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Abstract

Proteins are responsible for driving a vast majority of biological processes in the cell.
Therefore, it is important that proteins remain mostly folded to carry out their important functions,
after transcription-translation. Prior proteome-wide studies showed that proteins in the
Escherichia coli proteome are at risk of misfolding and extensive aggregation after translation,
especially under cellular or environmental stresses. In addition, aggregates have been shown to
be more thermodynamically stable than the native states, for many proteins. Therefore, if
misfolding and aggregation in the cell were thermodynamically driven processes, many proteins
in the E. coli proteome would spontaneously form aggregates in the cell. Despite a plethora of
protein quality control and degradation systems employed by E. coli, it is clear that these systems
are energetically expensive and can be overwhelmed, especially if many proteins in the proteome
are at risk of thermodynamically driven aggregation. One popular proposed concept in the folding
field is that the proteome is kinetically protected from aggregation, avoiding significant reliance on
ATP-expensive protein quality control and degradation systems, under cellular conditions.
However, there have not been experiments directly proving kinetic stability of proteins relative to
aggregation on a proteome-wide scale. Moreover, aggregates are initially formed as soluble non-
native oligomers, or soluble aggregates, These soluble aggregates may cause impairments of
important biological processes in the cell and can eventually form larger insoluble assemblies.
Yet, little is known about how soluble aggregates fit in the life cycle of E. coli proteins. To address
the above fascinating biological questions, in this thesis, | will explore the kinetic stability and
aggregation of a representative E. coli proteome (A19 cell strain).

This Ph.D. thesis includes three Chapters. Chapter 1 includes background information
on protein folding and aggregation in the cellular context. In addition, it discusses the

importance of proteome-wide studies and the important findings on aggregation from current
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proteomic analyses and introduces the hypothesis of proteome kinetic stability relative to
aggregation. This Chapter serves as the conceptual basis for the subsequent Chapters.

Chapter 2 explores the proteome-wide kinetic stability of proteins in E. coli under
physiologically relevant conditions. Here, | demonstrate that the free-energy landscape of the E.
coli proteome includes extensive insoluble aggregates under physiologically relevant conditions.
Further, the soluble and insoluble aggregates can exchange reversibly among each other and the
apparent critical concentration for soluble-aggregate formation on a proteome-wide scale is very
low (c.a., 0.04 ug/mL). | demonstrate that over 80% of the proteome is kinetically protected from
forming these soluble and insoluble aggregates on timescales longer than this organism’s
doubling time. Using bottom-up proteomics, | report that over 800 E. coli proteins are kinetically
stable relative to aggregation regardless of structure, function, and cellular location. Finally, my
results show that cytoplasmic/periplasmic molecular chaperones are amongst the most soluble
proteins, both at higher temperature and under physiologically relevant conditions. This finding
demonstrates that molecular chaperones are extremely robust members of the proteome.

Chapter 3 focuses on the development of a novel isotopolog of tryptophan to enhance the
sensitivity of NMR spectroscopy and enable monitoring protein behaviors in complex
environments. Here, a novel selectively isotopic-labeled tryptophan was synthesized and
successfully detected at very low concentrations in buffer and in a complex S30 cell extract (c.a.,
20 nM and 1 pM respectively) by low-concentration photochemically induced dynamic nuclear
polarization (LC-photo-CIDNP) NMR. Our new selective labeling approach to LC-photo-CIDNP,
in combination with existing biophysical analyses, can be utilized to study the effect of
heterologous expression. For instance, this Trp isotopolog will enable the monitoring of folding
and aggregation of model recombinant proteins within in complex cell-like environments.

Overall, | propose that proteome-wide kinetic stability is an effective strategy to maintain
a healthy and aggregation-free cellular environment in living systems, without reliance on

energetically expensive degradation and disaggregation processes. These results also provide
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insights into the structural and functional determinants of bacterial kinetic stability and
aggregation. In conclusion, it is hoped that the knowledge gained from this work will ultimately
benefit the design and discovery of new strategies to prevent protein aggregation in the cell and

to improve the shelf life of many protein-based biologics (e.g., monoclonal antibodies, etc).



Chapter 1

Introduction



1.1. Protein folding is a fundamental process for life.

Proteins are biological machines that drive cellular functions and ensure an organism
survival in nature. The journey of all proteins in the cell starts with their translation on ribosome
as polypeptide chains. Upon release, protein can fold into their native, three-dimensional
structures that are able perform important cellular functions. Folding is proposed to be driven
mainly by the hydrophobic effect, through burying the hydrophobic amino acids in the core of a
protein and shielding them from unfavorable interactions with the aqueous cellular environment."
The simplest model of protein folding describes that the native state of a protein is the most
thermodynamically stable and is spontaneously adopted by proteins during folding in solution.?
However, large and complex proteins may require molecular chaperones to help folding
intermediates cross kinetic barriers to access the native states.®>® This short period from
translation on the ribosome and upon reaching the functional native states is defined as the early
stages in protein’s life (See Figure 1). Afterwards, proteins spend the rest of their time performing
their associated biological functions in the complex cellular environment in vivo. This period,
called the late stages of protein’s life, is estimated to range from minutes to hours in bacteria.®
Finally, protein’s life ends with degradation by cellular proteolytic systems.” The dynamic balance
between translation, folding, transport, and degradation throughout different life stages is key in

maintaining the integrity of an organism’s proteome, or protein homeostasis (See Figure 1.1).81°
1.2. Protein aggregation in the Escherichia coli cells.

Yet, the life cycle of a protein is fallible in E. coli. During translation and folding in the early
stages, proteins can form un/misfolded states where hydrophobic residues are more exposed as
compared to that of native structures. The prolonged non-native exposure of the hydrophobic
residues in these states can lead to association as large protein assemblies called aggregates
under the crowded conditions of the cell.” Similarly, in the late stages, proteins may be at risk of

unfolding or misfolding, especially under stress conditions, that can lead to aggregation.™



Aggregates are initially formed as soluble non-native oligomers, or soluble aggregates, and can
eventually sequester more soluble proteins to form large, insoluble aggregates. In most cases,
aggregates are non-functional assemblies and prevent proteins from performing their native
functions, leading to functional deficits to many biological processes in vivo. Some aggregates
can also be biologically active and illicit toxic responses to the surrounding environment.'?3
Accumulation of aggregates can lead to complete disbalance of protein homeostasis on a

proteome-wide level and eventually cell death.
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Figure 1.1. The life cycle of protein and the potential risks of un/misfolding and
aggregation. Proteins life cycle begins from synthesis on the ribosome till its eventual

degradation by the proteolytic system. Created with BioRender.com.



1.3. Cellular response to aggregation.

The cellular machinery of E. coli employs many molecular chaperones, disaggregases,
and proteases in the cytoplasm to minimize aggregation and maintain protein homeostasis.'#°
Molecular chaperones are essential helpers for protein folding throughout the protein’s life cycle
(See Figure 2, panel 1). In the early stages, de novo synthesis of proteins on the ribosome is
assisted by the co-translational chaperone trigger factor'® and the Hsp70 chaperone system,
including the 70 kDa DnaK chaperones, 40 kDa DnaJ co-chaperone (Hsp40), and nucleotide
exchange factor GrpE." Subsequent folding to native states in E. coli cytoplasm upon release
from the ribosome is further assisted mainly by the Hsp70 system'”, HptG chaperone (Hsp90)'é,
and GroEL/S (Hsp60/Hsp10) system. In particular, the Hsp70 and GroEL/S systems have also
been demonstrated to rescue proteins from misfolding in the late stages of protein’s life.?>2" These
molecular chaperones bind preferentially to hydrophobic motifs exposed on non-native
conformations of client proteins to potentially prevent association to aggregates and promote
folding to the native states.® Except for TF, major chaperone systems in E. coli cytoplasm rely on
ATP hydrolysis to power their chaperone functions.'® 2223

In concert with the quality control aspect of molecular chaperones, proteases also
participate in maintaining protein homeostasis through the selective degradation of un/misfolded
or unwanted proteins (See Figure 2, panel 1).%7 In E. coli, the major proteases in the cytoplasm
are ATP-dependent Lon protease and the ClpP-type 2-protease systems (i.e., CIpXP and
CIpAP)."® 24 |In the cytoplasm of E. coli, Lon protease is responsible for the degradation of over
50% misfolded proteins.?® For 2 protease systems, they composed of the hexameric ClpP that
oligomerize with the ATPase subunits of ClpA and ClpX to participate in the removal of
un/misfolded proteins.”® These proteases feature an AAA+ domain that degrades the client
proteins via ATP binding and hydrolysis. In concert, the flux to un/misfolded states are degraded

to potentially minimize prolong persistence in the cells, minimizing subsequent aggregation.



In addition to refolding chaperones and proteases, the E. coli cell also employs
disaggregation machineries to rescue proteins from aggregates (See Figure 2, panel 1). The
Hsp100 ClpB forms a hexameric ring that assists disaggregation via the ATP-dependent threading
of unfolded proteins through the central core.?® However, ClpB is not capable of carrying out
disaggregation activities on its own and requires the cooperation of the K/J/E chaperone system
to associate with protein aggregates and modulate its ATP-dependent activities." Furthermore,
in E. coli, the disaggregation activities of this bi-chaperone system (ClpB-K/J/E) is assisted by
small heat shock proteins (sHsps) (See Figure 2, panel B). These sHsps can bind to the unfolded
states of proteins inside aggregates and stabilize native-like states for the downstream
disaggregation and refolding of the ClpB-K/J/E system.?’ Proteins recovered from aggregates by
ClpB-K/J/E system are refolded and regained their biological functions in vitro.?® The system is
also capable of reverting protein aggregation on a proteome-level in E. coli cells after heat shock,
suggesting that most of protein aggregates in vivo are processed by the ClpB-K/J/E system in the

cytoplasm.?®
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Figure 1.2. E. coli employs a plethora of proteins for quality control and degradation
to maintain protein homeostasis. (A) Molecular chaperones, proteases, and
disaggegases can protect the cell by minimizing misfolding and aggregation. (B) The bi-
chaperone system ClpB-KJE works synergistically with small heat shock proteins (sHsps)
to rescue functional proteins from aggregates. Adapted from Schram et. al. (2019). PDB:
2KHO (DnaK), 6JZB (DnaJ), and 50G1(ClpB). Created with BioRender.com.



