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SUMMARY

The origin of life under prebiotic conditions has been an unsolved mystery for decades.
Amino acids were available under prebiotic conditions, and different approaches of amino
acids condensation into proto-polypeptides have been well designed, giving rise to a

prebiotic soup with various peptide sequences.

The emergence of functional biopolymers involves not only polymerization into longer
species, but also the selective process with some species being protected and enriched over
time. In this project, we treated peptide bond cleavage as the driving force for the selection
process, by reshuffling peptide sequences and thus increasing the rate of search through
sequence space. As a result, understanding the reaction mechanisms and quantifying the
degradation kinetics of various peptide species is necessary to design a prebiotically

plausible system that can demonstrate chemical evolution.

In this project, we conducted fundamental research studies to understand the impact of pH
on the peptide degradation reaction kinetics and mechanisms. The degradation rate of the
amide bonds in oligopeptides in aqueous solution is pH-dependent and is suggested to
involve two distinct mechanism: direct hydrolysis (herein termed “scission”) and
backbiting. While amide degradation was studied previously using various peptides, no
systematic study has been reported addressing the separate rates of amide bond degradation
over a wide pH range via these two mechanisms. In this study, the degradation kinetics of
several short oligopeptides, specifically the glycine dimer, trimer, and cyclic dimer, as well
as the alanine trimer, were measured at 95°C over a range of pH conditions using *H NMR.

The rate constants were obtained by solving the differential equations based on mechanistic

viii



models and elucidate the favored reaction pathway under acidic, neutral, and basic pH

conditions.

The degradation rate of the glycine trimer is much faster than the dimer under the acidic
and neutral pH conditions. The glycine dimer degradation rate is highest under acidic and
basic conditions, while the glycine trimer degradation rate is highest under neutral pH
conditions. The results suggest that while the glycine dimer undergoes ring opening purely
through a scission reaction mechanism, the glycine trimer is degraded through both
backbiting and scission reaction mechanisms. At an acidic pH of 3, both mechanisms are
active, while at neutral pH backbiting is dominant. In contrast, at a basic pH of 10, scission

dominates.



CHAPTER 1. INTRODUCTION

1.1 Brief introduction on prebiotic chemistry

The emergence of life is a fascinating, unsolved mystery in the field of prebiotic chemistry.
Over time, scientists have proposed many different theories and models to explain how life
appears, but we are still far from deciphering the emergence of life from an inert chemical system
into a proto-living state and, eventually, into a living organism. Many ideas have emerged and
govern our thinking about this question. The successful identification of amino acids in the Miller-
Urey experiment,** and the hypothesis of the RNA World® in which an RNA molecule catalyzes
its own duplication® have led scientists to confront the origin of life problem from a chemistry

perspective.

One large paradoxical question is the controversy between protein first and nucleic acid
first scenarios. In current living systems, proteins are required for DNA replication while nucleic
acids are needed for the biosynthesis of proteins. The self-catalysis and information storage roles
of RNA have been proposed to validate the RNA world hypothesis.> ” However, the instability of
RNA and the challenges to synthesize RNA with high yield under plausible prebiotic conditions
prior to the emergence of enzymes suggest that the RNA world hypothesis is insufficient to explain
the emergence of life. Instead, life might have originated from the interplay between small
molecules®, peptides® and lipids.'° To this day, the direct condensations of amino acids into longer
proto-polypeptides are still important research topics in the field of prebiotic chemistry searching
for the emergence of life. The primordial soup with mixtures of different amino acids and peptides

is plausible to be generated under prebiotic conditions.® 2 These amino acids could then



condense into peptide sequences, undergo further selection and evolution processes, and ultimately

create molecular complexity.*

There are two factors worth approaching to demonstrate the emergence of an evolving
prebiotic peptide system, including the condensation reactions of amino acids into longer proto-
polypeptides and the degradation reactions of polymers back to shorter peptides or amino acids to
regenerate limited starting materials under prebiotic conditions. In recent studies, peptide
condensation studies compatible with different early Earth environmental conditions confirmed
various reactions to synthesize proto-peptides abiotically, either through heating, wet-dry cycling**
or with the aid of catalysts.'® In recent studies, the length of the synthesized proto-polypeptides
has been extended from dimers and trimers to much longer polymers, forming stable structures or
assemblies and aggregates.'® On the other hand, the recycling process of longer sequences back to
short peptides or amino acids to regenerate the finite monomer resources and select for functional
biopolymers is also vital for the evolving system as well.'® In this project, a hydrated phase
(hydrolysis) is added to the dehydrated condensation process, during which the polymers with
reversible backbones are subjected to degradation reactions. We assumed that the peptide
hydrolysis reactions are the driving forces for a reversible peptide polymerization system. The
fundamental reaction mechanism study related to peptide degradations under different pH

conditions are discussed in detail in the next few chapters.

The aim of this project is to systematically study the peptide hydrolysis reactions under different
pH conditions. The amide bond degradation rate is pH dependent, related to two distinct reaction
pathways, direct hydrolysis and backbiting. In this study, we want to learn the impact of pH on the

degradation kinetics and the selection of reaction pathways in short oligopeptides.



1.2 Peptide polymerization

In the 1950s, Miller and Urey! have demonstrated the successful abiotic synthesis of amino
acids by applying an electric charge to a chemical solution of methane, ammonia, hydrogen and
water mixture, following the Strecker reaction pathway as shown in Figure 1.2.1. In a recent study?
4 that reanalyzed the archived samples of Miller’s original experiment utilizing state-of-the-art
analytical tools, over 40 amino acids and amines were identified, including abundant amount of

glycine, alanine, valine, and serine.

0
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Figure 1. 2. 1 - Strecker reaction pathways for prebiotic amino acids synthesis.®

In present living organisms, peptides are generated by association of the ribosome with
mRNA. In organic chemistry, peptides are synthesized by solid-phase peptide synthesis (SSPS) on
a rink amide resin using fmoc-a-amine-protected amino acid.!’ In both methods, those complex
processes of synthesizing long peptides accurately require enzymes, which are unlikely to be
present under prebiotic conditions. A challenge in prebiotic chemistry is to seek other simple

methods that can form peptides in a reasonable prebiotic condition.

Various synthetic approaches have been postulated to promote peptide polymerization,
either activated by a catalyst or with the addition of a condensing agent. One proposed idea brings
about the formation of peptides under mild conditions by exposing a-amino acids to one simple

volcanic gas, carbonyl sulfide (COS),*? through the formation of N-carboxyanhydride
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intermediates. Condensing agents are usually consumed as reactants and as a result, continuous
feeding of a condensing agent, such as volcanic gas, is required to validate the proposed idea under
prebiotic conditions. In addition, amino acids can be condensed into peptides by mineral catalysts,
such as clays® (e.g., montmorillonite), silica and alumina,® and salts such as NaCl and Cu(11).%°
Catalysts may be more plausible explanations compared to condensing agents, due to the limited

availability of continuous supply of feeding source under prebiotic conditions.

Another amino acid polymerization method is through direct polycondensation reaction,
with the elimination of one water molecule under elevated temperature conditions. One of the
challenges for direct poly-condensation 2 is that this reaction is thermodynamically unfavorable
in agueous solution. Another challenge is the accumulation of cyclic dipeptides (diketopiperazine,

DKP) as a major side product, which hinders the reaction from further polymerization.

Previously, our group has proposed the polycondensation of polypeptides through ester
amide exchange reactions.!* The energy barrier for the polycondensation of hydroxyl acids to
polyesters is much lower compared to the direct polycondensation of amino acids!! and as a result,
it is plausible to synthesize polyesters first through polycondensation reaction under mild
temperature condition. Then the amino acids would replace hydroxyl acids on polyesters from the
C-terminus and generate a polymer called depsipeptides, with alternating hydroxyl acid and amino
acid backbones. The reaction mechanism is shown in Figure 1.2.2. The addition of hydroxyl acid
lowers the overall activation energy barrier for amide bond formation.! Hydroxyl acids also form
cyclic dimers as well, but unlike peptide cyclic dimers, ester linked cyclic dimers of hydroxyl acids
are less stable towards hydrolysis. So, the ester bond linked ring structures could be reopened and
recycled for further polymerization by gentle degradation. The design of this ester-amide exchange

reaction system to synthesis proto-polypeptides overcomes the DKP energy sink challenge and



lowers the energy barrier with the addition of hydroxyl acids, and depsipeptides are treated as one

plausible proto-polypeptides in the current prebiotic research area.

Recently, it is plausible to incorporate various amino acids, including nonpolar, polar and
positive charged amino acids 2* into longer polymer with different sequences with hydroxy! acid
as the catalyst, which increases the molecular complexity of the system. The elongated
oligomerization could exhibit through both a amines and side chain groups. These findings lead
to another important topic in designing a selective system considering both degradation and
recycling process. The hydrolysis step provides a chance for recycling, the reshuffling of limited

monomer resources enabling a selection process.
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Figure 1. 2. 2 - Ester amide exchange reaction mechanism.*
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1.3 Peptides degradation

The emergence of a prebiotic peptide system involves not only polymerization of longer species,
but also the selection process with some species being protected, while some other species
degraded over time. In this case, the selection process is assumed to occur primarily through amide
bond degradation from the prebiotic soup,?? by recycling some of the peptide species, reshuffling
peptide sequences, and thus increasing the rate of search for more stable peptides through sequence

space.14 %

1.3.1 Preliminary experiments

Based on the ester-amide exchange reaction system mentioned in Chapter 1.2, it is plausible to
create a prebiotic soup with mixtures of different depsipeptides with various length by mixing
hydroxyl acids and amino acids, subjected to wet-dry cyclings. The purpose of this project is to
illustrate the recycling process and demonstrate that the amino acids and shorter peptides
regenerated from the degradation reaction of longer peptides species during the wet phase, can be

further polymerized in the subsequent cycles.

The traditional successive wet-dry cycles usually involve an alternation dry-hot phase mimicking
the early Earth day time scenarios, followed by wet-cool periods mimicking the prebiotic night
and rainy scenarios. **24 Fluctuations on temperature and humidity conditions could be regular
events on prebiotic Earth, which could be due to the self-rotation of the Earth (day-night cycling),
the tidal impact of the Moon and the climate changes resulting (wet-dry cycling).?® Cycling
between dry and wet phases provides the environmental conditions required to selectively
synthesize the depsipeptides through the condensation-dehydration process. During the hot-dry

phase, the polymerization reactions are favored, while the wet-cool phase could promote the



cleavage and selection processes. In order to illustrate the recycling process, the wet phase
temperature condition in this project is elevated to demonstrate the selective degradation of longer
polymers into shorter ones, and the incorporation of those regenerated materials to form new

polymers.

