH 7 and below (Figure ST and Table S2).

DISCUSSION
The origin of ester metabolism and its overlaps with planetary geochemistry

pH and temperature are fundamental variables in chemical processes and therefore crucial parameters for life today and its origin.*”**** Using
the stability ranges presented herein for energy carriers, we may consider different scenarios for how energy metabolism could have emerged
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Figure 3. Gibbs free energy of hydrolysis over time with respect to temperature

Hydrolysis model depicting the available Gibbs free energy over time with temperature color-coded as a heatmap from 300 to 400 K. (A) depicts the Gibbs free
energy at pH 5, (B) at pH 7 and (C) at pH 10. In addition, the available free energy at the lower bound of thermophilic growth temperatures; 340 K (66.85°C) is
represented as a solid line, 360 K (86.85°C) as a dashed line, and 380 K (106.85°C) as a dotted line. The available Gibbs free energy of reaction of methyl-
thioacetate, thioacetic acid, and adenosine triphosphate (hydrolyzing to ADP) is given in kJ mol™" with starting concentrations of 1 M for reactants and
products in 1 L of water, referring to AG”. Additional details concerning the model are described below.

from geochemistry. If life started in a hot alkaline environment, thioester- and thioacid-based metabolisms would struggle to compete with water
hydrolysis and life may have started with a sole reliance on phosphate esters, perhaps as outlined by Russell in a hypothesis involving green rust.’
However if life started in a hot acidic environment, it may have started with a sole reliance on thioesters; at neutral pH, early thermophilic life may
have preferred thioacids. A surface-based metabolism using thioesters and thioacids as proposed by Wachtershéuser, situated in a neutral to
acidic sulfide-rich hydrothermal environment, is viable according to the stability ranges of MTA and TAA.?"#*/

The fundamental processes of amino acid and nuceleic acid synthesis in extant metabolism rely on the presence of both thioesters and
phosphoesters.”® Based on the thermogeochemical constraints imposed by phosphate and thioester hydrolysis above the thermphilic tem-
perature of 340 K, an origin of life consistent with mesophilic growth of today’s organisms, or even a cold origin of life,"”*" could be more likely
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than the higher-temperature scenarios previously considered. Cooler temperatures would have opened the possibility of an ester energy cur-
rency economy of the type we see in cells today where interconversions between ester types facilitate the operation of large metabolic
networks.

The general availability of sulfur and phosphorous in aqueous environments such as the primordial ocean could further constrain the
choice of energy carriers. The results of high stability of phosphate esters in alkaline hydrothermal systems coincide with high availability
of dissolved phosphate in geochemistry in the same environments. Under alkaline CO,-rich hydrothermal conditions, calcium phosphate min-
erals in host rocks are dissolved to form stable Ca-carbonate minerals, releasing dissolved phosphate into fluids.”' ™ Such environments are
commonly achieved when ultramafic rocks and CO,-rich water interact, including deep-crustal hydrothermal systems on early Earth®* and
hydrothermal environments of icy ocean worlds in the outer solar system.”® Given that high concentrations of phosphate are required for
phosphorylation of prebiotic molecules,™ life, if it arose in alkaline waters, could have utilized phosphate esters for early metabolism
assuming mechanisms for making use of these compounds were available.

On the other hand, acidic hydrothermal systems tend to appear in sulfur-rich and/or CO,-limited hydrothermal environments.”*® Mars—
from its core to surface—contains more sulfur than Earth.®” Sulfur isotopes preserved in lake sediments of Gale Crater suggest that sulfur was
highly involved in impact-driven hydrothermal environments on early Mars.”® In addition, organic matter found in lake sediments of Gale
Crater contains a large fraction of sulfur but little phosphate and nitrogen.” These findings suggest high geochemical availability and reac-
tivity of sulfur on early Mars, where sulfur-based esters could be preferred for early metabolism of life. Altogether, it appears that the overlap
between elemental availability and the energetic characteristics of P and S compounds could have preordained their respective use in ther-
mophilic, hydrothermal conditions >340 K; 65°C.