1.4. Stress-induced protein aggregation on a proteome-wide level.

In vitro studies show that the native states of proteins are sensitive to environmental changes,
including protein concentrations, temperature, pH, ionic strengths (i.e., salt concentrations),
cellular aging, molecular crowding, and heterologous overexpression.? Changes to these
conditions in the cytoplasm and periplasm of E. coli can impede protein folding and promote
proteins un/misfolding and aggregations. In cases where global misfolding and aggregation
persist and accumulate, the cellular quality control and degradation machineries can be
overwhelmed, leading to proteotoxicity and eventual cell death.

Environmental stresses, such as elevated temperatures or pH, can promote protein
un/misfolding and aggregation on a proteome-wide level. Elevated temperatures from the basal
growth temperature of an organism can induce the Gibbs free energy of the unfolded state to
become more stable than the folded states™ %, leading many proteins to unfold on a proteome-
scale. Under high temperature stress, the hydrophobic effect is stronger and drive unfolded
proteins to self-associate through non-native hydrophobic interactions to reduce hydrophobic
exposure, leading to formation amorphous or insoluble aggregates in E. coli under these
conditions.?® 3% Unlike the reversible nature of temperature-dependent un/misfolding and
aggregation, exposures to chemicals (e.g., hypochlorous acid) associated to oxidative stress can
lead to irreversible covalent modifications of protein sequences.®® These modifications on amino
acid side chains of a protein can disrupt native folding trajectories, increase un/misfolding,
promote aggregation, and lead to resistance to proteolytic degradation.3®

Besides environmental stresses that directly affect protein folding, impairment of ATP
dependent systems (i.e., molecular chaperones) may lead to proteome-wide misfolding and
aggregation.®? Cell growth at stationary phase is associated with a decrease in ATP levels.*? Many
important quality control and degradation systems discussed above are powered through ATP

hydrolysis to maintain folding and minimize aggregation in vivo. %2222 ATP depletion during the



transition into stationary phase can lead to functional impairment of these quality control and
degradation systems, causing proteome-wide aggregation in E. coli cytoplasm.*?

On the other side of the spectrum, cellular stress can also be associated with the
heterologous expression of recombinant proteins in E. coli. This induced overexpression of
exogenous proteins can promote aggregation due to (i) the tendency to self-aggregate, especially
at high concentration, and/or (ii) the burden imposed on the endogenous quality control and
degradation systems of bacteria by the demand of producing non-endogenous proteins.’
Moreover, the process of heterologous expression is often carried out till stationary phase which
contributes to additional environmental stress to the cells in the form of depletion of important
metabolic and energetic resources (e.g., ATP). Accumulation of exogenous protein aggregates
can lead to subsequent formation of large inclusion bodies, consisting of mainly the recombinant
protein of interest in amyloid-like or native-like conformations.® Interestingly, inclusion bodies
from heterologous overexpression can be benign and pose little toxicity to the host cell.3® These
cases are examples demonstrating that protein insolubility does not always associate with

proteotoxicity.

1.5. Aggregate localization and inheritance in E. coli.

The nucleoid, mainly made up of DNA, in an E. coli cell is an example of a large intracellular
structure that can impose spatial constraints on the aggregation of proteins. Studies that probe
the localization of proteome-level aggregation induced by environmental stresses demonstrate a
preferential organization of these aggregates at the poles in E. coli.***2 For example, in anucleoid
cell strains lacking the chromosome partitioning protein MukB, a single large aggregate is
observed at the middle of a cell in the absence of a centralized nucleoid.*® Changes to the
conformation and size of the nucleoid resulted in the redistribution of the pole-localized

aggregates to the spaces between the nucleoid.*? In addition, experimental increase in viscosity



10

of the crowded cytoplasm can promote aggregation within the nucleoid.** Overall, these studies
suggest that the existence of single aggregates localized at the poles are driven by the
aggregation size constraints from the nucleoid preventing formation of large aggregates in this
space and free diffusion of smaller aggregates, instead of the active localized formation of
aggregates at the pole. The persistence of localized aggregates in E. coli influences how it is
distributed to the next generations during cell growth.

When the aggregates persist on longer timescales than the cell cycle and division time,
they are distributed to the emerging daughter cells.® As previously discussed, aggregates are
preferentially localized at the poles of a progenitor cell. 3°#? Upon the first event of cell division,
each of the two daughter cells inherit one aggregate at the old pole originated from the progenitor
cell (See Figure 3).44% A second cell division event leads to four daughter cells, where two cells
are made up of new cell poles entirely and escaped inheritance of pole-localized aggregates. 4+
45 The other two daughter cells contain the original, oldest poles with the associated pole-localized
aggregates. “% This mode of aggregate distribution during cell division is called “asymmetric
inheritance” of protein aggregation.*® Since these long-lived aggregates rarely move away from
the cell poles, aggregates are retained within the newer generations as cells divide and inherit

the original old cell pole of the progenitors.3°-4°
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aggregation localized at 2
poles of the progenitor cell

first division
cycle

second division
cycle

old pole | | old pole
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daughter cell new pole daughter cells J

(no aggregate inheritance)
Figure 1.3. Asymmetric inheritance of pole-localized protein aggregates in E coli.
Asymmetric inheritance result in 2 daughter cells that inherited the original poles and their
associated pole-localized aggregates while 2 other daughter cells escaped aggregate

inheritance. Adapted from Schram et. al. (2019). Created with BioRender.com.
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1.6. Why should we study protein aggregation at a proteome level?

Despite intensive focus on protein folding and aggregation, the ability to accurately predict
protein solubility, aggregation propensity, and stability is still limited. In order to resolve potential
determinants for accurate predictive power, model proteins in research must represent the
diversity of proteins in the proteome.? Much of the current knowledge on these topics was derived
from the unfolding and refolding in vitro of simple “well-behaved” model proteins that only
represent a small subset (8.4%) of structural and functional diversity in the E. coli proteome.*
Little is known about the folding and aggregation of large and multimeric proteins. There is also
currently a lack of representation of proteins located in the periplasm or the membrane as much
emphasis was placed to probing those native to the aqueous cytoplasm.*’

In addition, many studies have implicated the potential global effects on protein folding,
misfolding, and aggregation imposed on the proteome in vivo under different growth conditions
and environmental stresses.?* * “ Much can still be learnt on how the cells maintain protein
homeostasis in response to these global events. Therefore, it is important to conduct studies on
a proteome-wide level, under normal conditions or environmental stresses, to fully understand the
fundamentals of protein folding and aggregation for all proteins in the cell. The following sections
will highlight important findings to folding and aggregation at different life stages from current

proteomics studies.

1.7. In vitro proteomics to study the early and late stages of protein’s

life.

Many current proteomic studies are done in vitro to study misfolding and aggregation
across protein’s life cycle, with focuses on environmental stress conditions (e.g., thermal
treatment, chemical denaturation, etc.). In 2009, Niwa et. al. probe the risk of aggregation on a

proteome-wide scale at the early stages.*® Over 800 out of 2100 E coli cytosolic proteins had low
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solubility (ca., <30%) and formed insoluble aggregates upon synthesis from the ribosome in vitro
with the PURE cell-free expression system lacking endogenous chaperones.*® A follow-up study
from the same group revealed that the synthesis of a subset of highly insoluble proteins in the
previous study in the presence of major cytoplasmic molecular chaperone systems (i.e., GroEL/S,
K/J/E, and TF) significantly decreased aggregation.®® Though no solubility determinant was
identified, these series of studies highlight how the proteome of E. coli is at risk of aggregation at
the early stages and how molecular chaperones play a key role during this period by rescuing
newly synthesized proteins from aggregation.

Many other in vitro proteomic studies focus on monitoring misfolding and aggregation at
the late stages of protein’s life. In To et. al. (2019), E coli proteome samples were subjected to
unfolding-refolding in chemical denaturants with dilution under conditions optimized for minimal
formation of insoluble aggregates (i.e., refolding at low total protein concentrations and higher pH
of 8.2, and depletion of ribosomal proteins).?® Upon refolding with dilution, over 33% of the
proteome cannot refold to the native state as monitored with limited proteolysis LC-MS/MS
approach. These soluble non-native states may be unfolded, misfolded, or soluble aggregated
states. A follow up study was done to show that refolding in the presence of GroEL/S or K/J/E
chaperone systems rescues 50% of the non-refoldable proteins previously observed.?'

Moreover, the E. coli proteome was also shown to be at risk of forming aggregation under
heat-stress conditions. Leuenberger et. al. (2017) subjected the E. coli lysates to increasing
temperature and proteome-wide denaturation curves (i.e., the change in solubility of soluble
proteins to insoluble aggregates as a function of temperature) were constructed with limited
proteolysis LC-MS.5" Most E. coli proteins formed heat-induced insoluble aggregates upon
heating at 70 °C. Thermostable proteins (i.e., proteins with melting temperature >60 °C) are
correlated to having higher abundances and faster protein synthesis rate. On the other hand,

thermostability is found to be inversely correlated to increasing protein length and heat-induced
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aggregation propensity. Similarly, Varela et. al. (2018), 85% of the total proteins in the E. coli
proteome sample also form heat-induced insoluble aggregates upon heating at 70 °C.34

Overall, these in vitro studies reveal how fallible the E. coli proteome can be in response
to environmental stresses at different life stages and highlight the potential roles of molecular
chaperones in alleviating protein misfolding and aggregation. However, even with extensive
efforts to mimic the cellular environment in the test tube, in vitro experiments cannot fully
recapitulate the complex native cellular conditions in the cells. Specifically, many proteins fold
efficiently in vivo cannot refold in vitro, highlighting the different fundamentals of protein folding
and aggregation in the cells. Therefore, it is crucial for proteomic works to characterize misfolding

and aggregation in the cellular context.

1.8. First steps to revealing folding and aggregation with in vivo

proteomics.

Despite the on-going progress of developing more advanced technologies to monitor
biological processes in the cells, the efforts to elucidate protein aggregation on a proteome-wide
scale in vivo has begun to gain traction for E coli cells.

Mateus et. al. (2018) evaluated the melting profiles of the E. coli proteome in vivo at
different growth phases.®® Intact E. coli cells were subjected to heat treatment at increasing
temperatures and the solubility as a function of temperature (i.e., to construct melting curve) for
each protein in the proteome was monitored with quantitative tandem-mass tagging LC-MS
approach. Under cellular conditions, E. coli proteins has high solubility or do not form insoluble
aggregates even upon heating at 50 °C. Overall, the E. coli proteome is demonstrated to be
thermostable and non-aggregation prone under thermal stress at 15 °C higher than the optimal

growth temperature, consistent with the bacterial ability to proliferate at a wide range of
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temperatures. However, it is difficult to characterize how the observed thermal stability influences
protein aggregation under environmental stress at different stages of protein’s life.