In this project, the glycine dimer and hydroxyl acid are mixed and subjected to six wet-dry cycles.
The repeated condensation and dehydration reactions provide the chance of successive
polymerization reactions with reversibility. If the original dimer is degraded during the wet phase
and further polymerized into depsipeptides, it is plausible to observe odd number of glycine units

in the final depsipeptide sequence library.

Figure 1.3.1 shows the mass spectra for the final species distribution of depsipeptides starting from
glycine dimer and lactic acid and the MS/MS spectra of the selected depsipeptides, providing the
peptide sequence information for the specific selected peptide mass. The appearance of 1LA-3G
and 1LA-5G in the final depsipeptides library suggests that the original glycine dimers have been
degraded and the regenerated glycine monomer could be further incorporated into depsipeptides
with the addition of lactic acids in the subsequent cycles. The 1LA-3G and 1LA-5G MS/MS
spectra confirm the synthesized depsipeptides backbones with the lactic acid on the N terminus

and a continuous glycine sequence linked by amide bonds, based on the fragmentation information.
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Figure 1. 3. 1 - Mass spectra for glycine dimer mixed with lactic acid, subjected to six wet
(95°C)-dry (85°C) cycles, over a period of 6 days. MS/MS spectra for m/z at 260 and 374,
performed on a Waters Xevo G2 mass spectrometer.

Additional control experiments were performed with lower wet temperatures at 65°C and 85°C,
keeping dry phase at the same temperature condition at 85°C. Figure 1.3.2 has listed three mass
spectra, with depsipeptide mass distribution under different wet phase temperature conditions at

65°C, 85°C and 95°C over five days.

If the temperature increases during the wet phase, the recycling rate of the glycine dimer would
increase, regenerating higher amount of glycine monomer. As a result, the further recycling of
glycine monomer into new depsipeptides with odd glycine units are more strongly observed.
Depsipeptides with odd units (red labeled) of glycine in the depsipeptides backbone are detected
mostly given the wet phase under 95°C and almost no such depsipeptides are observed under lower

temperature conditions during the wet phase.



In conclusion, we have demonstrated that the amide bond could be degraded during the wet phase
at 95°C and reused in the subsequent regeneration of new polymers through further polymerization
reaction. In this case, a depsipeptide system including both regeneration and recycling processes
could be generated, with some more stable peptides species being selected over time while some
peptides with higher energy degraded. This reaction system is consistent with the limited amount
of starting materials under the prebiotic conditions due to a regeneration of the monomer resources

without a continuous supply of starting materials.
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Figure 1. 3. 2 - Recycling of the glycine dimer and lactic acid experiment under different wet
temperature conditions, characterized by MS.



CHAPTER 2. THE PH DEPENDENT MECHANISMS OF NON-

ENZYMATIC PEPTIDE BOND CLEAVAGE REACTION

2.1 Background

Fundamental studies of the reaction kinetics and mechanisms associated with non-
enzymatic peptide cleavage in aqueous solution are critical in a wide variety of scientific areas,
including enzymatic catalysis,?®?” peptide synthesis,!” geochemistry?® and prebiotic chemistry.® 28
On a practical note, these studies provide important comparisons for enzymatic peptide hydrolase
reactivity studies,?®?” 2° and information related to pharmaceutical storage procedures and
conditions for peptide-based drugs.3**? From a prebiotic chemistry point of view, peptides have
been shown to form under various conditions simulating environments on the early Earth, such as
hydrothermal conditions mimicking deep-sea environments and shallow pools on land. 1114 20,3335
Investigation of the kinetics and mechanisms associated with the stepwise cleavage of the
polypeptides back to the amino acid building blocks and smaller polypeptides are critical to
understanding the survival and selection of functional polypeptides related to the origin of life on

early Earth.?3

The literature contains several reports addressing dipeptide hydrolysis within a range of pH and
temperature conditions.3¢3” Wolfenden and co-workers?’ have reported the amide bond cleavage
rates of diglycine under neutral pH conditions at temperatures ranging from 120°C to 200°C. The
half-life of diglycine was determined to be approximately 350 years when the data were
extrapolated to 25°C. Yokoyama and co-workers® showed that both pH and temperature affect the
cleavage of diglycine and modeled the reaction kinetics taking into account the different ionization
states of the dipeptide as the pH of the aqueous medium changed. Amide cleavage investigations
of longer polypeptides have also been reported under various pH conditions. Bada and co-

workers®4% investigated the decomposition of a tripeptide and a hexapeptide at elevated
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temperatures (130°C) under neutral pH conditions and showed the formation of diketopiperzines.
They proposed that the diketopiperzine was derived from an internal aminolysis (backbiting)
mechanism where the N-terminal amine attacked a terminal carbonyl group via a 6-membered ring
transition state cleaving the oligomer and forming the diketopiperazine. Goolcharran and
Borchardt employed a simple model peptide, phenylalanine-proline-p-nitroaniline, to investigate
the backbiting reaction pathway as a function of pH.*° The overall amide cleavage rates increased
with increasing pH. The backbiting pathway was found to dominate within the pH range 3-8 while
the direct scission reaction pathway was dominant below pH 3 and above pH 8. Figure 2.1.1 shows
the transition state for the acid-catalyzed backbiting process. It should be emphasized that a free
amine group is necessary for this process to occur and that the amount of free amine decreases as
the pH decreases. At the same time, the equilibrium protonation of the carbonyl oxygen, which
increases the electrophilicity of the carbonyl carbon, increases with decreasing pH. In addition, to
complete the formation of the diketopiperazine product, protonation of the amine leaving group is
necessary. This last step in the overall process is facilitated as the pH decreases. Thus, a delicate

pH balance must be achieved in order for substantial backbiting to take place.

NO,

Figure 2. 1. 1 - Transition state for the acid-catalyzed backbiting pathway as described in
Ref. 39.
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Recently, Savage et al.** reported studies related to amide cleavage reactions of tetra-alanine as a
function of temperature (170-230°C) and pH in high-pressure/high-temperature water to mimic
hydrothermal vent conditions; they identified a kinetic model to describe their experimental results
that contained both backbiting and scission pathways. It is well-known that the auto-ionization
constant of water increases, and the dielectric constant of water decreases as the temperature of
water increases. These two factors could potentially influence the relative reaction pathways
(backbiting vs. scission) associated with amide bond cleavage when compared to similar reactions
at substantially lower temperatures.*>** Moreover, acid catalysis was not included in the their
model, and could potentially play a crucial role affecting the interplay between the two
mechanisms of amide bond cleavage. Indeed, as will be hereby shown in this paper, scission is

significant at acidic pH.
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2.2 Objective

The objectives of this paper are (a) to examine the effect of pH on diglycine (GG), cyclic glycine
dimer (cGG) and triglycine (GGG) bond cleavage, and (b) to quantify the two competing reaction
pathways (scission and backbiting) across acidic, neutral and basic pH conditions at 95°C. Herein
we report the results of non-enzymatic peptide cleavage, addressing two mechanistic pathways.
No previous studies on peptide cleavage have considered atmospheric pressure and temperatures
below 100 °C. For comparison with GGG, we also investigated the effect of pH on alanine trimer
(AAA) amide bond cleavage. Using quantitative *H NMR analysis, the amounts of each species
were measured as a function of time and the rate constants for each reaction pathway were then
estimated based on the proposed kinetic model (see Methods section). We characterized the
cleavage kinetics of amide bonds both within the starting oligomer and also in all the
accompanying products. Specifically, the hydrolysis reactions of GG, cGG, and GGG were
conducted at 95°C at pH values ranging from 3 to 10. It is important to note that neither the
decomposition of the glycine monomer nor polymerization of the glycine monomer nor any of the
oligomers were observed under the reported experimental conditions. Only amide cleavage
reactions and cyclization reactions to form diketopiperazine were observed. Figure 2.2.1 shows
the postulated reaction pathways for GGG and GG amide bond cleavage, the opening of the cyclic
dimer (cGG) and the closing of the linear dimer (GG) along with the accompanying rate constants.
These are the rate processes which form the basis of the kinetic model reported herein. Two
reaction pathways are possible for the hydrolysis of GGG, either forming G and GG through the
scission pathway or forming G and cGG through the backbiting pathway. GG can react further to
produce two Gs through amide scission or to produce cGG via a reversible cyclization.
Reversibility for the ring opening of cGG or the ring closure of GG takes place only under acidic
or neutral conditions. Under basic condition the ring opening process is irreversible. When fitting
the four rate constants, multiple data sets including all GG, cGG and GGG hydrolysis data at a

specific pH are fitted with a shared set of rate constants. It is assumed that the scission rate constant

13



is the same in both the trimer and the dimer. The model does not include the rate constants
associated with every ionization state of G, GG, cGG, and GGG. Instead the more compact model

is applied as outlined in Figure 2.2.1, having distinct rate constants at each of the four pH levels.

(0] (0]
H
- H,oN N
Nw OH
H
(0]
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N (0] 2 H O 0
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Figure 2. 2. 1 - Reaction pathways for the amide cleavage of the glycine trimer (GGG), the
glycine dimer (GG), and the cyclic glycine dimer (cGG) and the ring closing reaction of the
linear dimer (GG) along with the associated rate constants. ks is the rate constant
corresponding to the hydrolysis of the glycine oligomers through a scission pathway; Kpp is
the rate constant for the backbiting pathway of GGG, and ki and ko are the rate constants
for cGG ring closing and opening, respectively.

Procedure and results in this chapter are reprinted with permission from Reference .
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2.3 Methods

Glycine monomer (Sigma G7126), glycine dimer (Sigma G1002), glycine trimer (Sigma G1377),
cyclic glycine dimer (Sigma G7251), L-alanine trimer (Sigma A9627), hydrochloric acid, sodium
hydroxide, potassium hydrogen phthalate (Sigma P1088), deuterium oxide (99.9 mol%) and

HPLC-grade water were all obtained from Sigma-Aldrich.