Conclusion

The bioenergetics of the cell are organized around the continuous production of group transfer potential, which is key for sustained
polymer production and activation reactions required for cell metabolism. Using kinetic calculations and DFT, we demonstrated
differences between sulfur acetyl esters and phosphoanhydrides as energy carriers in early metabolism. The stability of these energy
carriers constrains their use in nascent metabolism, in particular if the geochemical source producing esters was intermittent or spatially
distant.

Since energy conversion processes are universal in biology, we suspect that environmental factors which constrain one molecular type over
another could have represented a molecular guide, or filter. Our results suggest that acidic and alkaline environments at elevated temper-
atures (>340K; ca. 65°C) favor thioesters or phosphate esters, respectively. If we examine contemporary metabolism, it seems that both sulfur
esters and phosphate esters are required for unique cellular processes: if so, our results point to an origin of early metabolism at cool, acidic to
neutral environments inconsistent with thermophilic growth.

Limitations of the study

In this study, we focused solely on hydrolysis rates to gain a picture of energy availability from what we term geo-esters: molecules with a high
group transfer potential which may have been produced geochemically. We did not consider formation rates nor coupled reactions which will
be necessary to form a more complete model of primordial metabolism. This model does not account for other factors such as metal ions and
UV exposure which may accelerate ester hydrolysis.° If we look at biology today, we find that life metabolizes and uses energy at rates which
differ by orders of magnitude®': the energy demands at the origin of life are not known but would influence the considerations brought for-
ward in this paper.

The Gibbs free energies reported here were computed ab initio by DFT. The computed reaction energies match well with experimental hy-
droyltic energies; though charged compounds can produce errors up to 10 keal mol™" without implicit solvation (cf. supplemental information).
With hydrolysis rates of S- and P-esters differing by orders of magnitude, the energy availability model may become sensitive to errors concerning
the Gibbs free energies of hydrolysis in temperature and pH regimes where the hydrolysis rates are comparable, i.e., within one order of magni-
tude. Increased precision on the hydrolysis energies in these regimes would improve the model.

The possibility that the first metabolic networks utilized energy carriers different from those discussed here should be considered. Our
results argue against the simultaneous use of both phosphate esters and sulfur esters at high temperature: one intriguing idea resulting
from this is that if life did begin at high temperature, it may have used different molecular forms of group transfer potential than those
seen today and investigated here.
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Data and code availability

e The MATLAB code used for the combined free energy model, including the experimental parameters for each discussed chemical species, is available as
of the date of publication.

e All original code has been deposited at Zenodo and is publicly available as of the date of publication. https://doi.org/10.5281/zenodo.10801842.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

thioacetic acid, 96% Sigma-Aldrich 507-09-5
S-methyl thioacetate, 95% Sigma-Aldrich 1534-08-3
Citric Acid, 99% Sigma-Aldrich 77-92-9
Deuterium Oxide Sigma-Aldrich 7789-20-0

Deposited data

Hydrolysis rates of triphosphate Van Wazer et al.*®

Hydrolysis rates of ATP Hulett®

Hydrolysis rates of diphosphate Stockbridge and Wolfenden®’
Hydrolysis rates of thioacetic acid and methyl- Chandru et al.*®

thioacetate

Software and algorithms

Hydrolysis Model Zenodo https://doi.org/10.5281/zenodo.10801842
MATLAB (R2021) MathWorks
Excel 365 Microsoft

METHOD DETAILS

Hydrolytic rate measurements

The hydrolysis rates for thioacetic acid (96%, Sigma-Aldrich) and S-methyl thioacetate (95%, TCI) were measured in a 100 mM, pH 5 citric acid
buffer (Sigma-Aldrich, 99%, adjusted to pH 5 with 1 M NaOH) prepared with water obtained from a Milli-Q Integral 3 system (18.2 M Q at 25°C).
TAA or MTA were diluted 1:4 with D, O (99%, Sigma-Aldrich) to give a final concentration of 0.036 M prior to sealing the top of the tube with a
Bunsen burner. The "H nuclear magnetic resonance (NMR) spectra were recorded with a Bruker AVANCE 111 400 MHz spectrometer and a 5mm
1H/13C dual probe. After recording initial spectra, the samples were heated to the desired temperature (ranging from 50 - 80°C). To obtain
the the free energy of activation and frequency factor for the hydrolysis of the respective compound, the measurement was conducted at 4
different temperatures with samples prepared as triplicates and a minimum of 13 measurement points were collected for each sample. The
calculated free energies of activation and frequency factors of hydrolysis for all discussed compounds and their respective protonation states
are summarized in Table S1.