One such work to probe protein aggregation at either the early stages or late stages of
protein’s life is Gyorkei et. al. (2022). In this work, GFP-fusion of cytosolic E. coli proteins were
individually overexpressed, and the subsequent pole-localized aggregates in the cells were
visualized with fluorescent microscopy.®? The group revealed that 18.6% and 43.6% of cytosolic
proteins formed aggregates (i) co-translationally or immediately upon release from the ribosome
(i.e., early stages), or (ii) after translation (i.e., late stages) when expressed above native
concentrations under physiologically relevant conditions. Interestingly, proteins that aggregated
slowly after translation are correlated to having faster folding rates compared to proteins that
aggregated in the early stages. This is consistent with previous studies demonstrating that slow
aggregation rates and rapid folding may contribute to efficient protein folding.%® Overall, Gyorkei
et. al. is one of the first to demonstrate that E coli proteome is at risk of aggregation throughout
the protein’s life cycle in vivo. One caveat to this work is that the observed aggregation profiles
for some proteins may be caused or influenced by the expression of endogenous proteins as a
fusion with GFP. However, with the advancing technologies to monitor biological processes in the
cells, future in vivo proteomics may be close to observing protein folding and aggregation of

unmodified native proteins.

1.9. The unexplored biological role of proteome kinetic stability.

If aggregation was a thermodynamically favorable process, a global aggregating event,
potentially triggered by environmental stress (e.g., temperature, ionic strength pH, etc.), can
overwhelm the quality control and degradation systems capacities to maintain protein
homeostasis.>* Therefore, many studies allude to a quality control phenomenon, driven by
kinetics, to minimize the flux towards misfolded and aggregated states under physiologically

relevant conditions.?%-21 34.55-58 However, no study has been conducted to directly probe this idea
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of proteome-wide kinetic protection as native states during the late stages of proteins life.
Moreover, it has also been suggested that these protein aggregates may start as soluble
aggregates before forming insoluble aggregates.’®%° Recent works suggest that soluble
aggregates may exert cytotoxic effects, impairing the biological functions and folding of proteins
in many protein-related diseases.”"> 6! Yet, there is also a lack of knowledge on how soluble

aggregates fit on the free-energy conformational landscape on a proteome-wide scale.

1.10. This thesis work.

The main focus is to further the understanding of protein solubility and aggregation in the
cells by probing the kinetic stability of E. coli proteins across the proteome during the late stages.

Chapter 2 explores the proteome-wide kinetic stability of proteins in E. coli under
physiologically relevant conditions. Here, we demonstrate that over 80% of the proteome is
kinetically protected from forming soluble and insoluble aggregates on timescales longer than the
organism’s division time. Furthermore, the soluble and insoluble aggregates in our experiments
can exchange reversibly under thermodynamic equilibrium. Finally, we show how kinetic stability
is pervasive in the E. coli proteome, across a protein collection diverse in structures, functions,
and cellular locations.

Chapter 3 focuses on the development of a novel isotopolog of tryptophan to enhance the
sensitivity of NMR spectroscopy to monitor protein behaviors in complex environments. Here, we
synthesized a novel selective isotopic labeling approach of tryptophan by modifying the previously
developed enzymatic synthesis. We then successfully detected this isotopolog of Trp at very low
concentrations in buffer and in a complex S30 cell extract (c.a., 20 nm and 1 yM respectively)

using photo-chemically induced dynamic nuclear polarization (photo-CIDNP) NMR.
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1.11. Innovations.

The following thesis is characterized by several innovative aspects, as summarized below.

a. Little is known about the biological importance of kinetic stability for an organism’s
proteome relative to protein folding and aggregation. The findings in Chapter 2 will be the first to
report on kinetic stability across the E. coli proteome and its biological relevant to preventing
protein aggregation under physiological conditions.

b. This is also the first to demonstrate that heat-induced insoluble aggregates of over 1,700
E. coli proteins can reversibly exchange with soluble aggregates. This phenomenon, which is
widely characterized in amyloid-like proteins, is general for proteins across an bacterial proteome
and may hold important biological implications.

c. Finally, this work will also be the first to measure the apparent free-energy changes
associated with the unfolding of soluble states and insoluble aggregates of a complex proteomic
sample. These denaturant unfolding experiments will provide context on the thermodynamics of

aggregation to further enhance the importance of kinetic stability.
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Chapter 2

Exploring kinetically controlled protein solubility on a
proteome-wide scale in E. coli under physiologically relevant

conditions

This Chapter reproduces a manuscript in prepartions by Hung H. Dang, Lucas E. Bartel, Grzegorz
Sabat, Yuzhu Liu, Mridula Srivathsan, Kevin A. England, and Silvia Cavagnero. H.D. designed
and performed all experiments, analyzed the data, including bioinformatics and statistical
analysis, and wrote the manuscript. L.B. designed models for aggregation, fitted solubility data to
said models, produced solubility correlation raw data, and contributed 8 bioinformatic analyses in
the supporting information. G.S. prepared all samples for LC-MS, carried out experiments on the
LC-MS instrument, and analyzed the raw peptide data. Y.L. contributed to supporting unfolding in
chemical denaturant experiments, performing bioinformatic analyses, and participated in
constructing figures and tables in the supporting information. M.S. provided the identifications and
descriptions to the raw solubility data for downstream bioinformatic analysis. K.E. contributed to
the method and experimental designs in the early stages of the project. S.C. participated in data

analysis, supported the writing and contributed edits of the manuscript.
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2.1. Abstract

The interplay between protein folding and aggregation is still poorly understood, despite
its importance in basic science, disease, as well as the efficient production and shelf-life of
pharmaceuticals. Here, we show that most of the E. coli proteome is kinetically protected from
forming thermodynamically stable aggregates under physiologically relevant conditions, over
timescales longer than the bacterial doubling time. Kinetic trapping from aggregation applies
across diverse biophysical properties, functions, and cellular locations. However, proteins with the
highest thermodynamic tendency to aggregate are most strongly trapped. Cytoplasmic and
periplasmic chaperones are particularly soluble at high temperature and optimally kinetically
trapped from aggregation under physiological conditions, proving to be extremely robust members
of the proteome. Insoluble aggregates serve as dangerous reservoirs, as they are in
thermodynamic equilibrium with small concentrations of soluble aggregates, but not with native
states. Overall, this study highlights the coexistence of kinetic trapping and reversible equilibria

across protein free-energy landscapes of proteins on a proteomic scale.



24

2.2. Introduction

The early stages of protein life in living cells involve conformational sampling and
interactions with a variety of cellular components including molecular chaperones, the ribosome
and crowding agents®2%, Transcription and translation modulate protein abundance and
conformational quality®>®’. In addition, co- and post-translational interactions with molecular
chaperones® 178870 fyrther promote the adjustment of structural characteristics and regulate the
extent of co- and post-translational aggregation. Shortly after completion of protein biosynthesis
and after having attained the correct folded state, proteins spend the remainder of their life
exploiting their biological activity. The overall duration of this stage typically dominates protein life.
Interestingly, the effective in vivo lifetime of proteins varies widely, ranging from a few minutes to
multiple days and years, depending on protein type and parent organism.® 73 In healthy cells,
proteins keep reversibly folding and unfolding? " during their life span, and populate aggregation-
free, covalently intact biologically relevant states.

While undesirable insoluble aggregates are known to exist in most bacterial proteins
across their complex free-energy landscapes,®33* 48-4° these aggregates are hardly ever
populated, under physiologically relevant conditions. This phenomenon is due in part to low extent
of insoluble-aggregate formation in healthy cells, and in part to the presence of protein
machineries devoted to protein degradation'® and disaggregation.'* ™ These molecular
machines, including the degradation-devoted ClpXP*® and the Lon protease, and the ClpB, ClpG
and Hspl04 disaggregases!*  in E. coli, often work in concert with chaperones and are
extremely free-energy expensive. However, proteases and disaggregases are often unable to
adequately cope with environmental stress (e.g., anomalous temperature, ionic strength pH, etc.)
and aging.>* Fortunately, under non-stress conditions, the flux towards stable aggregated states,
which could thermodynamically become highly populated, is limited by Kkinetic factors.

Consequently, aggregation is often extremely slow relative to protein lifetime,20-21 34 5558 |t |
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important to note at this juncture that aggregates are usually more thermodynamically stable than
the respective native states.®®

However, no study has been conducted to directly probe the idea of proteome-wide kinetic
protection as native states during the late stages of proteins life. Moreover, it has also been
suggested that protein aggregates may start as soluble aggregates before forming insoluble
aggregates.®®® Recent works suggest that soluble aggregates may exert cytotoxic effects,
impairing the biological functions and folding of proteins in many protein-related diseases.'* 61
Yet, there is a lack of knowledge on how soluble aggregates fit on the free-energy conformational
landscape on a proteome-wide scale.

In this work, we employ a combination of solubility assays, dynamic light scattering and
mass spectrometry to identify the specific extent of kinetic trapping (relative to soluble and
insoluble aggregates) experienced by different members of the E. coli proteome. Our three-
pronged approach enables understanding how Nature employs kinetic characteristics of the
proteome to maintain cell viability. First, we identify soluble and insoluble aggregates populated
under physiologically relevant conditions via a novel anaerobic heating and cooling procedure.
Second, we perform progressive dilution experiments to test whether soluble and insoluble
aggregates are in equilibrium relative to each other. Third, we perform incubation experiments at
ideal physiological growth temperature for E. coli (i.e., 37 °C) to show that only part of the
proteome is kinetically trapped in its native state, relative to aggregates. Tandem mass-tagging
liquid-chromatography mass spectrometry (LC-MS) was carried out upon heating-and-cooling
and incubation to identify proteins falling into individual categories.

We find that most E. coli proteins are kinetically protected from aggregation and that ATP-
driven processes do not contribute to the existence of this trapping. Kinetic protection from
aggregation applies to proteins across diverse biophysical characteristics, functions, and
subcellular location. In addition, surprisingly, we also find that soluble and insoluble aggregates

are in equilibrium relative to each other. Remarkably, we want to highlight that cytoplasmic and
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periplasmic molecular chaperones are among the most intrinsically soluble and best kinetically
trapped (relative to aggregates) members of the proteome. This result is consistent with
chaperone’s important cellular functions. Overall, this study highlights the essential role played by
protein kinetic trapping from formation of soluble and insoluble aggregates under physiologically
relevant conditions. Our results apply over timescales longer than E. coli doubling time and longer
than typical bacterial-protein lifetimes. Kinetic trapping relative to aggregates maintains most of
the proteome in a biologically competent state, thus minimizing the need for energetically

expensive disaggregation.