Glycine dimer and glycine trimer were dissolved in water at a concentration of 200 mM. The initial
concentration of cyclic glycine dimer and alanine trimer were 100 mM due to its low solubility.
The initial pH of the solutions was measured using FiveEasy Benchtop F20 pH/mV Meter with an

InLab Micro pH electrode probe from Mettler-Toledo.

In each experiment, peptide solutions were prepared and the initial pH was adjusted using HCI or
NaOH to 3, 5, 7 or 10 at room temperature. Reactions were held in 2 mL glass vials (Supelco
29381-U) with a starting volume of 200 uL. The vials were sealed and heated at 950C for up to
120 hours in an oven. At various time points (0 h, 12 h, 24 h, 36 h, 48 h, 72 h, 96 h and 120 h),
three replicates were removed from the oven. We noted that less than 10% of water evaporated
during the heating process. All the results are expressed in moles instead of concentrations due to
the volume changes during the heating process. Changes in pH of 0.2-1.0 pH units were observed

during the heating process.

Before analysis, all the solutions were transferred into new tubes and water was removed using a
Speedvac for 5 hours at ambient temperature to suppress the water signal during NMR analysis.
The dried samples were then rehydrated with 600 uL of D20, and potassium hydrogen phthalate
(25 mM final concentration) was added as an internal standard before 1H NMR analysis was
undertaken. The samples were then analyzed using a Bruker Avance I1IHD 700 spectrometer and
the concentrations for G, GG, cGG, GGG, and AAA were determined. The data were collected
using a 30-degree pulse program with a 15 second relaxation delay to ensure quantitative

integration of the resonances. The signals for each species were separated on the 1H NMR spectra
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and the quantification of each species was based on the integrated signal intensities relative to the
internal standard intensity. All the 1H NMR spectra were plotted and analyzed using MestReNova
9.1.

The kinetic model describing the degradation rates of the glycine oligomers is listed as below.

dn

d—tG = (2 ksc Ngg + 2 ksc Ngee + kppNeee) (1)
d?z% = (=ksc nge = krenge + 2 ko Nege + 2 Kse Ngoe) @)
dtl% = (kye e — 2 kyo Nege + kppNgee) ©)
dnd% = (=2 ksc NG — kppNeee) (4)

where ng is the amount of glycine, ncc is the amount of linear diglycine, ncce is the amount of
linear triglycine, and ncee is the amount of cyclic diglycine; the units are in pmol. The four rate
constants are ks, the rate constant corresponding to the hydrolysis of the glycine oligomers through
a scission pathway; kpb, the rate constant for the backbiting pathway of GGG; and krc and kro, the

rate constants for cGG ring closing and opening, respectively.

All the reactions are assumed to be pseudo-first order. As shown in Fig. 2, there are seven
parameters in the fitting process, including the four rate constants, as well as the initial amounts
of the reactants: GG, cGG and GGG. In this investigation, the initial amounts are estimated so as
not to give inordinate weight to the first measurement compared to the subsequent measurements.
The parameter estimates are obtained using MATLAB, using the ode45 function to solve the
differential equations, and the patternsearch function to find the parameter values that minimize

the overall sum-squared error of the model fit.
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2.4 Results

2.4.1 Glycine dimer reaction kinetics

The linear dimer GG can undergo two reactions (Figure 2.2.1): (a) The amide bond in GG can be
cleaved via an acid-catalyzed attack by a water molecule at the carbonyl carbon or by a direct
attack of hydroxide ion yielding two glycine monomers G, and (b) the terminal amino group of
GG can react with the proximate carboxyl to form the six-membered ring cGG by an acid-
catalyzed cyclization process. *H NMR was used to monitor the reactions of GG at pH 3, 5, 7, and
10. As an example, Figure 2.4.1 shows the stacked 1H NMR spectra for GG degradation at pH 7
at 950C over a period of five days. The signals for G, GG, and cGG are well resolved. The 'H
NMR spectra for reactions of linear GG degradation at all four pH values are shown in
Supplemental Information: Figures S1-S4. For linear GG degradation, the amount of the reactant
(GG) and products (G and cGG) were determined from the integrated NMR signals, shown in
Supplemental Information: Tables S1-S4. For ¢cGG degradation, the related stacked *H NMR
spectra for the reactions of GG at pH 3, 5, 7, and 10 are shown in Supplemental Information:
Figure S5-S8, and the amount of the reactant (cGG) and products (G and GG) were shown in
Supplemental Information: Tables S5-S8. Figure 2.4.2 graphically illustrates the experimental
(squares) and model-based (solid lines) profiles for GG, cGG, and G at pH 3, 5, 7, and 10 starting
with GG and c¢GG. Overall, the experimental rate of reaction for GG is faster at pH 3 and 10
compared to pH 5 and 7. The mechanistic pathways for the reaction of GG under acidic and basic
pH are outlined in Figure 2.4.3 and 2.4.4, respectively. In an acidic medium, the electrophilicity
of the carbonyl carbon of the amide linkage is enhanced by the coordination of a proton with the
carbonyl oxygen. The resulting increased electrophilicity of the carbonyl carbon facilitates

reaction with weakly nucleophilic water in the formation of the tetrahedral intermediate which
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subsequently decomposes into the two glycine monomers. In contrast, under basic conditions, the
hydroxide ion is a strong enough nucleophile to directly attack the carbonyl carbon to form an

analogous tetrahedral intermediate. This intermediate then decomposes to form the glycine

products.

cGG GG
G 120 hour

A J\JL 96 hour
0 oA 72 hour

48 hour

36 hour

24 hour

12 hour

0 hour

4.05 4.00 3.95 3.90 385 3.80 3.75 3f17[(l 3.?5 3.60 3.55 3.50 3.45 3.40 3.35 3.30
ppm

Figure 2. 4. 1 - Stacked 1H NMR spectra for GG reactions at 95°C at pH 7. Each spectrum
corresponds to a different sampling time, ordered in time from bottom to top.
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Figure 2. 4. 2 - Glycine dimer (GG) (a-d) and cyclic glycine dimer (cGG) (e-h) reaction
kinetics at pH 3, 5, 7 and 10 at 95°C over a period of five days. The squares represent
experimental data obtained from 1H NMR measurements, while the solid lines represent the
model prediction. (GG)=Dblue; (G)=black; (cGG)=red.
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Figure 2. 4. 3 - Mechanistic pathway for GG hydrolysis at pH 3.
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Figure 2. 4. 4 - Mechanistic pathway for GG hydrolysis at pH 10.

Figure 2.4.4 also demonstrates that the rates of ring opening are quite slow over the five-day time
period, for the entire pH range studied. Earlier investigations have shown that the linear glycine
dimer could be in equilibrium with the cyclic dimer.2”?2° This can only be the case under acidic
or perhaps neutral conditions. Figure 2.4.5 shows the acid-catalyzed mechanistic pathway for the
acid-catalyzed ring-opening of cGG; every step is reversible. The principle of microscopic
reversibility dictates that the corresponding acid-catalyzed ring-closing mechanism is just the
reverse of the pathway shown in Figure 2.4.5. In contrast, under basic conditions (pH 10), the
product of reaction (the linear glycine dimer) has a terminal carboxylate anion which is not
susceptible to nucleophilic attack by the proximate amino group to form cGG; the final step in the
ring opening at pH 10 is irreversible. Indeed, at pH 10, the experimental formation of cGG is

essentially zero (Figure 4d).
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Figure 2. 4. 5 - Mechanistic pathway for the acid-catalyzed ring-opening of cGG.
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2.4.2 Glycine trimer (GGG) reaction kinetics

According to the reaction pathways displayed in Figure 2.2.1, there are two reaction pathways for
the GGG reactions: (a) the formation of the cyclic dimer (cGG) and glycine (G) by means of a
backbiting process and (b) the formation of the linear dimer and glycine via a direct scission of
one of the amide linkages. The detailed description of the mechanistic pathway for each of these
processes depends on the pH of the aqueous reaction medium. The acid-catalyzed backbiting
process is described in Figure 2.4.6 while the mechanism for the competing acid-catalyzed scission
to the linear glycine dimer and glycine is essentially the same as that shown in Figure 2.4.3. The
corresponding backbiting and amide cleavage mechanisms in basic media are similar to Figure
2.4.4. The subsequent reactions of the glycine dimer have already been discussed (Section 1). It
should be emphasized that the backbiting pathway is an intramolecular process which always
begins at the N-terminal amino acid unit and, in order to proceed, the amine group must not be
protonated. In contrast, the intermolecular amide hydrolysis pathway by water or hydroxide can,

in principle, take place anywhere along the polypeptide chain.
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Figure 2. 4. 6 - Acid-catalyzed backbiting mechanism for the formation of cGG and glycine.

The stacked *H NMR spectra and the tabulated peak integration values for GGG are summarized
in Supplemental Information: Figures S9-S12 and Tables S9-S12. Figure 2.4.7 graphically
illustrates the experimental (squares) and model-based (solid lines) profiles for GGG, GG, and
cGG with respect to time at 95°C at pH 3, 5, 7 and 10 starting with GGG. Interestingly, the
degradation rate of GGG is fastest at pH 7 and appears to decrease as the medium becomes more
acidic or basic. At pH 10 the rate is substantially slower compared to the other pH conditions
studied. These results are in stark contrast to the GG kinetic profiles discussed in Section 1 where
the fastest rates occurred at pH 3 and 10. These observations suggest that the dominant reaction

pathway for GGG degradation may be different from that of GG.
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Figure 2. 4. 7 - Glycine trimer (GGG) reaction kinetics at pH 3, 5, 7 and 10 at 95°C for a
period of five days (a-d). The symbols denote 1H NMR measured abundance and solid lines
are the model predictions. (GGG)=green; (GG)=blue; (G)=black; (cGG)=red

Figure 2.4.7 shows that the initial rates for the reaction of GGG via the backbiting process steadily
increase from pH 3to pH 7. AtpH 5 and 7, cGG and G are initially produced in a 1:1 molar ratio
which is consistent with the operation of the GGG backbiting pathway. As the reaction progresses,
however, a deviation from the 1:1 ratio is observed due to the accompanying ring opening reaction

of the cyclic dimer (cGG) producing the linear dimer (GG) which can subsequently form the

24



monomeric unit G. Overall these results clearly demonstrate that the backbiting reaction

mechanism is favored under neutral pH conditions.