Extrapolation of reaction kinetics

35-37

The hydrolysis rates of diphosphate, triphosphate and ATP were extracted from the literature and a minimum of 3 measurements at

different temperatures per studied pH were used to construct a hydrolysis rate equation that separates the hydrolysis rates of the individual
protonation states (k;) based on the inferred concentration (p;) calculated from the respective pka values for each measured reaction rate at a
certain pH:

]
Keombined = Zp; * ki (Equation 1)
=

The pKa values for diphosphate were taken from,®? triphosphate from®® and ATP were extracted from.** To calculate the concentrations of
the individual protonation states, the degree of dissociation 5 was determined using the following relation®”:

X o((IE- o) H )
o (D oK) 1HI" )

where j denotes the order of dissociation of for n protons and K; the reaction quotient for the dissociation of species i of compound A:

(Equation 2)

[H][Ho A

K,' = T
Hn_jin A=

(Equation 3)
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Thermochemistry using density functional theory

While the hydrolytic energies of acetyl-thioesters are constrained to -32.3 kJ mol™" for S-acetyl-mercaptopropanol and -31.5 kJ mol ™" (
N-acetyl-8-mercaptoethylamine and Acetyl-Coenzyme A),**" no experimental literature value for TAA was found. To obtain a consistent
set of hydrolysis energies that includes MTA and TAA, the Gibbs free energies of hydrolysis were computed via DFT using PBEO
6-311(2d,2p) and the SMD solvation model including implicit solvation. Compounds with a net charge, such as the here considered depro-
tonated phosphoesters, are known to produce large errors in polarizable continuum models (PCM) with mean errors around 10 kcal/mol.
Therefore, an implicit/explicit solvation scheme was employed,*®*” in which four water molecules are placed in hydrogen bonding distance
(ca. 1.5- 2.5 A) of the residues with the highest net charge. Based on the benchmarks of different PCM models, the best performing solute
electron density continuum model (SMD) was chosen, which produces mean errors of 5 kcal/mol for the solvation energies of ionic species.”
Abenchmark of suitable density functionals for the hydrolysis of dimethyl-phosphate determined that PBE(Q) is the most accurate hybrid func-
tional with a generalized gradient approximation for thermochemistry and yields an improvement of about 2 kcal/mol over B3LYP," therefore
the free energies of hydrolysis determined in an earlier work were computed with PBEO and a larger basis set.* The free energies of formation
were thus calculated using the PBE(0) density functional and the 6-311G(2d,2p) basis set as implemented in Guassian16 Rev. C.01.7?
account for the solvation energies in water, the molecules were embedded in a polarizable solvent continuum (SMD).”® The computed Gibbs

and to

free energies of hydrolysis of the respective chemical species are given in Table S2.

Comparing the AH for MTA and TAA found by Sunner & Wadso (which do not refer to dilute agqueous conditions and physiological
pH), TAA is expected to yield less hydrolytic energy and is here computed with AG 24.4 kJ mol™'./3"* MTA is calculated to yield
AG,; = -29.8 kJ mol” ! and lies close to the expected value of -32 kJ mol™" for thloesters in general. Slightly lower energy is expected
due the influence of alkly chain length on thioester equilibria.”® The computed values for PP and ATP also only deviate slightly from literature
with AGL,; =-11.1kJ mol™ ' vs. -13.8 kJ mol ™" for diphosphate and ATP with -40.8 k)™ vs. -36.9 kJ mol™".”® The Gibbs free energies of
hydrolysis denoted herein as AG,,,,, are referring to 1 molar concentrations of reactants and products and 55.55 mol of water at pH 7 and
300 K.