2.3. RESULTS AND DISCUSSION

2.3.1 Development of an anaerobic heating and cooling procedure for conformational
landscape exploration. We first aim to develop a thermal unfolding-refolding treatment to probe
the extent of aggregation on a proteomewide scale without introducing heat-related modifications
to protein sequence. An aliquot of S100 protein sample at 3 mg/mL was heated at 70°C for 1 hour
and subsequently cooled to 22°C for 15 minutes for detection (Figure 2.1, panel A). At 70°C, most
proteins in the E. coli proteome sample have reached their melting temperatures and unfolded.*®
5! The procedure was carried out in a glove bag under anaerobic conditions, ca. ~300 ppm of O2
(See Methods section). The before and after anaerobic heating-cooling samples were then
analyzed with label-free LC-MS/MS for the presence of methionine oxidation and
glutamine/asparagine deamination (See Methods section). We expected that the depletion of O,
will minimize potential oxidative modifications at high temperatures. Three biological repeats were
carried out for this experiment.

We were able to detect about 1,000 proteins in both the before and after heating-cooling
samples. For each protein in a sample, we measured the count of intact and modified peptides

(via oxidation and/or deamination) to calculate a percent modified peptide value (See Methods).
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(C) Computational model fitting of densitometry analysis shows aggregation upon
heating-cooling treatment is driven by quasi-thermodynamic. (D) DLS analysis reveals
the soluble fraction after heating-cooling consists of small non-aggregated species (n =
3, total protein concentration before heating-cooling: 5 mg/mL; estimated soluble fraction

concentration: 0.5 mg/mL). Panel (A) is created with BioRender.com.
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2.3.2 .Most members of the E. coli proteome have free-energy landscapes bearing
insoluble aggregates. The extent of aggregation from the S100 protein samples using the
previously described anaerobic heating-cooling treatment were assessed at increasing total
protein concentrations. Aliquots of S100 protein samples at different total concentrations (i.e., 0.1
to 25 mg/mL) were prepared and measured by BCA assay before anaerobic heating-cooling
treatment. We performed this experiment on 5 biological repeats and characterized the samples
with a combination of SDS-PAGE solubility assay and Dynamic Light Scattering (DLS)

The solubility, in terms of soluble proteins to insoluble aggregates, was estimated via SDS-
PAGE analysis. The results shown in Figure 1 (panel B and C) indicate that increasing total protein
concentrations led to an increase in insoluble aggregates after heating-cooling. The percent of
insoluble aggregate plateaus at 95% at total protein concentration larger than 5 mg/mL. This result
is consistent with the low proteome solubility of E. coli lysates observed in proteome-wide thermal
profiling studies.33 48 51

To probe the apparent particle size in the soluble samples before and after heating-cooling
treatment, DLS analysis was carried out and the resulting intensity decay data was analyzed with
regularization method. We detected the presence of small (R, <5 nm) and larger particles (Rn =
8.4 £ 1.5 nm and 47 + 2 nm) in the soluble S100 sample before treatment. By assuming uniform
spherical shapes of all particles in solution, we roughly estimated the mass contributions of
smaller particles to be 61 £ 1% across 5 biological repeats (Figure 1, panel A and Supplementary
Table S1, Peak 1). We interpreted that the small particles of Rn < 5 nm are small soluble non-
aggregated states, consistent with previous experimentally-measured hydrodynamic radii of
many folded proteins.®* 7" The hydrodynamic radius of one of the largest complexes in E. coli, the
70S ribosome (2.5 MDa), has been estimated to be 17 nm.”””® Upon preparation of the S100, it
is possible that the large particles with R, = 47 £ 4 nm are residual polysomes (i.e., complex of

multiple ribosomes along a single RNA molecules, see Sl Figure S2)% not removed from or
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soluble aggregates induced by our S100 preparation procedures. Detailed discussion on DLS
usage for complex samples can be found in SI Methods, Section 1.9.

Upon analysis of the remaining proteins in the soluble fraction (5-10% of the total protein
concentration) after heating-cooling treatment, the sample shows smaller particles contributing
majority of mass%, ca., 79 =+ 3% (Figure 1, panel D and Supplementary Table S1, Peak 1), with
negligible mass contributions from larger particles (ca., 2.6 £ 0.6%, Peak 3). Additional cumulant
analysis of the DLS profile also suggested that the average Rn is also small (Supplementary Table
S5). We propose that these large particles of R, > 40 nm are due to large soluble aggregates, not
from any native conformations due to the extensive thermal treatment. Overall, the DLS analysis
of the post-thermal treatment shows that the proteins in this soluble fraction are in soluble non-
aggregated states. This suggests that this small subset of proteins may be resistant to thermally
induced aggregation (i.e., thermal-stable).

We further incubated the S100 samples after anaerobic heating-cooling for 20 hrs at 37°C
(See SI Figure S6). No detectable change in solubility or conformation was observed via SDS-
PAGE and DLS analysis. The results showed that there is no conformational change after
additional incubation following anaerobic heating-cooling treatment under physiological
conditions.

Overall, the results suggest that the conformational landscapes of the E. coli proteome
contain many insoluble aggregates. These aggregates are extensively populated under
conditions under thermodynamics at concentrations 10-20 times lower than that in vivo (ca. 200-
300 mg/mL).%" We hypothesized that these proteins may be more aggregation-prone when
observed at in vivo concentrations. However, in reality, it is unlikely that these aggregates are
observed in healthy cells. Previous works suggest that this lack of aggregation in the cells may
be due to kinetic trapping on a proteome-wide scale.?* Yet, no direct experiment was conducted
to test this hypothesis. Another possible hypothesis is that systems involved in maintaining protein

homeostasis (i.e., chaperones, disaggregases, and proteases) rescues proteins as these
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aggregates are formed in vivo. This proposed scenario would rely significantly on these ATP-
expensive systems. We will directly explore the nature of aggregation under our thermal treatment
and how proteins in the E. coli proteome may avoid aggregation under physiologically relevant

conditions in the following sections of this work.

2.3.3 .Concentration-dependent formation of insoluble aggregates is revealed upon
equilibrium sampling of free-energy landscapes at high temperature. To further understand
the mode of aggregation due to our anerobic heating-cooling treatment, we developed a
computational model to fit the experimental solubility data (Figure 1, panel C). First, we made a
first assumption that any deviation from the constant temperature stated above will lead to the
immediate reintroduction of kinetic barriers and prevent any flux between different proteins
concentration. During the heating process at 70°C, thermodynamic equilibrium is reached for
each protein where most E. coli proteins are unfolded.?' During the cooling process from 70°C to
22°C, there are kinetic deviations due to the presence of kinetic flux between soluble states and
aggregates. Detailed derivations of this model are provided in the SI Methods, Sections 1.8.

This model, named the Quasi-Equilibrium Thermodynamics (Quasi-ET) model, where
thermodynamics dominates, fits our experimental data well with 95% confidence. From the
computational modeling results, we proposed that upon heating, proteins can sample
conformational landscapes freely under thermodynamics equilibrium at high temperatures
followed by a small amount of flux back to soluble states during cooling for downstream analysis.
Therefore, insoluble aggregates must be more thermodynamically stable than soluble states.

To validate this hypothesis, we directly measured the thermodynamic stabilities of the
insoluble aggregates relative to soluble states further support that the aggregation upon anaerobic
heating-cooling was thermodynamically favored. Soluble proteins from the S100 sample before
heating-cooling and insoluble aggregates generated after heating-cooling were unfolded in

guanidine hydrochloride (GdnHCI) and the fraction of unfolding was monitored with either
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tryptophan fluorescent emission or SDS-PAGE analysis (See Sl Figure S7 and S8). The unfolding
curves (Figure 2, panel A) were fitted with either the two-state model for soluble states®?® (i.e.,
native, unfolded, misfolded, or soluble aggregated states) or the linear polymerization model®: 7.
84 for insoluble aggregates.

The fitting results show that the apparent unfolding Gibbs free energy of the insoluble
aggregates from our proteomic sample after thermal treatment (app. AG°unfolding = 54.4 + 2.6
kd/mol, Figure 2, panel B) is statistically higher (p = 0.012) than that of the soluble states in the
S100 before thermal treatment (app. AG° unfoiding = 26.6 £ 4.4 kd/mol). This result demonstrated
that insoluble aggregates are more thermodynamically stable than the soluble states upon global
unfolding of the E. coli proteome. Similarly, the unfolding m-value of the insoluble aggregates is
also statistically higher (p = 0.079) than that of the soluble S100. We interpret that the insoluble
aggregates display a higher change in solvent-accessible area compared to that of the soluble
states.®2 8 The measured app. AG°uiding and m-values for our complex protein samples (c.a.,
>2,000 proteins) as soluble states and insoluble aggregates are on the same order of magnitude
with the previously reported thermodynamic values from one-protein denaturation experiments
on native proteins and their associated aggregates.® 7 We also show that the unfolded states at
6 M GdnHCI of the soluble states and insoluble aggregates are nearly identical in behaviors by
tryptophan fluorescent emission and thioflavin T assay (see S| Figure S9).

Overall, we propose that proteins in the E. coli proteome are thermodynamically driven to
form insoluble aggregates upon heat-induced unfolding (i.e., from anaerobic heating-cooling). In
addition, our observations also align with current views that protein aggregates are generally more
thermodynamically stable comparing to the non-aggregated states.®® Overall, these results
directly support the extensive aggregation upon unfolding during anaerobic heating-cooling
treatment and our predicted thermodynamic-driven model of aggregation (i.e., quasi-ET model,

Figure 1, panel B and C). Furthermore, we believe that future interrogations are needed to
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elucidate the individual contribution of each protein to the apparent thermodynamic values

associated with the global unfolding of a complex proteome sample.

2.3.4 . Soluble and insoluble aggregates are in thermodynamic equilibrium relative to
each other. We were interested in probing the relationships between soluble and insoluble
aggregates from our previous experiments using a progressive dilution approach. These diluting
experiments have been routinely used previously to study the equilibria between native states
and fibrils of amyloidal proteins.8° Similarly, we theorized that the soluble and insoluble
aggregated states sampled for many E. coli proteins can exchange under thermodynamic
equilibrium. To probe this hypothesis, we modified the derivations of the ET-model (See Sl
Methods, Section 1.15), originally to describe behaviors of soluble monomers and insoluble
aggregated states under thermodynamic equilibrium, to provide theoretical basis to develop our
subsequent experiments. Theoretically, if there is equilibrium thermodynamics between the
soluble aggregates and insoluble aggregates, thermodynamics predicts that the chemical
potentials of the two types of aggregates should be equal.