Backbiting at pH 10 appears to be negligible. At pH 10 the initial production of GG and G occurs
in approximately a 1:1 molar ratio suggesting that the scission pathway is operating. The amount
of ¢cGG formed at pH 10 is negligible indicating that the scission mechanism is the favored
pathway. At pH 3 both the scission and the backbiting mechanisms contribute to the reaction
process. It is concluded that the competitive pathways (backbiting and random scission) for the
reaction of GGG is strongly dependent on the pH of the aqueous medium and that backbiting is an

important pathway for the GGG reaction in both acidic and neutral media.
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2.4.3 Rate constants based on proposed kinetics model

Since all three sets of kinetic experiments (GG, cGG and GGG) share similar reaction pathways,
the three sets of experimental data were fit with a shared set of rate constants at pH 3, 5, 7, and 10.
Figure2.4.8 graphically compares the pH-dependent rate constants shown in Figure 2.2.1 based on
the fit to the proposed kinetic model. The rate constants and the initial amounts for the starting
materials derived from the kinetic model for each of these reactions are also tabulated in

Supplemental Information: Tables S13-S14.
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Figure 2. 4. 8 - The estimated four rate constants for GG, cGG and GGG kinetics at pH 3, 5,
7 and 10 at 95°C. The confidence intervals are calculated following the chi-squared method
(discussed in Supplemental Information) at the 95% confidence level.

Overall, the highest rate constants are associated with backbiting, over the range of pH from 3-7,
although the rate constant for backbiting is extremely low at pH = 10. The highest values of the

scission rate constant are observed at acidic and basic pH, with lower rates near neutral pH.
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2.4.4 Alanine trimer (AAA) reaction kinetics

To support the generality of the glycine studies, the peptide tri-alanine (AAA) was also
investigated. The results are shown in Figure 2.4.9. The stacked *H NMR spectra and the tabulated
peak integration values for AAA are summarized in Supplemental Information: Figure S13-S16
and Tables S15-S18. Alanine racemization is not significant at 95°C and was not included in the
model.*® The optimized reaction rates for each reaction pathway and the initial starting AAA

amounts at each pH condition are listed in Supplemental Information: Tables S19-S20.

0- ———
0 2 3 0 1 .2 3 5
c time (days) time (days)
204 AAA pH 7 20, d AAA pH 10
’ —
LR TR I N R R R TR T I

time (days) time (day)

Figure 2. 4. 9 - Alanine trimer (AAA) degradation reaction kinetics under pH 3, 5, 7 and 10,
at 95°C, over 5 days (a-d). The symbols denote 'H NMR measured quantifications and solid
lines are the model predictions. (AAA)=green; (A)=black; (AA)=blue; (cAA)=red
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Overall, the same trends in pH are observed for trialanine as for triglycine. Specifically, backbiting
is the major reaction pathway at pH 3, 5, and 7 where a 1:1 molar ratio of cyclic alanine dimer
(cAA) to monomer (A) are produced. This observation is similar to that of the GGG reaction within
the same pH range. Only a limited amount of linear dimer (AA) is detected, suggesting slower rate
of ring opening of the cAA compared with cGG (Figures 2.4.2 and Figure 2.4.9). In contrast, only
the scission pathway is observed at pH 10. The overall reaction rates are slower for AAA compared

to GGG, likely due to steric hindrance from the methyl group on the alpha carbon of alanine.
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2.5 Discussion

Previous kinetic modeling studies of peptide cleavage have not used atmospheric pressure and
temperatures below 100°C. Radzicka and Wolfenden?’ studied peptide cleavage at neutral pH with
higher temperatures. Extrapolation of their degradation rate constant to 95°C yields ksc = 1.5x1077
st, similar to our estimate of ks =1.4x107 s, Similarly, extrapolation of the model from Sakata
et al.®® at pH = 9.8 yields ks = 6.6x107" 5%, compared to our estimate of ksc = 8.4x107 s at pH 10.
Thus, the results presented here are consistent with past reports, while providing a comprehensive
quantitation of the cleavage reaction network, from acidic to basic pH, and measured at

atmospheric pressure.

While scission and backbiting are both significant in this study, the ring opening reaction of the
diketopiperazines is very slow at all pH values considered. The ease of formation and the stability
of the cyclic dimers presents one of the greatest obstacles in our understanding of the prebiotic
origin of polypeptides.t* ¢ Once formed, the cyclic dimer is extremely stable and presents a dead-
end for further polymerization under plausible prebiotic conditions. However, as shown here,

basic conditions can be used to retard the ring-closure reaction.

In the model presented here, the rate of scission for each peptide bond is equal, independent of
peptide length. Thus, the trimer will degrade by scission at twice the rate of the linear dimer, since
the trimer has two peptide bonds. More generally, the degradation rate of any homopolymeric
peptide with the length of n units could be described as the summation of two terms, the backbiting

reaction rate and the random scission rate:

kobs = kpp + (n - 1)krs (5)
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The assumption of equal scission rates for all n would be valid when no macromolecular structures
are formed. Thus, even though backbiting may appear to be quite dominant at pH 3-7 in Figure
10, scission might also be important for longer peptides, especially at acidic pH. A model of the
reaction network, such as the one presented here, enables the quantification of these multiple

competing mechanisms.

After obtaining the kinetics data for the two competing reaction pathways for longer trimer
degradation, it is possible to look back on the preliminary experiment and relate the peptides
degradation kinetics with the depsipeptides degradation. For the preliminary project described in
Section 1.3.1, the depsipeptide pool is subjected to a total of 90 hours heating at 85°C for the dry
phase and a total of 30 hours recycling at 95°C for the wet phase. As shown in Figure 1.3.2, most
of the species formed in the final depsipeptide pool are depsipeptides with alternating LA and G.
For 85°C /95°C dry/wet cycling condition shown in Figure 1.3.1, peptides (2G, 4G, 6G) with very
limited amount appear in the MS spectrum as well. The degradation of those peptides should
follow the same kinetics model as discussed in the Chapter 2 considering both backbiting and
random scission reaction pathways. Based on the GG peptide degradation kinetics results, around
5.18% of GG could be degraded in 30 hours at 95°C at pH 3. The degradation of the depsipeptides
should be limited to only random scission reaction pathways since the LA on the N-terminus

cannot attack the carbonyl carbon, blocking the backbiting reaction mechanism.
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2.6 Conclusions

The main purpose of this thesis is to study the degradation reactions related to the hydrolysis of
longer polymers into shorter ones in prebiotically conditions. Selective of stable peptides involves
not only the peptide polymerization reactions, another important pathway is the recycling of longer
proto-peptides back into starting materials and reshuffling of peptide sequences, through the

degradation of amide bond in the peptide backbone.

In this thesis, the depsipeptides recycling preliminary results shown in Chapter 1.3.1 have
demonstrated that the glycine dimer could be degraded into two monomers under the wet phase,
and then the regenerated monomer could further be polymerized into new depsipeptides species
under the dry phase, coupled in the ester amide exchange reaction system. Therefore, it is plausible
to show that the designed ester amide exchange reaction system involves polymerization reactions,
selective degradations and regenerations of new depsipepitdes driven by the alternating wet and

dry environments.

As previously mentioned, the driving force for peptide recycling and reshuffling processes is
assumed to be the amide bond degradation and therefore, | set up the second project for this thesis
on the study of the selected reaction mechanisms for peptide bond degradations under different pH
conditions. There are two reaction pathways for peptide degradation, either through direct scission
or backbiting reaction mechanisms. I have traced GG, cGG, GGG and AAA degradation Kinetics

under 95°C for five days and optimized the reaction rates for each reaction pathways.

Dipeptide cleavage in water at atmospheric pressure occurs by direct scission, and is much faster
at acidic and basic pH, compared to neutral pH. In contrast, tripeptide cleavage under the same

conditions occurs by both scission and backbiting. The overall observed cleavage in tripeptides is
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fastest at neutral pH, due to backbiting. At acidic pH, both backbiting and scission are active

pathways.

Moving forward, it is necessary to search for some functional biopolymers selected from the
prebiotic soup. One main plausible catalytic reactivity worth exploration is the aldol reaction, with
the creation of a new carbon-carbon bond catalysed by the peptides free N terminus. Generally,
the aldol reaction®’ is designed with the cyclohexanone and p-nitrobenzaldehyde as substrate. It
is plausible to use NMR to calculate the yields and screen the catalytic reactivities corresponding
to different short peptide catalysts. The literature*’ supports that glycine and alanine-related short
peptides could catalyze this aldol reaction and also, proline related peptides* are able to catalyze
the aldol reaction with stereospecific tetroses. The aldol reaction is one simple catalytic reaction
that could demonstrate the emergence of functional peptides through the prebiotic soup and screen

their reactivities.
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APPENDIX A. SUPPLEMENTS

A.1 Depsipeptides recycling preliminary experiment

A.1.1 Method

The reaction typically started with mixing glycine dimer (100mM, 200uL) and lactic acid
(LA) (100mM, 200uL), and then subjected to six wet (95°C)-dry (85°C) cycles. The solution was
added into the 2 mL glass vials (Supelco 29381-U) and heated in the oven over six days. The
temperature condition is adjusted by a temperature controller connected with the oven. The
experiment started from the wet phase with the cap closed for 6 hours at 85°C. Then the dry phase
started by adjusting the temperature controller to 95°C and keep the cap open for 18 hours. The
second cycle started with the rehydration of 400uL water, and the whole process is repeated for
six times. The initial and final pH conditions before and after six days of experiment are always
around 3, without significant fluctuation. After six days of wet-dry cycles, the samples were diluted

by a factor of 100 and then analyzed by the mass spectrometer.

The MS and MS/MS spectra in Figure 1.3.1 were analyzed with Waters Xevo G2 mass
spectrometer with help from Dr. Jay Forsythe. The MS spectra in Figure 1.3.2 were analyzed using
an Agilent 6130 single quadrupole mass spectrometer. For MS analysis, all data were obtained in

negative mode electrospray ionization with a capillary voltage of 2.0 kV.