Our calculations also include inorganic triphosphate, which is expected to yield comparable values to ATP, but with AG' =-56.3kJ
mol™" the hlghly charged HP; O3y species is likely subject to errors that are not accounted for by implicit and explicit solvatlon by SMD.”’
Similarly, P,O7 # with AGpH7 =-36.7 k) mol™" exceeds the expected -13.9 kJ mol ™' based on the values given by Alberty et al., but an increase
in free energy by -13.3 kJ mol™" from HP,05 3 to P,O5 * with AGpH7 = -43.7 kJ mol~" was calculated by George et al.””’® Additional exper-
imental measurements of hydroyltic energies under alkaline conditions would be required to determine, whether such an increase in hydro-
lysis energy for the -4 or higher charged species is indeed occurring due to an increase in solvation energy. With a pK, of 9.3 for P,O5 4, the
influence of this species is negligible at pH 9 and below. At pH 10, the initially provided free energy for P,O; * and HP,O; 3 is comparable to
ATP with -41.9 and -38.9 kJ mol™" respectively (Figure S1).

Hydrolysis model

The combined hydrolysis model assumes a closed, isothermal system without spatial gradients. To account for changes in hydrolysis rates and
free energies depending on pH and temperature, the reaction rates and energies are computed as linear combinations of individual chemical
species i.e. different protonation states of diphosphate. For the reaction rates of thioesters and thioacids, which are represented by only one
chemical species between pH 5 and 10, two additional species are created at pH 5 and 10 to better reflect the reaction rates from the hydro-
lytic experiments. Using the measured hydrolysis rates, the reaction product concentrations at a given time point are determined using the
integrated rate laws for pseudo-zero order reactions.”’ The reactant and product concentrations are then converted into hyrolytic energy us-
ing the computed Gibbs free energies from DFT.

If we assume that 1) the system is initialised with a certain concentration of A and then closed and kept in an isothermal condition, 2) there is
no fluid motion in the system, 3) the system is well mixed and thus has no spatial gradients of A and 4) that a pseudo first order hydrolysis
reaction A — > P + Q s the only process that can decrease the concentration of A, the changes in product concentration can be described as:

% = k1% (Equation 4)
where k; corresponds to the forward rate of reaction and K. the equilibrium constant, respectively. Solving the integrated rate laws derived by
Boeker for the product concentration P; at time point t/? the following relation is obtained (Equation 5 below):

Po — (2 # P  Po+P? % exp(a+P? % exp(a — P2 — P2 — D % Po+D # Po+D x P * exp(a — D * P, + exp(a — 2 % P x Py * exp(a)

P = D+Ps — Py — Pe x exp(a)+P, * exp(a)

(Equation 5)

with « and the discriminant D corresponding to

a = (Dxk xt) /K (Equation 6)

= (P QK +4(Ke Ay — Py % Q) (Equation 7)

O
Il
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where the subscript o refers to the initial concentration of reactants and products, the subscript e refers to the concentration of reactant and
products at equilibrium. The concentration of P, was calculated with the vpa numerical solver of MATLAB solving for X, which represents the
hydrolyzed compound A, using the relation:

(X+P,)?
((Ao — X)* PH,0

P. then equals X + P, to account for the initial, molar concentration of the product in mol/L, when py;,o = 55.555. The free energy of the re-

K. = (Equation 8)

action is given by:

i

A = A RTh—————
Gt) = AGo+ RTIn oo

(Equation 9)

As to also incorporate the temperature dependence of the hydrolysis rates and Gibbs free energies, both the hydrolysis rates and free
energies were input as vectors, with Pe also being recalculated using Equation 8 as to account for changes in the entropy of reaction.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Microsoft Excel 365 function LINEST was used to perform the regression from the measured hydrolysis rates to the tabulated reaction rate
parameters (Table S1 and Figure 1). The goodness of fit was determined by the coefficent of determination of the residual sum of squares
method, which exceeded a value of 0.99, except for MTA at pH 5, for which a r? of 0.56 was obtained after triplicate measurements.
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