MA-soluble = MA—insoluble x)
where Jasoule iS the per mole chemical potential of the soluble aggregated state and pa-insolubie iS
the per mole chemical potential of the insoluble aggregated state. The activity of the aggregated
phase is constant, while the activity of the soluble phase can be expressed in terms of the
concentration of soluble proteins.

CA—soluble

P-I(\)/I + RTIn (YA—soluble ) = p—?& +RTIn(aa) , )

tot

where y4_somnie IS the activity coefficient of the soluble aggregated proteins, ci_soiupie is the
concentration of soluble aggregated proteins, c¢;,; is the total concentration of the soluble solution
which is approximately equal to the concentration of water, and aa-insousie is the activity value of

insoluble aggregated states. At constant temperature and pressure, the concentration of soluble
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aggregated proteins will be constant. We denoted this concentration as the critical concentration

of soluble aggregates, [Ca-soluble]crit-

. _ Gt (Hat+RTInGa) —uy
A—soluble M p RT

> = constant = [ca—soluble]crit - (4)

Additional formation of soluble aggregates will precipitate into insoluble aggregates to
keep the concentration of soluble aggregates constant, according to equilibrium thermodynamics.
From this theoretical background, we reason that dilution of the protein concentration in the
soluble phase below this [Ca-solubie]crit Will shift the system away from equilibrium, where p,_soiubie <
Ua—insotubte- 1N Case | (Figure 3, panel A), if the system is in rapid thermodynamic equilibrium
under a relevant timescale for equilibration, the insoluble aggregates will re-solubilize to maintain
the constant [Ca-soubie]cit- IN Case Il (Figure 3, panel B), if the system is under pre-equilibrium
conditions, there will be no observable change in the protein concentrations in the soluble and
insoluble fractions.

We carried out diluting experiments on insoluble aggregates formed under physiologically
relevant conditions. Specifically, aliquots of S100 protein samples at 5 mg/mL were subjected to
anaerobic incubation procedure, combined, re-aliquoted in new Eppendorf tubes, and centrifuged
to isolate insoluble aggregates. Each sample was diluted with PBS buffer. Increasing diluting
volumes (ca, 1:1 to 1:100), relative to the initial soluble phase volume were applied. The changes
in insoluble aggregates relative to a non-diluted control and structural characteristics of the
soluble phase upon dilution were monitored with SDS-PAGE and DLS analyses respectively.

The level of insoluble aggregates upon each diluting condition was compared to an
undiluted insoluble aggregate control from the SDS-PAGE analysis (See Sl Figure S11). The
assay showed that the insoluble aggregates decreased as a higher dilution factor was applied
(Figure 3, panel B and C). Upon reaching over 1:20 dilution factor, the percent of insoluble
aggregate decreased significantly. In the regularization analysis of the DLS profiles from soluble

fractions upon dilution, only one species with a large Ry value of 79 £ 5 nm was observed,



35

suggesting that insoluble proteins were re-solubilized as large soluble aggregates (See Figure 3,
panel D and Supplementary Table S1, Peak 3). Additional cumulant analysis of the DLS profile
also supports this observation (Rh = 68 + 1 nm, see Supplementary Table S5).

The results align with the proposed Case | in Figure 3, panel A. where there exists a
thermodynamic equilibrium between soluble and insoluble aggregates under physiologically
relevant conditions. Furthermore, close inspection of the SDS-PAGE analysis (Figure 3, panel B)
shows that all proteins in the insoluble aggregates resolubilized. We interpreted this to be that
observed exchange under thermodynamic equilibriums happens to most proteins in our S100
protein collection. Previous work demonstrated that insoluble aggregates formed from thermal
treatment of E. coli S100 samples were not amyloidal in structure using Transmission Electron
Microscopy.3* Here, we showed that most of our E. coli proteins in the non-amyloidal insoluble
aggregates can exchange to large soluble aggregates under thermodynamics equilibrium at

physiologically relevant conditions.
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(C) Densitometry analysis confirms that most insoluble aggregates were resolubilized
after 1:60 or more dilution. (D) DLS analysis shows that resolubilized insoluble aggregates
exchanged to large soluble aggregated in solution (n = 3, total protein concentration upon

heating-cooling at 37°C: 5 mg/mL). Panel (A) is Created with BioRender.com.
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2.3.5 . The E. coli proteome is kinetically protected from aggregate formation under
physiologically relevant conditions. We assessed the extent of the proposed kinetic control
on a proteome-wide scale by carrying out incubation experiments with our S100 samples at
increasing total protein concentrations. Aliquots of S100 samples ranging from 0.1-25 mg/mL
were analyzed with BCA assay for concentration. All samples were then incubated for 20 hours
at 37°C (i.e., physiologically relevant conditions) in the same set up developed for the anaerobic
heating-cooling treatment (Figure 4, panel A). We performed the incubation experiment on 5
biological repeats and characterized the samples with a combination of SDS-PAGE solubility
assay and DLS.

Solubility assays with SDS-PAGE revealed that over 90% of the total proteins were soluble
upon incubation across different total protein concentrations (Figure 4, panel B) while less than
10% of the remaining total proteins formed insoluble aggregates. Regularization analysis of the
DLS profile in the soluble fraction after incubation showed that over 85 + 3% of the mass
contribution comes from small particles of R, = 4 £ 0.3 nm (Figure 4, panel C and Supplementary
Table S2, Peak 1) with negligible amounts of soluble aggregates. Additional cumulant analysis of
the DLS profile also supports these observations (Supplementary Table S6).

We also carried out these experiments in the presence of cellular concentrations of ATP
to test whether the observed high solubility as non-aggregated states from the anaerobic
incubation treatment may be due to active endogenous de-aggregation and chaperone systems
in our S100 protein collection. Detailed discussion regarding these control experiments is in Si
Discussion, Section 2.4. In short, the results from these experiments suggest that ATP-dependent
systems, including the Hsp70 chaperone system, do not contribute to the observed kinetic
protection of E. coli proteome as soluble non-aggregated states relative to aggregation at
physiologically relevant conditions (See Sl Figure S__ ).

Finally, we carried out the same diluting experiment on anaerobically heated-cooled

insoluble aggregates from Figure 3 on those formed from anaerobic incubation from Figure 5.
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Similarly, upon increasing dilution, more insoluble aggregates resuspended into large soluble
aggregates as shown in SDS-PAGE solubility assay and DLS analysis (Figure 5, panel A and B
and Supplementary Table S6). Therefore, we extend our kinetic protection of the E. coli proteome
as non-aggregated states relative to soluble aggregates as well. Furthermore, the lack of soluble
aggregates detected in our previous incubation experiments also suggests that these soluble
aggregates are less populated compared to insoluble aggregates at physiologically relevant
conditions.

In summary, upon anaerobic incubation at 37° C, we observed minimal flux from small
non-aggregated states to both soluble and insoluble aggregates. We concluded that most of the
total proteins in our proteome sample are kinetically protected as small soluble non-aggregated
states under physiologically relevant conditions relative to soluble and insoluble aggregates
previously observed in Figure 1. This kinetic protection is on a timescale much longer than that of
E. coli doubling time ®* and is not due to any active endogenous ATP-dependent folding and
degradation systems. Since our results in previous experiments suggest that aggregates are more
thermodynamically stable, this novel demonstration of kinetic stability on a proteomewide scale

may hold significant biological implications for E. coli.
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2.3.6 . Kinetic protection from aggregation is pervasive across the E. coli proteome. To
probe the extent of this proposed kinetic protection as non-aggregated states in the E. coli
proteome, we correlated the solubilities of all proteins between quasi-ET control from anaerobic
heating-cooling treatment and kinetic control from anaerobic incubating treatment. We chose a
bottom-up proteomic approach to identify proteins and their abundances in a sample before and
after treatment. 5 biological repeats were generated for each treatment and samples were
analyzed with LC-MS/MS experiments with tandem-mass tagging approach (See S| Method,
Sections 19-21 and Sl Figure S17). The LC-MS/MS analysis was able to identify 1,700 E. coli
proteins from each treatment data set for downstream analysis. We calculated a percent solubility
value for each protein from the presence of peptides in the soluble and insoluble fractions from
each experiment and an average of solubility values from 5 biological repeats.

Here, we chose to focus on a cohort of 1197 proteins, under standards reported in Sl
Methods, Section 1.21, that were present in both data sets generated from different treatments.
We plotted the values for percent solubility of each protein to correlate and assess the differences
in solubility and aggregation under different controls (Figure 6). Total average percent solubilities
were calculated as 17% and 70% for proteins under quasi-ET and kinetic control respectively to
serve as limits to describe four quadrants on our scatter plot. Overall, 562 out of 832 proteins
have low solubility of <17% (i.e., high propensity to form insoluble aggregates; Figure 6, panel A)
under quasi-ET control. This result aligns with our previous results in Figure 1, that a majority of
proteins formed insoluble aggregates after anaerobic thermal treatment. Similarly, 602 out of 832
proteins have high solubility of <70% after anaerobic incubation under physiologically relevant
conditions, (i.e., high kinetic protection as non-aggregated soluble states; Figure 6, panel A),
consistent with the results in Figure 5. Detailed discussion on the structural and functional
composition of our subset of the E. coli proteome is in Sl Discussion, Section 2.6. For each protein

in a quadrant, we evaluate the observed solubilities relative to subcellular location.
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562 out of 1,197 proteins (ca., 47%), are in quadrant |. This quadrant consists of mainly
cytoplasmic proteins and displays an important inverse solubility relationship. Specifically, these
proteins have low solubility under quasi-ET control, but high solubility under kinetic control. This
result directly aligns with our hypothesis that many E. coli proteins at risk of aggregation under
thermodynamics, in turn, are kinetically protected as soluble non-aggregated states under
physiologically relevant conditions (Figure 6, panel C).

264 proteins (ca., 22%) in quadrant Il have high solubility under both quasi-ET and kinetic
controls. These proteins are resistant to thermodynamically driven aggregation, so they may not
require kinetic protection for solubility. Interestingly, we found that most periplasmic proteins are
found in this quadrant besides cytoplasmic proteins (see Sl Figure S19, Panel B). We propose
that proteins within this quadrant have intrinsic resistance to aggregation, lessening the reliance
on kinetic protection to remain soluble.