A.2 Peptide bond cleavage project

A.2.1 Mathematical model
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The kinetic model describing the degradation rate of glycine oligomer hydrolysis is listed as below
as Equations (1)-(4). All the reactions are assumed to be pseudo-first order, since the water

concentration is approximately constant at 55M.

ddif = (2 ksc nge + 2 ksc Nge + kppNeee) (1)
deG = (—ksc g — kreNge + 2 kyo Nege + 2 kse Ngge) (2
dr;% = (ke g — 2 kyo Nege + kppngee) (3)
ARG (=2 ksc ngee — KppNece) (4)

dt

where ng is the amount of glycine, ngc is the amount of linear diglycine, neee is the amount of
linear triglycine, and ncee is the amount of cyclic diglycine; the units are in pmol. The four rate
constants are Ksc, the rate constant corresponding to the hydrolysis of the glycine oligomers through
a scission pathway; kub, the rate constant for the backbiting pathway of GGG; and krc and kro, the
rate constants for cGG ring closing and opening, respectively. There are seven parameters in the
optimization process, including four rate constants, as well as the actual initial amounts for the
reactants. The parameters are obtained using MATLAB, with the ode45 function to solve the
differential equations with a fourth-order Runge-Kutta method, and the patternsearch function to

find the parameters that minimize the overall sum-squared error of the model fit.

A.2.2 Confidence interval calculation

The uncertainty in the parameter estimates are calculated based on statistical mesures.*® The
quantity Nm is the number of measured variables, which is equal to 4 here, since we have four
measured variables: G, GG, ¢cGG and GGG; Ng is the number of samples of each measured

variable, which is equal to 7 in our case, since we have seven time points (not counting the initial
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point); Np is the number of parameters, which is equal to 7 in our case, for ki—ks and the three

initial conditions for GG, cGG, and GGG.

The error covariance matrix (Vi) is calculated is calculated following Equations (5)—(6).

1 N
Vii = N—dZ,-;"l ei;* (k) (5)
eij = Yij — ¥y (6)

where y;; and ¥, represent the actual and model prediction of the i" measured variable and j™"

sampling time. Assuming the model can be represented by linear functions, the Jacobian matrix is

obtained as
oy,
Bij = 77 li=k* (7)

The 95% confidence interval for each parameter is obtained with k — k*as the boundary following

Equations (8)—(10).

Vol =i N BV ®)
~ T 4/~ .

(k—k) vy (k—k*) = x%,(0.95) 9)

(k—k") = \/ X3,(0.95)/V5? (10)
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A.3 Supporting materials
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Figure S1. Stacked "H NMR spectra for GG decomposition at 95°C under pH 3. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.4ppm to 4.0ppm.
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Table S1. GG degradation reactants and products amounts at varying reaction time under pH 3 at 95°C.

pH=3 GG analysis

NMR integrations

actual amount (pmol)

time(h) KHP G GG cGG G(pmol) GG(umol) c¢GG (umol)
0 1 0 2.1 0.01 0 315 0.15
0 1 0 2.1 0.01 0 315 0.15
0 1 0 212 0.01 0 318 0.15
12 1 0.02 1.9 0.08 0.6 28.5 1.2
12 1 0.03 1.93 0.1 0.9 28.95 15
12 1 0.02 1.92 0.09 0.6 28.8 1.35
24 1 0.04 1.85 0.14 1.2 27.75 2.1
24 1 0.05 1.84 0.16 15 27.6 24
24 1 0.04 1.85 0.15 1.2 27.75 2.25
36 1 0.08 1.68 0.25 24 252 3.75
36 1 0.09 1.65 0.25 2.7 24.75 3.75
36 1 0.08 1.76 0.24 24 26.4 3.6
48 1 0.11 1.63 0.27 33 24.45 4.05
48 1 0.11 1.63 0.28 33 24.45 4.2
48 1 0.11 1.65 0.28 33 24.75 4.2
72 1 0.2 1.47 0.31 6 22.05 4.65
72 1 0.17 1.52 0.3 51 22.8 4.5
72 1 0.2 1.52 0.31 6 228 4.65
96 1 0.25 1.49 0.3 7.5 22.35 4.5
96 1 0.25 1.47 0.3 7.5 22.05 4.5
96 1 0.23 1.49 0.29 6.9 22.35 4.35
120 1 0.23 1.49 0.27 6.9 22.35 4.05
120 1 0.26 1.46 0.27 7.8 219 4.05
120 1 0.24 1.48 0.28 7.2 222 4.2
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Figure S2. Stacked 'H NMR spectra for GG decomposition at 95°C under pH 5. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.4ppm to 4.05ppm.
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Table S2. GG degradation reactants and products amounts at varying reaction time under pH 5 at 95°C.

pH=5 GG analysis

NMR integrations

actual amount (pmol)

time(h) KHP G GG cGG G (umol) GG (umol) ¢GG (umol)
0 1 0 2.62 0 0 39.3 0
0 1 0 2.62 0 0 39.3 0
0 1 0 2.64 0 0 39.6 0
12 1 0.01 25 0.02 0.3 375 0.3
12 1 0.01 2.47 0.03 0.3 37.05 0.45
12 1 0.01 2.47 0.02 0.3 37.05 0.3
24 1 0.01 2.46 0.04 0.3 36.9 0.6
24 1 0.01 2.45 0.03 0.3 36.75 0.45
24 1 0.01 2.48 0.03 0.3 37.2 0.45
36 1 0.02 2.43 0.07 0.6 36.45 1.05
36 1 0.02 2.42 0.06 0.6 36.3 0.9
36 1 0.03 2.43 0.08 0.9 36.45 1.2
48 1 0.03 2.36 0.09 0.9 354 1.35
48 1 0.03 2.36 0.07 0.9 354 1.05
48 1 0.04 2.37 0.1 12 35.55 15
72 1 0.04 2.25 0.13 1.2 33.75 1.95
72 1 0.06 2.27 0.17 18 34.05 2.55
72 1 0.05 231 0.15 1.5 34.65 2.25
96 1 0.07 2.2 0.19 21 33 2.85
96 1 0.07 221 0.21 21 33.15 3.15
96 1 0.06 2.27 0.17 1.8 34.05 2.55
120 1 0.06 2.25 0.18 18 33.75 2.7
120 1 0.07 2.18 0.19 21 32.7 2.85
120 1 0.08 2.16 0.23 24 324 3.45
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Figure S3. Stacked 'H NMR spectra for GG decomposition at 95°C under pH 7. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.3ppm to 4.2ppm.
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Table S3. GG degradation reactants and products amounts at varying reaction time under pH 7 at 95°C.

pH=7 GG analysis

NMR integrations

actual amount

time(h) KHP G GG cGG G(umol) GG(pumol) ¢GG (pmol)

0 1 0 2.34 0 0 35.1 0

0 1 0 2.32 0 0 348 0

0 1 0 2.34 0 0 35.1 0

16 1 0.01 213 0.04 0.3 31.95 0.6
16 1 0.01 2.05 0.04 0.3 30.75 0.6
16 1 0.01 2.17 0.07 0.3 32.55 1.05
24 1 0.01 2.18 0.07 0.3 32.7 1.05
24 1 0.02 211 0.09 0.6 31.65 1.35
24 1 0.01 221 0.06 0.3 33.15 0.9
40 1 0.02 2.19 0.11 0.6 32.85 1.65
40 1 0.02 2.03 0.12 0.6 30.45 1.8
40 1 0.04 2 0.19 1.2 30 2.85
48 1 0.05 1.95 0.24 15 29.25 3.6
48 1 0.03 197 0.17 0.9 29.55 2.55
48 1 0.02 1.99 0.14 0.6 29.85 2.1
72 1 0.05 1.89 0.24 15 28.35 3.6
72 1 0.05 19 0.29 15 28.5 4.35
72 1 0.09 1.65 0.42 1.5 27.3 3.75
96 1 0.1 1.62 0.41 3 24.3 6.15
96 1 0.06 1.84 0.31 1.8 27.6 4.65
96 1 0.05 1.82 0.25 15 27.3 3.75
120 1 0.12 161 0.51 3.6 24.15 7.65
120 1 0.06 1.8 0.32 1.8 27 4.8
120 1 0.07 1.74 0.34 21 26.1 5.1
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Figure S4. Stacked 'H NMR spectra for GG decomposition at 95°C under pH 10. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.2ppm to 4.1ppm.

The chemical shift over time for peak assignment is due to pH changes.
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Table S4. GG degradation reactants and products amounts at varying reaciton time under pH 10 at 95°C

pH=10 GG analysis

NMR integrations

actual amount

time(h) KHP G GG cGG G(umol) GG(pumol) ¢GG (pmol)

0 1 0 2.06 0 0 30.9 0

0 1 0 2 0 0 30 0

0 1 0 2.1 0 0 315 0

16 1 0.04 2.02 0.01 1.2 30.3 0.15
16 1 0.05 1.96 0.01 15 294 0.15
16 1 0.05 1.98 0.01 15 29.7 0.15
24 1 0.1 1.92 0.01 3 28.8 0.15
24 1 0.09 1.82 0.01 2.7 27.3 0.15
24 1 0.08 1.92 0.01 2.4 28.8 0.15
40 1 0.17 1.74 0.01 51 26.1 0.15
40 1 0.17 1.76 0.01 51 26.4 0.15
40 1 0.17 1.72 0.01 51 25.8 0.15
48 1 0.23 1.74 0.01 6.9 26.1 0.15
48 1 0.24 1.68 0.02 7.2 25.2 0.3
48 1 0.24 1.66 0.02 7.2 24.9 0.3
72 1 0.47 1.46 0.01 141 21.9 0.15
72 1 0.46 14 0.01 13.8 21 0.15
72 1 0.46 1.46 0.01 13.8 21.6 0.15
96 1 0.51 1.36 0.01 15.3 20.4 0.15
96 1 0.5 1.42 0.01 15 21.3 0.15
96 1 0.51 1.44 0.01 15.3 21.6 0.15
120 1 0.58 1.35 0.01 174 20.25 0.15
120 1 0.58 1.34 0.01 17.4 20.1 0.15
120 1 0.6 1.34 0.01 18 20.1 0.15
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Figure S5. Stacked H NMR spectra for cGG decomposition at 95°C under pH 3. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing

sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.35ppm to 4ppm.
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Table SS. cGG degradation reactants and products amounts at varying reaction time under pH 3 at 95°C.

pH=3 cGG
analysis NMR integrations actual amount
time(h) KHP G GG cGG G(pmol) GG(umol) ¢GG (umol)
0 1 0 0 1.07 0 0 16.05
0 1 0 0 1.06 0 0 15.9
0 1 0 0 1.05 0 0 15.75
12 1 0 0.03 1.01 0 0.45 15.15
12 1 0 0.03 1 0 0.45 15
12 1 0 0.04 0.96 0 0.6 14.4
24 1 0 0.05 0.96 0 0.75 14.4
24 1 0 0.05 0.99 0 0.75 14.85
24 1 0 0.04 0.98 0 0.6 147
36 1 0 0.07 0.89 0 1.05 13.35
36 1 0 0.08 0.91 0 12 13.65
36 1 0 0.08 0.92 0 1.2 13.8
48 1 0 0.07 0.93 0 1.05 13.95
48 1 0 0.06 0.94 0 0.9 14.1
48 1 0 0.07 0.92 0 1.05 13.8
72 1 0 0.08 0.93 0 1.2 13.95
72 1 0 0.1 0.89 0 15 13.35
72 1 0 0.11 0.87 0 1.65 13.05
96 1 0 0.12 0.9 0 1.8 135
96 1 0 0.12 0.86 0 1.8 12.9
96 1 0 0.09 0.9 0 1.35 135
120 1 0 0.12 0.87 0 1.8 13.05
120 1 0 0.11 0.89 0 1.65 13.35
120 1 0 0.12 0.88 0 1.8 13.2
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Figure S6. Stacked 'H NMR spectra for cGG decomposition at 95°C under pH 5. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.3ppm to 4.1ppm.
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Table S6. cGG degradation reactants and products amounts at varying reaction time under pH 5 at 95°C.

pH=5 cGG analysis NMR integrations actual amount
time(h) KHP G GG cGG G(umol) GG(pumol) c¢GG(umol)
0 1 0 0 1.04 0 0 15.6
0 1 0 0 1.04 0 0 15.6
0 1 0 0 1.04 0 0 15.6
12 1 0 0.06 0.94 0 0.9 14.1
12 1 0 0.06 0.98 0 0.9 147
12 1 0 0.06 0.95 0 0.9 14.25
24 1 0 0.09 0.91 0 1.35 13.65
24 1 0 0.07 0.94 0 1.05 141
24 1 0 0.09 0.91 0 1.35 13.65
36 1 0 0.12 0.89 0 1.8 13.35
36 1 0 0.1 0.91 0 15 13.65
36 1 0 0.09 0.91 0 1.35 13.65
48 1 0 0.14 0.83 0 21 12.45
48 1 0 0.16 0.84 0 24 12.6
48 1 0 0.15 0.84 0 2.25 12.6
72 1 0 0.15 0.83 0 2.25 12.45
72 1 0 0.19 0.79 0 2.85 11.85
72 1 0 0.2 0.79 0 3 11.85
96 1 0 0.22 0.76 0 3.3 114
96 1 0 0.18 0.81 0 2.7 12.15
96 1 0 0.24 0.77 0 3.6 11.55
120 1 0 0.18 0.78 0 2.7 11.7
120 1 0 0.2 0.79 0 3 11.85
120 1 0 0.23 0.76 0 3.45 114

48




© ” k, (0] d
2,5-Diketopiperazine (cGG)
GG G

a

|

|l

I b ¢ d =120 hr

| _ _/'I || 4 — . | -l _f-ﬂ.\_ /’"\_ .

|

| t=96 hr
_r'l II'\_ AN,

| t=72 hr

B A A
t=48 hr

i t=36 hr
‘ t=24hr
‘ \ t=12 hr
N

{ I'. t=0hr

4.&)0 I 3.'-95 I 3.:90 ) 3.;35 ’ 3.I50 I 3.:7'5 I 3.;\3 I 3.;’:5 ’ 3.;’:0 I 3.;5 I 3.-50 I 3.:15 ) 3.:10 ' 3.I35 I 3.;
1 (ppm)

Figure S7. Stacked '"H NMR spectra for cGG decomposition at 95°C under pH 7. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.3ppm to 4.05ppm.
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Table S7. cGG degradation reactants and products amounts at varying reaction time under pH 7 at 95°C.

pH=7 cGG
analysis NMR integrations actual amount
time(h) KHP G GG cGG G(umol) GG(umol) c¢GG (umol)
0 1 0.01 0.01 13 0.3 0.15 19.5
0 1 0.01 0.01 1.3 0.3 0.15 195
0 1 0.01 0.01 1.26 0.3 0.15 18.9
16 1 0.01 0.07 1.19 0.3 1.05 17.85
16 1 0.01 0.07 1.12 0.3 1.05 16.8
16 1 0.01 0.05 1.15 0.3 0.75 17.25
24 1 0.01 0.08 1.14 0.3 1.2 171
24 1 0.02 0.07 1.12 0.6 1.05 16.8
24 1 0.01 0.07 1.17 0.3 1.05 17.55
40 1 0 0.12 1.08 0 18 16.2
40 1 0.01 0.11 11 0.3 1.65 16.5
40 1 0.01 0.11 1.07 0.3 1.65 16.05
48 1 0.01 0.11 1.07 0.3 1.65 16.05
48 1 0.01 0.11 1.07 0.3 1.65 16.05
48 1 0.01 0.13 1.07 0.3 1.95 16.05
72 1 0 0.19 0.98 0 2.85 14.7
72 1 0.01 0.2 1.25 0.3 3 18.75
72 1 0 0.17 1 0 2.85 15.15
96 1 0.01 0.2 1.06 0.3 3 15.9
96 1 0.01 0.2 121 0.3 3 18.15
96 1 0.01 0.19 1.01 0.3 2.85 15.15
120 1 0 0.22 1.02 0 3.3 15.3
120 1 0.01 0.28 1.16 0.3 4.2 174
120 1 0.01 0.26 1.15 0.3 3.9 17.25
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Figure S8. Stacked "H NMR spectra for cGG decomposition at 95°C under pH 10. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.3ppm to 4.1ppm.
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Table S8. cGG degradation reactants and products amounts at varying reaction time under pH 10 at 95°C.

pH=10 cGG analysis

NMR integrations

actual amount

time(h) KHP G GG cGG G(pumol) GG(umol) ¢GG (umol)

0 1 0 0 1.3 0 0 195
0 1 0 0 1.25 0 0 18.75
0 1 0 0 1.25 0 0 18.75
16 1 0 0.09 1.1 0 1.35 16.5
16 1 0 0.09 1.07 0 1.35 16.05
16 1 0 0.08 1.12 0 1.2 16.8
24 1 0 0.11 1.03 0 1.65 15.45
24 1 0 0.11 1.09 0 1.65 16.35
24 1 0 0.11 1.08 0 1.65 16.2
40 1 0 0.22 0.98 0 33 14.7
40 1 0 0.21 0.96 0 3.15 14.4
40 1 0 0.19 0.95 0 2.85 14.25
48 1 0 0.2 1.02 0 3 15.3
48 1 0 0.19 0.92 0 2.85 13.8
48 1 0 0.19 0.94 0 2.85 14.1
72 1 0 0.19 0.92 0 2.85 138
72 1 0 0.17 0.99 0 2.55 14.85
72 1 0 0.17 0.99 0 2.55 14.85
96 1 0.01 0.3 0.8 0.3 45 12

96 1 0.01 0.29 0.84 0.3 4.35 12.6
96 1 0.01 0.29 0.87 0.3 4.35 13.05
120 1 0.01 0.33 0.76 0.3 4.95 114
120 1 0.01 0.38 0.83 0.3 5.7 12.45
120 1 0.01 0.35 0.76 0.3 5.25 114
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Figure S9. Stacked 'H NMR spectra for GGG decomposition at 95°C under pH 3. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.3ppm to 4.1ppm.
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Table S9. GGG degradation reactants and products amounts at varying reaction time under pH 3 at 95°C.

pH=3 GGG
analysis NMR peak integrations Actual amount (umol)
time(h) KHP G GG cGG GGG G (umol) GG (umol) ¢GG (umol) | GGG (umol)
0 1 0 0.02 0 3.18 0 0.3 0 31.8
0 1 0 0.02 0 3.24 0 0.3 0 324
0 1 0 0.02 0 3.3 0 0.3 0 33
12 1 0.15 0.08 0.28 2.52 45 1.2 4.2 25.2
12 1 0.15 0.06 0.23 2.61 45 0.9 3.45 26.1
12 1 0.14 0.08 0.23 2.76 4.2 1.2 3.45 27.6
24 1 0.37 0.18 0.57 1.98 111 2.7 8.55 19.8
24 1 0.35 0.16 0.53 2.07 10.5 2.4 7.95 20.7
24 1 0.34 0.18 0.53 2.19 10.2 2.7 7.95 219
36 1 0.47 0.28 0.67 1.77 141 4.2 10.05 17.7
36 1 0.44 0.24 0.64 1.86 13.2 3.6 9.6 18.6
36 1 0.43 0.24 0.63 1.92 12.9 3.6 9.45 19.2
48 1 0.53 0.34 0.71 1.65 15.9 5.1 10.65 16.5
48 1 0.52 0.32 0.71 171 15.6 4.8 10.65 171
48 1 0.46 0.3 0.66 1.74 138 4.5 9.9 174
72 1 0.73 0.58 0.84 1.02 219 8.7 12.6 10.2
72 1 0.69 0.54 0.82 117 20.7 8.1 12.3 11.7
72 1 0.7 0.54 0.84 114 21 8.1 12.6 114
96 1 0.8 0.74 0.79 0.66 24 111 11.85 6.6
96 1 0.82 0.74 0.85 0.78 24.6 111 12.75 7.8
96 1 0.78 0.68 0.82 0.87 234 10.2 12.3 8.7
120 1 0.94 0.96 0.78 0.45 28.2 14.4 11.7 4.5
120 1 0.98 0.96 0.88 0.33 29.4 144 13.2 3.3
120 1 0.95 0.88 0.9 0.48 28.5 13.2 135 4.8

54




AW%

2,5-Diketopiperazine (cGG)

\)k /ﬁ]/\)koHHN/\

G
GG GGG

H O 2 H3N+\)k0_

d

G

(0]} H (0]
Ky . a
—>H3N -+
p [0}
o) N @
H

G
Diketopiperazine
(cGG)

|\ . t=120hr

|] . t=96hr

=72 hr
| | =48 hr
'| ' t=36 hr
=24 hr
t=12 hr

t=0hr

4.10 405 400 3.95 350 3.85 380 3.7% 3.0 3.65 360

Figure S10. Stacked 'H NMR spectra for GGG decomposition at 95°C under pH 5. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from