318 proteins (ca., 27%) in quadrant Il have low solubility under both solubility controls,
suggesting that proteins in this subgroup are not kinetically protected under physiologically
relevant conditions from aggregation (Figure 6, panel C). These insoluble proteins in this subset
consist of membrane, ribosomal, and cytoplasmic proteins (see S| Figure S19). However, it is
important to note that the observed aggregation is under 10% of the total protein concentration
after incubation (Figure 3, panel B). Specifically, amongst the small number of membrane proteins
detected in our sample (ca., 81, see Sl Figure S19, panel C), over 60% fall were detected in
Quadrant Ill. We also identified 51 ribosomal proteins within this low solubility quadrant (see Sl
Figure S19, panel D). The low quasi-ET solubility is consistent with current findings that ribosomal
proteins tend to form insoluble aggregates upon thermal denaturation.?% 8 Potentially, due to the
low concentrations divalent magnesium ion concentration (ca., 0.8 mM), it is unlikely that
ribosomal proteins exist as stable S70 complex under our conditions.®** As a result, due to the

lack of native conditions provided within ribosome structures or cell membranes, these membrane
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and ribosomal proteins may be more prone to aggregation under our conditions compared to
cytoplasmic or periplasmic proteins (Figure 6, panel A and Sl figure xx).

52 proteins (ca., 4%) 264 in quadrant IV have higher quasi-ET solubility value than the
associated kinetic solubility. The lack of protein representation in this quadrant suggests that it is
unlikely to observe both high solubility at non-physiological conditions and low solubility at
physiological conditions. Therefore, no conclusion was made for proteins in this quadrant.

Overall, we found that our proposed kinetic protection as soluble non-aggregated states

apply to over 50% of the 1,197 identified proteins in our E. coli proteome sample.
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Figure 4. Thermodynamic equilibrium exists between insoluble and soluble
aggregates from anaerobic incubation experiments. (A) SDS-PAGE analysis of
insoluble aggregates shows a decrease in insoluble aggregates upon progressive
dilution. (B) DLS analysis shows that the insoluble aggregates exchanged to large soluble
aggregates in solution (total protein concentration for incubation at 37°C: 5 mg/mL;
estimated soluble fraction volume removed from incubation at 37°C: 180 pL). Panel A is

created with BioRender.com.
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2.3.7 .The generality of kinetic protection from aggregation relative to protein properties.
We probe the relationship between protein solubilities and biophysical properties or cellular
functions. In general, we found that proteins have the inverse relationship between Quasi-ET and
kinetic solubilities as seen in Quadrant | (Figure 6, panel A) with no observable correlation to
primary structures (i.e., molecular weights, amino acid contents, copy numbers, isoelectric points
and cofactors; see Sl Figure S20 - S23 and S27), tertiary structures (i.e., number of domains, see
S| Figure S24), quaternary structures (i.e., subunits, see Sl Figure S28 and S29). Overall, we
conclude that the proteome-wide scale kinetic protection from aggregation applies to many

proteins in E. coli, across diverse structural properties.
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illustrating the % solubility of E. coli proteins involved in quality control and degradation.
(C) Qualitative representation of free-energy landscape of proteins (on a per-monomer
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protection from aggregation, for proteins belonging to the different quadrants.
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2.3.8 . Protein solubility and kinetic stability correlates with cellular functions. Next, we
assigned proteins to specific cellular functions according to the Gene Ontology database (see Sl
Figure 32).9% We also assign essentiality to our protein dataset based on previous
characterizations from the KEIO collection. Satisfyingly, on a global scale, many essential proteins
populate Quadrant | across different cellular function groups, suggesting a potential link between
kinetic protection and protein essentiality. Our results show that most proteins (c.a., 54 proteins)
involved in central carbohydrate metabolic pathways, such as glycolysis, tricarboxylic acid cycle,
and oxidative pentose phosphate pathway, are kinetically protected from aggregation (see Sl
Figure S32, part 1, panel A, B and E).*”*8 In addition, we also identified 21 out of 23 essential
tRNA synthetases and many proteins involved in DNA transcription, important in protein
biosynthesis alongside with molecular chaperones, to be kinetically stable (see Sl Figure 32, part
2, panel 1-K).%%1%° We would also like to note that these proteins are enriched in the previously
determined high solubility domain fold-types, such as class Il aaRS and biotin synthetase, and
adenine dinucleotide a-hydrolase-like (see Sl Figure 27, panel C and D). On the other hand,
proteins associated with cellular anaerobic and aerobic responses, all assigned as non-essential,
are aggregation-prone under our conditions (see Sl Figure 32, part 2, panel N). Overall, we
conclude that kinetic stability may be an important mechanism to protect proteins involved in
important cellular functions, such as metabolism/catabolism and protein translation and

transcription, from aggregation throughout the late stages of protein’s

2.3.9 . Molecular chaperone is amongst the most soluble protein groups across
the E. coli proteome. Next, we reported the associated solubilities and the extent of kinetic

protection for proteins important to the maintenance of protein homeostasis in E. coli. In response

to proteotoxic stress, upregulation of molecular chaperones and proteases as part of the heat
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shock response promotes protein folding and minimizes aggregation.® We hypothesized that they
must be highly soluble and kinetically protected to perform their important biological functions.

Major housekeeping chaperone systems responsible for assisting de novo folding of a
majority of proteins in the cytoplasm for E. coli include two groups: 1) the ATP-dependent
chaperone systems of this group include GroEL/S (Hsp60/10),' DnaK / Dnad / GrpE,"” and HptG
(Hsp90).%8 101: 2) the ATP-independent co-translational chaperone Trigger Factor (TF). We found
all these chaperones, except for DnaJ, to be either intrinsically soluble (i.e., not aggregation-prone
under physiologically relevant conditions in Quadrant Il) or kinetically protected (Quadrant |) as
non-aggregated states (Figure 6, panel B). In the case of DnaJ, we hypothesize that the depletion
of available zinc ions, which has been suggested to have destabilizing effects to the protein’s
structure’?>1%3 may contribute to its low solubility even under physiologically relevant conditions.

Similarly, we identified in Quadrant Il all major ATP-independent periplasmic chaperones
(HdeA, HdeB, FkpA, DsbA, DsbC, and Skp)'®, previously found to have high thermostabilities 3*
48 to have high intrinsic resistant to aggregation. Finally, SurA, known for assisting the folding of
outer-membrane porins'®, is kinetically protected (Quadrant I).

Amongst the major cytoplasmic ATP-dependent proteases, ClpB, known to be the primary
machinery responsible for the rescue of functional proteins form aggregation in E. coli cytoplasm
when acting cooperatively with Hsp70", relies on kinetic protection for solubility (Quadrant 1)
under physiologically relevant conditions (Figure 6, panel B). However, other major E. coli
proteases such as Lon and ClpX are found in Quadrant Ill with lower solubility under kinetic
protection.®

Overall, consistent with our hypothesis, we found that many proteins essential for stress-
response rely on kinetic protection to remain soluble and non-aggregated under physiologically
relevant conditions. This result implies that these “helper” proteins must be non-aggregation prone

under physiological conditions to carry out their important biological functions.
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aggregates with n-th monomers.
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2.4. Experimental approach

For our proteome-wide experiments, E. coli cells (A19, strain K-12) are grown in Luria
Broth to the start of growth phase (ODeoo 0.8). Cells are then lysed with high pressure and the
clarified cell lysate is subjected to high-speed centrifugation (100,000 g) to deplete intact 70S
ribosomes.?% 196197 The ribosomal-depleted sample is referred to as an S100 protein collection for
downstream experiments. Similar to previous reports, we estimated 25-30% of were removed via
this ultracentrifugation step with BCA assay.?° Our S100 protein collection is predicted to contain
mainly cytoplasmic proteins (ca., 995) and has low representation of membrane proteins (see Si
Discussion, Section 2.6).

With this representative E. coli proteome sample, we first aim to explore the free-energy
conformational landscape for the extent of aggregation on a proteome-wide scale. We chose a
thermal unfolding-refolding approach to provide thermal energy for proteins to overcome energy
barriers and unfold while keeping the total protein concentration constant throughout our
experiments. We theorized that during this procedure, proteins can explore conformational
landscapes freely, which was limited by kinetic barriers under physiologically relevant conditions.
We developed an anaerobic heating-cooling treatment to prevent introducing heat-related
modifications to the protein samples. Following the developed thermal treatment, each sample is
characterized for solubility and aggregation with SDS-PAGE assay and Dynamic Light Scattering
(DLS). With computational modeling, we aim to see whether the aggregation process in this
experiment can be described with thermodynamics.

Then, we proceed to verify the concept of kinetic protection on a proteome-wide scale as
non-aggregated states relative to the aggregation. Here, the representative proteome sample was
incubated at physiologically relevant conditions on timescales longer than the organism’s doubling

time. The sample was characterized with the same methods for solubility and aggregation.
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Finally, we explore how pervasive the proposed kinetic protection is across the E. coli
proteome. We also we aim to see the extent in which proteins and their associated characteristics
are 1) kinetically protected under physiologically relevant conditions on a proteome-wide scale,
and 2) at risk of thermodynamic-driven aggregation under thermal treatment. Protein identities
from either anaerobic thermal treatment or incubation treatment were obtained through analyses
with liquid chromatography / tandem mass spectrometry (LC/MS-MS) with a 16-plex tandem-
mass tagging (TMT) approach.'® Then, we use bioinformatics to probe the relationships between
different types of protein solubility (i.e., under quasi-ET or kinetic control) and their associated
characteristics (i.e., biophysical, co-factors, chaperone dependence, subcellular locations, and

cellular processes, etc.).

2.5. Conclusions and Outlook

There are two caveats to the current experimental data and interpretations of this study.
First, it is important to acknowledge that the biophysical techniques used in this work cannot
provide resolutions to the structural characteristics of soluble non-aggregated states after
incubation experiments. These soluble states may include native, unfolded, misfolded, or small
oligomeric states that are not resolvable via DLS characterizations. As shown in many proteome-
wide scale works, proteins may misfold under physiological conditions.?’° Though we proposed a
kinetic protection from aggregated states, our data does not identify where this kinetic trapping is
amongst the possible soluble states. Recent coarse-grain computational studies of previously
published experimental data suggest that some proteins may form long-lived soluble misfolded
states, kinetically trapped from both the native states and aggregation.>® 1% These misfolded
states are also suggested to possess high structural similarity to that of the native states, resulting

in their escape from chaperone systems. This is a possible scenario where soluble proteins in our
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work are kinetically trapped as these described misfolded states from aggregated landscapes
(Figure 7). Further structural studies are needed to resolve the conformations of soluble proteins
that are kinetically protected from aggregation in our experiments.

In conclusion, we report a proteome-wide kinetic protection that significantly increases the
solubility as small states for many E. coli proteins, especially for complex “non-model” proteins,
protecting them from thermodynamically stable aggregation, as illustrated in the proposed
chemical-potential conformational landscape of Figure 7. This proteome-wide phenomenon may
be a strategy employed by the cells to ensure protein homeostasis after synthesis and folding,
avoiding reliance on ATP-expensive refolding, disaggregation, and degradation pathways.
However, this does not guarantee an aggregation-free environment as a small percent of
insoluble aggregates were observed in our experiments despite this proposed kinetic protection.
Instead of viewing this result as a pathological aspect, this result highlights that it requires the
synergistic actions of cellular features, such as transcription/translation on the ribosome,
molecular chaperones, protein degradation, and the native crowded environment in different cell
compartments, to ensure an aggregation-free proteome in vivo.% 110

We also report that insoluble aggregates across the proteome can exchange with soluble
aggregates under physiologically relevant conditions under thermodynamics equilibrium. This
result supports the notion that insoluble aggregates may be a source of soluble aggregates in
vivo. Though further investigation is needed to explore this phenomenon, We suggest that the
observed phenomenon may have important implications in the studies of the possible interplay

and toxicity of soluble and insoluble aggregates in many proteinopathies.*!
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Chapter 2

Appendix: Supplementary Information

Exploring kinetically controlled protein solubility on a proteome-

wide scale in E. coli under physiologically relevant conditions
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2.10. Materials and Methods

2.10.1 Preparation of E. coli cytoplasmic S100 protein collection Preparation of E. coli
S100 protein collection. E. coli cells (A19 strain''?) were inoculated in a 5 mL culture of Luria
Broth (LB) medium and grown overnight to saturation at 37 °C, under shaking at 250 rotations
per min (rpm). The culture was then centrifuged at 4,000 g for 10 min, resuspended in fresh LB
medium, and added to a 1 L flask containing LB medium. Cells were then grown at 37 °C until the
start of growth phase of this cell strain at ODggo = 0.8 (with 250 rpm shaking), and harvested by
centrifugation at 6,690 g for 10 min. The supernatant was discarded, and the combined cell pellet
resulting from multiple growths following the above procedure was stored at — 20 °C until further
use. Cell lysis was carried out after homogenizing the pellet in lysis buffer (50 mM Tris Base, 2
mM EDTA, 5 mM benzamidine HCI, 10 mM MgCl,, 7 mM B-mercaptoethanol, pH 8.3), employing
1.5 mL of lysis buffer per gram of cells. The homogenized sample was lysed with a French-press
cell disrupter (Thermo Scientific, Rockford, IL) at 800 psi. This cell-lysis procedure is essentially
equivalent to the one employed to prepare S30 extracts for transcription-translation cell-free
protein expression in E. coli.}'? The resulting lysate was subject to two consecutive rounds of
centrifugation at 30,000 g for 25 min at 4 °C, with transfer to a new 50 mL centrifuge tube after
each centrifugation, to remove insoluble materials. In order to deplete ribosomal proteins as intact
70S ribosomes, the clarified lysate was transferred to a fresh 50 mL ultracentrifuge tube and spun
at 100,000 g for 2 hrs at 4 °C (Ti-70 rotor, Beckman Ultra floor centrifuge).?0-21- 107. 113 The
supernatant was then dialyzed twice in phosphate saline buffer (PBS, 66.8 mM K;HPO4, 10 mM
NaCl, 0.8 mM MgCl,, 100 nM CacCl,, pH 7.3), each time for 2 hrs at 4 °C (2,000 MWCO 3-12 mL
Slide-A-Lyzer Dialysis Cassette, Thermo Scientific, Rockford, IL). A final buffer exchange dialysis
step was carried out for an additional 15 hrs at 4 °C. The expected dilution factor was 5 x 108
times relative to the initial buffer concentrations. The resulting S100 protein sample was aliquoted,

flash frozen, and stored at — 80 °C. All buffers were filtered through a 0.22 uM filter (Milipore-
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Sigma), prior to use. The concentration of the S100 protein sample was determined via the
bicinchoninic acid assay (BCA assay, See details in next section, n=3).

Overall, 4 L of A19 cell cultures harvested at ODgoo Of 0.8 typically yields 6 mL of soluble
S100 sample with of 25 mg/mL total protein concentration. Ten independent preparations of S100

protein samples were carried out, to serve as biological repeats.

2.10.2 BCA assays. The total protein concentration of S100 protein collections was measured
with the BCA assay (Abcam, BCA protein assay kit reducing agent compatible - Microplate format,
ab207003) according to manufacturer protocols.!'* Absorbance was measured at 562 nm on a
microplate reader (Multimode Plate Reader EnVision 2105, Perkin Elmer). A standard curve was
constructed from a 2 mg/mL stock Bovine Serum Albumin (BSA, Sigma Aldrich) stock dissolved
in the solutions listed below. BSA stock concentration was determined by electronic absorption at
280 nm (8452A Diode Array Spectrophotometer, Hewlett Packard). Triplicate measurements
were carried out for each standard curve (standard errors were + 1%). Three independent BSA
standard curves were generated in a) PBS buffer, b) PBS buffer containing 1 mM DTT, and c¢) 1%

(v/v) sodium dodecyl sulfate (SDS) in water.

2.10.3 Anaerobic heating-cooling. The S100 protein-collection stock solutions were thawed,
centrifuged at 15,490 g for 5 min, and transferred to fresh 1.5 mL Eppendorf tubes. Samples were
diluted with PBS in 1 mM dithiothreitol (DTT) to a final total-protein concentration of 20 mg/mL,
measured via the BCA assay. This was the starting concentration for each experiment. Solutions
were transferred to the experimental set-up for anaerobic experiments, encompassing a
thermocycler housed in an Aldrich-Atmos bag (ThermoFisher) equipped with an oxygen-probe
(FireSting) to monitor oxygen levels. N> gas was flushed into the Atmos bag until oxygen level

dropped from 20 to 0.02%, expressed as percent by volume of dry air.
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Under the above anaerobic conditions, 7 additional samples at lower total protein
concentration (see Fig. 1) were prepared via dilution of the 20 mg/mL S100 stock solution and
distributed with 200 pL per PCR tube. Samples were subjected to heating at 70 °C for 1 hr followed
by slow cooling to 22 °C for 15 min, using a TL00™ Thermocyler (BioRad). The resulting 2-phase
(insoluble and soluble) samples were resuspended and combined into fresh 1.5 mL Eppendorf
tubes, for each total-protein concentration in Figure 1. Insoluble protein was separated from the
soluble fraction by centrifugation at 15,490 g for 20 min at 4 °C.

The supernatant was carefully removed. For lower initial total protein concentrations of 0.1
to 1 mg/mL, the soluble fractions were concentrated to 100-200 pL with 3,500 MWCO Amicon
centrifugation units (Milipore Sigma), according to manufacturer’s protocols, to reach detectable
concentrations for downstream analysis. The volume of each soluble fraction was estimated and
recorded. Insoluble fractions were washed by pipetting 80 pL of fresh PBS buffer on top without
resuspension followed by brief centrifugation at 15,490 g for 5 min at 4°C, to remove any residual
soluble fraction. The above procedure was carried out for data in Figure 1, Table 1 and 4, and

Supplementary Figures S4-S5 (n=5 independent biological repeats).

2.10.4 Anaerobic incubation. Similarly to the procedures followed for anaerobic heating-
cooling, stock S100 protein samples were diluted to a unified concentration of 20 mg/mL,
measured with BCA assay. Samples were further diluted in the anaerobic set up to generate 7
additional samples at lower total protein concentrations as shown in Figure 4. and distributed with
200 uL per PCR tube. The samples were subjected to heating at 37 °C (incubation) for 20 hrs
followed by slow cooling to 22 °C for 15 min using the Thermocycler. The resulting 2-phase
samples were prepared for subsequent analysis with identical procedures as in the anaerobic
heating-cooling experiments. These soluble and insoluble fractions, at different total protein

concentrations for this section, were denoted as the anaerobic incubated sample under
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physiologically relevant conditions for downstream analysis (See Figure 4, Table 2 and 5 and Sl
Figures 12). 5 independent biological repeats were done.

2.10.5 Solubility assays and densitometry. Soluble and insoluble fractions from either
anaerobic heating-cooling or anaerobic incubation experiments were prepared for SDS-PAGE
analysis using the following procedures. Each insoluble fraction was resuspended in a gel loading
buffer (0.14 M SDS, 2.7 M glycerol, 0.72 M BME, and 0.1 M Tris base at pH 6.8) and diluted with
a factor 2 to 6 of the original volume of the supernatant. Higher dilution with gel loading buffer was
needed to fully dissolve the insoluble aggregates at higher initial total protein concentrations and
to minimize insoluble fraction volume contribution. The volume of the soluble fraction was diluted
appropriately to match the dilution of the insoluble fraction gel sample for each protein
concentration. In other words, the soluble and insoluble fraction gel samples were tailored to
match their relative concentrations before phase separation.

The samples were heated at 90-95 °C for 2 min to fully unfold proteins and centrifuged at
15,490 g for 2 min to pellet any insoluble materials. The heated samples were then analyzed with
4-20 % Mini-PROTEAN® TGX™ Precast Protein SDS-PAGE gradient gels (10 or 15 wells, 30 uL
format, Bio-Rad, California) using Tris/Glycine electrophoresis buffer (25 mM Tris, and 192 mM
glycine at pH 8.3). The molecular weight ladder used in all gel analysis was Precision Plus Protein
All Blue Standards (Bio-Rad, California).

SDS-PAGE gels were analyzed with densitometry analysis using the ImageJ Software
version 1.53k (NIH, USA). For a given concentration, we reported a fraction of insoluble or soluble

proteins, Fi,somupie OF Fsotunie, from intensity measurements with densitometry analysis via relation

_ Iinsotuble _ Isotuble 1
Finsoluble - I I or Fsoluble - i i ( )
soluble + insoluble soluble + insoluble

where I;,s0mpie iS the total lane intensity from the soluble fraction subjected to a 1:x soluble phase
dilution, and I, the total lane intensity of the insoluble fraction. Figure 1 and 2 showed the

change in Fiompie OF Fsorupie Proteins upon anaerobic heating-cooling and incubation
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respectively at increasing total protein concentrations. Standard errors and student-t test were

determined across 5 independent biological repeats.