3.2ppm to 4.1ppm.
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Table S10. GGG degradation reactants and products amounts at varying reaction time under pH 5 at 95°C.

pH=5 GGG
analysis NMR peak integrations Actual amount (umol)
time(h) KHP G GG cGG GGG G (umol) GG (umol) ¢GG (umol) GGG (umol)
0 1 0 0 0 3.81 0 0 0 38.1
0 1 0 0 0 3.84 0 0 0 384
0 1 0 0 0 3.84 0 0 0 38.4
12 1 0.24 0.02 0.44 3.03 7.2 0.3 6.6 30.3
12 1 0.22 0.02 0.43 3.09 6.6 0.3 6.45 309
12 1 0.21 0.02 0.4 3.12 6.3 0.3 6 31.2
24 1 0.51 0.03 0.98 2.16 15.3 0.45 14.7 216
24 1 0.47 0.03 0.9 2.37 141 0.45 135 23.7
24 1 0.42 0.03 0.81 2.46 12.6 0.45 12.15 24.6
36 1 0.63 0.04 1.23 1.77 18.9 0.6 18.45 17.7
36 1 0.6 0.04 1.18 1.92 18 0.6 17.7 19.2
36 1 0.54 0.04 12 1.62 16.2 0.6 18 16.2
48 1 0.76 0.05 147 147 22.8 0.75 22.05 14.7
48 1 0.65 0.04 1.25 1.77 195 0.6 18.75 17.7
48 1 0.57 0.04 111 1.95 171 0.6 16.65 195
72 1 0.96 0.07 181 0.84 28.8 1.05 27.15 8.4
72 1 0.9 0.06 1.67 0.96 27 0.9 25.05 9.6
72 1 0.82 0.06 15 117 24.6 0.9 225 11.7
96 1 1.05 0.09 1.99 0.54 315 1.35 29.85 5.4
96 1 1 0.08 1.87 0.66 30 1.2 28.05 6.6
96 1 0.95 0.08 1.79 0.84 28.5 12 26.85 8.4
120 1 1.08 0.11 1.95 0.36 324 1.65 29.25 3.6
120 1 1.13 0.12 2.03 0.3 33.9 18 30.45 3
120 1 1.07 0.13 194 0.39 32.1 1.95 29.1 3.9
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Figure S11. Stacked '"H NMR spectra for GGG decomposition at 95°C under pH 7. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.2ppm to 4.20ppm.
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Table S11. GGG degradation reactants and products amounts at varying reaction time under pH 7 at 95°C.

pH=7 GGG
analysis NMR peak integrations Actual amount (umol)
time(h) KHP G GG cGG GGG G (umol) GG (umol) ¢GG (umol) | GGG (umol)
0 1 0 0.02 0.01 351 0 0.32 0.16 37.44
0 1 0 0.02 0.01 3.54 0 0.32 0.16 37.76
0 1 0 0.01 0.02 3.42 0 0.16 0.32 36.48
12 1 0.41 0.06 0.78 1.98 13.12 0.96 12.48 21.12
12 1 0.4 0.05 0.76 2.07 12.8 0.8 12.16 22.08
12 1 0.37 0.05 0.69 2.07 11.84 0.8 11.04 22.08
24 1 0.63 0.11 1.15 1.59 20.16 1.76 184 16.96
24 1 0.53 0.09 0.96 1.59 16.96 1.44 15.36 16.96
24 1 0.58 0.1 1.05 1.62 18.56 1.6 16.8 17.28
36 1 0.81 0.19 142 1.05 25.92 3.04 22.72 11.2
36 1 0.72 0.16 1.26 1.05 23.04 2.56 20.16 11.2
36 1 0.67 0.14 12 1.23 21.44 2.24 19.2 13.12
48 1 0.9 0.29 147 0.72 28.8 4.64 23.52 7.68
48 1 0.84 0.25 141 0.78 26.88 4 22.56 8.32
48 1 0.75 0.2 1.3 0.93 24 3.2 20.8 9.92
72 1 0.96 0.44 143 0.45 30.72 7.04 22.88 4.8
72 1 0.92 0.4 14 0.48 29.44 6.4 224 5.12
72 1 0.88 0.33 1.39 0.57 28.16 5.28 22.24 6.08
96 1 1.05 0.54 1.6 0.36 315 8.1 24 3.6
96 1 1.04 0.6 141 0.27 33.28 9.6 22.56 2.88
96 1 1.01 0.55 1.39 0.33 32.32 8.8 22.24 3.52
120 1 1.14 0.83 1.33 0.15 34.2 12.45 19.95 1.6
120 1 1.17 0.83 14 0.18 35.1 12.45 21 1.92
120 1 11 0.76 1.36 0.18 33 114 204 1.92
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Figure S12. Stacked '"H NMR spectra for GGG decomposition at 95°C under pH 10. Each
spectrum corresponds to a different sampling time. From bottom to top spectrum, indicate
increasing sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed
in from 3.35ppm to 4.0ppm.

Peak shifts for GGG and GG are observed comparing day0 and day5 spectra due to pH variation
over reaction time.

59



Table S12. GGG degradation reactants and products amounts at varying reaction time under pH 10 at 95°C.

pH=10 GGG
analysis NMR peak integrations Actual amount (umol)
time(h) KHP G GG cGG GGG G (umol) GG (pmol) c¢GG (umol) GGG (umol)
0 1 0.01 0.02 0 3.39 0.3 0.3 0 339
0 1 0.01 0.02 0.01 3.39 0.3 0.3 0.15 33.9
0 1 0.01 0.02 0.01 3.36 0.3 0.3 0.15 33.6
12 1 0.1 0.16 0.03 2.94 3 2.4 0.45 29.4
12 1 0.1 0.18 0.03 3.09 3 2.7 0.45 30.9
12 1 0.09 0.16 0.03 3.03 2.7 2.4 0.45 30.3
24 1 0.18 0.32 0.04 2.79 5.4 4.8 0.6 27.9
24 1 0.17 0.3 0.04 2.82 5.1 45 0.6 28.2
24 1 0.16 0.28 0.04 2.88 4.8 4.2 0.6 28.8
36 1 0.24 0.42 0.05 2.58 7.2 6.3 0.75 25.8
36 1 0.27 0.3 0.06 2.61 8.1 45 0.9 26.1
36 1 0.22 0.36 0.05 2.58 6.6 5.4 0.75 25.8
48 1 0.35 0.58 0.06 24 105 8.7 0.9 24
48 1 0.31 0.52 0.05 2.43 9.3 7.8 0.75 24.3
48 1 0.28 0.48 0.05 2.52 8.4 7.2 0.75 25.2
72 1 0.5 0.76 0.07 2.07 15 114 1.05 20.7
72 1 0.45 0.72 0.07 2.13 135 10.8 1.05 21.3
72 1 0.42 0.66 0.06 2.22 12.6 9.9 0.9 22.2
96 1 0.64 0.9 0.08 1.62 19.2 135 1.2 16.2
96 1 0.6 0.88 0.07 1.74 18 13.2 1.05 174
96 1 0.54 0.8 0.07 1.86 16.2 12 1.05 18.6
120 1 0.87 112 0.08 1.35 26.1 16.8 1.2 135
120 1 0.8 1.08 0.08 147 24 16.2 1.2 14.7
120 1 0.74 1.02 0.07 1.62 22.2 15.3 1.05 16.2
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Table S13. The estimated rate constants ki-ks based on joint fitting results for GG, cGG and GGG
kinetics, under pH 3, 5, 7 and 10, at 95°C. The confidence intervals follow the chi-squared method

at the 95% confidence level.

ksex 106 (s71) kiex10° (s71) 2k x10° (s kpp x10% (s
pH=3 0.48(+0.183) 0.60(%0.205) 0.92(+0.255) 2.98(+0.458)
pH=5 0.06(+0.009) 0.27(%0.020) 0.35(+0.023) 5.03(+0.087)
pH=7 0.14(£0.004) 0.60(+0.008) 1.11(£0.012) 8.24(+0.031)

pH=10 0.84(+0.011) 0.07(0.003) 0.96(+0.012) 0.09(+0.004)

Table S14. The estimated initial amount of GG, cGG and GGG based on joint fitting results, under
pH 3, 5, 7 and 10, at 95°C. The confidence intervals are calculated following the chi-squared
method at the 95% confidence level.

GGo (umol) c¢GGo (umol) GGGo (pmol)
pH=3 30.15(1.458) 15.98(+1.061) 31.23(+1.484)
pH=5 37.78(+£0.240) 14.09(0.146) 37.41(£0.239)
pH=7 33.76(£0.064) 19.63(20.049) 34.17(20.064)

pH=10 29.92(+£0.068) 17.67(+0.053) 33.08(x0.072)
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Figure S13. Stacked 'H NMR spectra for AAA decomposition at 95°C under pH 3. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.5ppm to 4.4ppm.

For all the quantitative analysis of AAA degradation studies under different pH conditions, the
calculations are based on the assignment of methylene protons on AAA.
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Table S15. AAA degradation reactants and products amounts at varying reaction time under pH 3 at 95°C.

pH=3 AAA
analysis NMR peak integrations Actual amount (umol)
time(h) KHP A AA cAA AAA A (umol) AA (umol) cAA (umol) | AAA (umol)
0 1 0 0 0 0.9 0 0 0 18
0 1 0 0 0 0.9 0 0 0 18
0 1 0 0 0 0.9 0 0 0 18
12 1 0.02 0 0.03 0.81 12 0 0.9 16.2
12 1 0.02 0 0.03 0.81 12 0 0.9 16.2
12 1 0.02 0 0.03 0.84 12 0 0.9 16.8
24 1 0.03 0 0.05 0.81 1.8 0 15 16.2
24 1 0.03 0 0.06 0.78 1.8 0 1.8 15.6
24 1 0.03 0 0.06 0.81 1.8 0 1.8 16.2
36 1 0.04 0 0.07 0.78 24 0 21 15.6
36 1 0.04 0 0.08 0.75 24 0 24 15
36 1 0.04 0 0.08 0.78 24 0 24 15.6
48 1 0.06 0 0.11 0.69 3.6 0 33 13.8
48 1 0.06 0.02 0.1 0.72 3.6 0.6 3 144
48 1 0.06 0.02 0.1 0.72 3.6 0.6 3 14.4
72 1 0.09 0.04 0.15 0.6 54 1.2 4.5 12
72 1 0.08 0.04 0.14 0.63 4.8 1.2 4.2 12.6
72 1 0.07 0.02 0.13 0.66 4.2 0.6 3.9 13.2
96 1 0.11 0.04 0.17 0.54 6.6 1.2 51 10.8
96 1 0.1 0.04 0.16 0.54 6 1.2 4.8 10.8
96 1 0.1 0.04 0.16 0.57 6 1.2 4.8 114
120 1 0.13 0.06 0.2 0.48 7.8 1.8 6 9.6
120 1 0.12 0.06 0.19 0.51 7.2 1.8 5.7 10.2
120 1 0.12 0.06 0.18 0.51 7.2 1.8 54 10.2
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Figure S14. Stacked 'H NMR spectra for AAA decomposition at 95°C under pH 5. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.4ppm to 4.3ppm.
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Table S16. AAA degradation reactants and products amounts at varying reaction time under pH 5 at 95°C.

pHa:;Q@A NMR peak integrations Actual amount (pumol)
time(h) KHP A AA CAA AAA A (umol) AA (umol) cAA (umol) AAA (umol)
0 1 0 0 0 0.96 0 0 0 19.2
0 1 0 0 0 0.96 0 0 0 19.2
0 1 0 0 0 0.93 0 0 0 18.6
12 1 0.05 0 0.11 0.78 3 0 33 15.6
12 1 0.05 0 0.11 0.75 3 0 33 15
12 1 0.05 0 0.1 0.81 3 0 3 16.2
24 1 0.09 0 0.17 0.66 5.4 0 5.1 13.2
24 1 0.08 0 0.16 0.66 4.8 0 48 13.2
24 1 0.08 0 0.16 0.72 4.8 0 4.8 144
36 1 0.11 0 0.22 0.57 6.6 0 6.6 114
36 1 0.11 0 0.21 0.6 6.6 0 6.3 12
36 1 0.11 0 0.21 0.63 6.6 0 6.3 12.6
48 1 0.14 0.02 0.26 0.51 8.4 0.6 7.8 10.2
48 1 0.12 0 0.24 0.54 7.2 0 7.2 10.8
48 1 0.12 0 0.25 0.57 7.2 0 75 114
72 1 0.17 0.02 0.33 0.45 10.2 0.6 9.9 9
72 1 0.17 0 0.34 0.39 10.2 0 10.2 7.8
72 1 0.16 0 0.32 0.45 9.6 0 9.6 9
96 1 0.21 0.02 0.41 0.27 12.6 0.6 12.3 5.4
96 1 0.2 0 0.39 0.3 12 0 11.7 6
96 1 0.2 0 0.38 0.36 12 0 114 7.2
120 1 0.22 0.02 0.42 0.27 13.2 0.6 12.6 54
120 1 0.23 0.02 0.45 0.21 13.8 0.6 135 4.2
120 1 0.22 0 0.44 0.27 13.2 0 13.2 54
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Figure S15. Stacked "H NMR spectra for AAA decomposition at 95°C under pH 7. Each spectrum
corresponds to a different sampling time. From bottom to top spectrum, indicate increasing
sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed in from
3.5ppm to 4.4ppm.
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Table S17. AAA degradation reactants and products amounts at varying reaction time under pH 7 at 95°C.

pH=7 AAA analysis

NMR peak integrations

Actual amount (umol)

time(h) KHP A AA CAA AAA A (umol) AA (umol) cAA (umol) AAA (umol)
0 1 0 0 0 0.96 0 0 0 19.2
0 1 0 0 0 0.99 0 0 0 19.8
0 1 0 0 0 0.99 0 0 0 19.8
12 1 0.02 0 0.05 0.87 1.2 0 15 174
12 1 0.03 0.02 0.04 0.87 1.8 0.6 1.2 174
12 1 0.02 0 0.03 0.9 1.2 0 0.9 18
24 1 0.05 0 0.09 0.81 3 0 2.7 16.2
24 1 0.04 0 0.08 0.84 24 0 2.4 16.8
24 1 0.03 0 0.06 0.84 1.8 0 1.8 16.8
36 1 0.06 0 0.12 0.75 3.6 0 3.6 15
36 1 0.07 0 0.13 0.75 4.2 0 3.9 15
36 1 0.04 0 0.11 0.81 2.4 0 33 16.2
48 1 0.09 0.02 0.17 0.63 5.4 0.6 5.1 12.6
48 1 0.1 0.02 0.18 0.63 6 0.6 5.4 12.6
48 1 0.06 0 0.12 0.72 3.6 0 3.6 14.4
72 1 0.14 0.02 0.27 0.51 8.4 0.6 8.1 10.2
72 1 0.09 0.02 0.18 0.66 5.4 0.6 5.4 13.2
72 1 0.11 0 0.23 0.6 6.6 0 6.9 12
96 1 0.12 0.02 0.24 0.57 7.2 0.6 7.2 114
96 1 0.15 0.02 0.27 0.51 9 0.6 8.1 10.2
96 1 0.15 0.04 0.29 0.42 9 1.2 8.7 8.4
120 1 0.17 0.02 0.32 0.42 10.2 0.6 9.6 8.4
120 1 0.18 0.04 0.34 0.36 10.8 1.2 10.2 7.2
120 1 0.19 0.04 0.36 0.33 114 1.2 10.8 6.6

67




H +
a _N (0] NHS fo) o
—;k3 E H \Qj\ ~ k
a + H,0 /c\”/ - 0 +H0— > 3 e 5
° N k H
:A ’ °© - NHg
¢ AA N
N H
NH, 9 H Kk Q 2 N (0]
° : N \QJ\ 2 kl f N \h)J\ ‘ e - +
T - —_—
o + /c\”/ N 0 N =" oH o s
NH 3 0 E NH ) 0 E '_\J H3 o) ”
A AA AAA A AA
r“r T
| |]
-t _|1.,| I b - _,mﬂ'rl“’l | L’I._ L |_|"I|‘I|I'UI|'-._'||__ ) -‘ E.'L I =120 h r
'F| |‘| " r| Il =96 hr
|l|Ul U '-F . lrlul Y Ul._ N'\J"LI I'J Iu'l.,_ o NN
||| |\| ) (| r| ﬂ. h t=F2 hr
SN N |l',..l u un-__ N 1 i\ Jl 1} W ,"u'q U U{_ N ul
I [
I I 1
| i i t=48 hr
A i |___I'. MU I_J'l| W l'-v'l'.
\ '| | ||
L] I 1)
N |.__,f. JU, t=36 hr
J ‘ e N f i ) 5 .
| | [
i Il { t=24 hr
1L U JUl
— f~ ol
| || | l I
i Il it t=12 hr
\ Ul .rl I.'. i .I \ .‘, Y |. I
it i |\' h =0 hr
,'rlu' v ‘JIII\_ Jfbl Y k.|1|\_ J'Iul ||,| 'JL
T - T T T - 1 . - . . . . . |
4,35 4,30 425 4,20 4,15 4,10 4,05 4,00 350 3.85 38D 3.75 3,55

f1 {ppm}

Figure S16. Stacked 'H NMR spectra for AAA decomposition at 95°C under pH 10. Each
spectrum corresponds to a different sampling time. From bottom to top spectrum, indicate
increasing sampling times of 0, 12, 24, 36, 48, 72, 96 and 120 h. All the NMR spectra are zoomed
in from 3.5ppm to 4.4ppm.
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Table S18. AAA degradation reactants and products amounts at varying reaction time under pH 10 at 95°C.

pH=10 AAA
analysis NMR peak integrations Actual amount (umol)
time(h) KHP A AA CcAA AAA A (umol) AA (umol) cAA (umol) AAA (umol)
0 1 0 0 0 0.93 0 0 0 18.6
0 1 0 0 0 0.93 0 0 0 18.6
0 1 0 0 0 0.93 0 0 0 18.6
12 1 0.01 0 0 0.9 0.6 0 0 18
12 1 0.01 0 0 0.93 0.6 0 0 18.6
12 1 0 0.01 0 0.87 0 0.3 0 17.4
24 1 0.01 0.02 0 0.87 0.6 0.6 0 17.4
24 1 0.01 0 0.01 0.9 0.6 0 0.3 18
24 1 0.01 0 0.01 0.87 0.6 0 0.3 17.4
36 1 0.01 0.02 0.01 0.84 0.6 0.6 0.3 16.8
36 1 0.02 0.02 0.01 0.87 1.2 0.6 0.3 17.4
36 1 0.01 0.02 0.01 0.87 0.6 0.6 0.3 174
48 1 0.02 0.04 0 0.81 12 12 0 16.2
48 1 0.02 0.02 0.01 0.84 1.2 0.6 0.3 16.8
48 1 0.01 0.02 0.01 0.84 0.6 0.6 0.3 16.8
72 1 0.02 0.06 0.01 0.78 12 18 0.3 15.6
72 1 0.02 0.04 0.01 0.84 1.2 1.2 0.3 16.8
72 1 0.02 0.04 0 0.84 12 12 0 16.8
96 1 0.03 0.06 0.01 0.78 1.8 1.8 0.3 15.6
96 1 0.03 0.06 0.01 0.75 18 18 0.3 15
96 1 0.02 0.04 0 0.84 12 12 0 16.8
120 1 0.04 0.08 0 0.75 24 24 0 15
120 1 0.04 0.08 0.01 0.75 24 24 0.3 15
120 1 0.03 0.06 0.01 0.81 1.8 1.8 0.3 16.2
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Table S19. The estimated rate constants k;-k4 based on joint fitting results for AAA
kinetics, under pH 3, 5, 7 and 10, at 95°C.

kse x10° (s kiex10° (s 2k x10% (s kpp x10% (s
pH=3 0.046 2.89%10° 0.82 1.24
pH=5 2.45*%10°6 2.01 0.32 3.18
pH=7 0.03 1.52%10°° 0.17 1.74
pH=10 1.66*10°¢ 2.24 63.40 0.37

The initial conditions for all AAA degradation rate constants are from GGG fitting results.

Table S20. The estimated initial amount of AAA fitting results, under pH 3, 5, 7 and 10,

at 95°C.
AAA( (umol)
pH=3 17.75
pH=5 18.57
pH=7 18.813
pH=10 17.83
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