2.10.6 Data fitting according to equilibrium thermodynamics (ET) model. To assess the
mode of aggregation during the heating-cooling experiments, we fit the solubility data at different
protein concentrations to multiple models of aggregation (See Figure 1, panel C). The simplest
model, adopted from previous works,"® would be that at high temperature (70 °C) there is an
equilibrium reached between soluble and aggregated states. Then, during cooling to ambient
temperature (22 °C, there is a sudden reintroduction of kinetic barriers, stopping any flux between
the two states. Under this model the measured solubilities are representative of the equilibrium
values reached at high temperature for subsequent model derivations. Thermodynamics predicts
that at equilibrium the chemical potential of the soluble state and the aggregated state will be
equal'.

Hm = Ha (2)
where uwmis the per mole chemical potential of the soluble state and pa is the per mole chemical
potential of the aggregated state. The chemical potentials can be rewritten in terms of activities 6.

1Y + RTIn(ay) = pS + RTIn(ay) , (3)
where u$, and u§ are the reference chemical potentials under standard state conditions, T is the
temperature of the solution, R is the gas constant, and a,, and a, are the activities of proteins in
the soluble and aggregated phases respectively. The activity of the aggregated phase is constant,
while the activity of the soluble phase can be expressed in terms of the concentration of soluble

proteins.

Cm

Uy + RTIn (yM ) = ul + RTIn(ay) , (4)

Ctot

where y,, is the activity coefficient of the soluble proteins, ¢, is the concentration of soluble

proteins, and c;,. is the total concentration of the soluble solution which is approximately equal to
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the concentration of water. At constant temperature and pressure, the concentration of soluble

proteins, referred to as the critical concentration ([M]erit), will be constant.

C _CtoteX 1y + RTIn(a,) — pupy
My P RT

) = const. = [M]cpit - (5)
Any soluble proteins in excess of this critical concentration will precipitate into the
aggregate state.'® This same theory can be represented via reaction equilibrium. The overall

conversion from the soluble phase to the aggregate phase can be modeled as a reaction of n

soluble species to form an aggregate,

nM =4, , (6)
or identically:
1
M=-4,. 7
- An )

The concentration of these two species can be related to an equilibrium constant,

[4,]""
K= 8
] (8)
When the aggregate state is large n — oo and the numerator approaches 1,
K=o ©)
[M]

From this it is again clear that the concentration of the soluble state is constant (see Sl Figure 3,
panel A),

M] = % = const.= [M] it . (10)

Using this the percent of insoluble proteins can be expressed as (see Sl Figure 3, panel B),

[P]tot - [M]crit
[Pltor '

Finsor = 100 * (11)

where Finsol is the percent of proteins in the aggregate state, [Pl is the total amount of protein
per volume of solution (including any in the aggregate state), and [M]«i is the critical

concentration. Equation (10) was fitted to experimental measurements of percent insoluble as a



66

function of total protein concentration, where [M]cit is varied as a parameter. The fit was done
using the fitnim function in MATLAB R2022a. The initial guess was 0.1 mg/mL, and standard
optimization parameters were used. The fit value of [M]citis 0.0332 mg/mL.

The equilibrium model does a poor job of describing the observed solubility behavior (See
Figure 1, panel C). While this ET model predicts that the fraction of insoluble proteins will quickly
approach 100%, the experimental solubility data plateaus at 95%.
2.10.7 Pre-equilibrium thermodynamics (Pre-ET) model. The second simplest model is one
in which we do not assume equilibrium is reached at high temperatures. Instead, there is flux
between the soluble and aggregate states, but not enough to reach equilibrium within the 1 hr.
This can be described using a pre-ET model of aggregation. It is assumed that the rate-

determining step for aggregation would be the nucleation of two monomers,

1
M—>§M2 , (12)

where M is the soluble state and M is a dimer that will lead to the aggregate state. Assuming all
subsequent steps are fast enough to be ignored, the rate of the forward reaction can be defined
as that of the elementary step,

r = ky * [M]?, (13)
where r; is the rate of the forward reaction, k; is the corresponding rate constant, and [M] is the
moles of soluble protein per volume of solution. We can assume disaggregation will occur on the
surface of protein aggregates. Thus, this rate can be represented in terms of the surface area of
aggregated pelletst!’,

r_y=k_;*N=xSA, (14)
where r_ is the rate of disaggregation, k. is the corresponding rate constant, N is the number of
aggregate particles, and SA is the surface area of each aggregate particle. If we model the

particles as spherical then their surface area is,
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SA = 4mR? , (15)
where R is the particle radius. Likewise, we can relate the volume of a spherical particle to the
total number of proteins in the aggregate state using,

vV [A] 4
—*u=—nR3 , (16)
pa N 3

where V is the volume of the solution, pa is the molar density of the aggregate, and [A] is the
moles protein in the aggregate state per volume of solution. Combining this with equation (14) we
get,

3V x[A].2

1 2
SA = (4m)3( o i N )3 . a7

This gives us the equation for the rate of disaggregation,
1 1372 2
r_g = N3xk_y * (4m)3(—)3 * [A]3 . (18)
Pa
Most of these constants can be combined into an apparent rate constant,
13V.2
kP = k_y + (4m)3(=)3 (19)
Pa
This gives a simplified form of the disaggregation reaction,
1, 2
r_1 = N3 kP« [A]3 . (20)
Here we must decide how the number of aggregate particles varies with the total
aggregate concentration. There are two limiting cases of this. First, the number of particles does

not change with total aggregate concentration. The N3 would then be constant and could be

absorbed into the k?P, yielding at % order reaction,

2
r_, =k®P < [A]3 . (21)
Second, we could have the opposite limiting case; the number of particles could be a linear

function of the total aggregate concentration,

wIN

ry = (c * [A])S « KPP« (4], 22)
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where c is a constant of proportionality that relates the total aggregate concentration to the
number of aggregate particles. In this limiting case the linear constant can be absorbed into the
apparent rate constant and the [A]s can be combined giving a 1st order reaction,
g = kP < [A] . (23)
The real-world behavior of the system will lie somewhere between these two extreme
cases. However, we are trying to model a phenomenon where there is more flux to the soluble
state than we would expect if the system were at equilibrium. With this goal in mind, the first
limiting case is the more restrictive of the two. In other words, if a %5 order model can describe our
observations, then a 1st order model will also be able to. Thus, the more limiting % order model

was used to describe the rate of disaggregation, giving the overall reaction rate law,

2
r=ky* [M]* = k2P« [A]3 249

where r is the overall rate of reaction in terms of moles protein per time. This derivation was done
for spherical aggregate particles, but the same exponents come about for particles of arbitrary

shape. The total reaction law can be converted to the differential equations,

dl4] = ky * [M]2 — kPP « [A]% ) (25)
dt
% = kP « [A]§ — ky % [M]? . (26)

The kinetic model was composed of these two differential equations. At each protein
concentration the differential equations were numerically solved using the initial condition that all
proteins start in the soluble state,

[M]i = [P]tot ’ (27)
where [M]i is the initial concentration in the soluble state. This model was fitted to our
measurements of fraction of soluble proteins at multiple starting concentrations. The differential
equations were solved using a numerical ODE solver with k; and k. as fitting parameters. The

fitting was done using the fitnlm function in MATLAB R2022a, using 1 or 0.3 for all initial guesses
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and standard optimization parameters. This fitting assumes that ki and k.; are constant with time.
In reality these will vary with temperature, however the sample spends the vast majority of its time
as 70° C, so the assumption of constant temperature and rate constants is likely valid. This model
yielded two possible results (as shown in Figure 1) When starting guesses for k1 and k-1 are
below 0.322 the solver converges on the first kinetic model. This first model describes a system
that does not reach equilibrium within 1 hr. The rate constants associated with it are 0.608

and 0.00103 (m for k1 and k-1 respectively. When the starting guesses for k1 and k-1

mg
are above 0.322 the model converges on an equilibrium model, in which the rate constants are
large enough to reach equilibrium within the 1 hr. This fits the data as poorly as the previous

equilibrium model (See Figure 1, panel C). The rate constants associated with this are 17945

(mg)1/3

—and 117.89 mL for k1 and k-1 respectively.

mg

2.10.8 Quasi-equilibrium thermodynamics (Quasi-ET) model. Previous models describing
the behavior of the sample at only one temperature fail to fit the observed data and a more
nuanced model was derived. For this Quasi-ET model, it is reasonable to assume that the sample
reaches equilibrium at high temperatures, as above 60°C virtually all globular proteins are
unfolded'®. However, during the cooling process there may not be immediate kinetic trapping.
Instead, there will be a range of temperatures in which the flux between the soluble state and
aggregates is present, yet there is not enough to reach equilibrium.

According to this model, proteins reach equilibrium at high temperatures (70 °C), but
kinetic deviations that occur during cooling to 22 °C make the measured solubilities different from
their high temperature equilibrium values. The equilibrium at high temperature was modeled with
equation (10), and the kinetic deviations were modeled with equations (23) and (24). We can

assume that the region where kinetic deviations occur has a small temperature range, allowing
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the use of unvarying rate constants. The result is a model that works similarly to the kinetic model,
but uses the initial condition,

[M]; = [M]cric - (28)

This model was fit by varying ki, k.1, and [M]eic as parameters. The fitting was done using

the fitnlm function in MATLAB R2022a, using 1 for all initial guesses and standard optimization

parameters. This model does a good job of describing the data across all measured protein

CH1/3

L 013794 ml
me time

mgxt

m

concentrations (See Figure 1, panel C). The fit parameters are 0.1932

and 0.0003 % for ki, ka and [M]eri respectively.

2.10.9 Dynamic light scattering (DLS). We will use to estimate the general particle size
distributions within different soluble proteomic samples, containing >2,000 proteins. Though DLS
has traditionally been used to analyze simpler protein or other macromolecule samples, at least
one study has reported its analysis to complex lysates for E. coli cell-free systems. ° In general,
protein translational diffusion gives rise to fluctuations in scattered-light intensity. The fluctuation
frequency is a function of molecular size. Scattered light was collected as an autocorrelation
function (ACF), which is a measurement of the fluctuating intensity of the scattered light due to
the continuously changing distance between patrticles in a solution. ACFs were then analyzed
according to the cumulant and regularization method. Specifically, the regularization method fits
the experimental autocorrelation function to a sum of exponentials according to the DYNALS
algorithm and resolves the potential presence of multiple species of different hydrodynamic radii
in the solution, assuming all particle motions are exclusively due to translational diffusion.?°

Translational diffusion coefficient D; for the different exponentially decaying components of the
ACF were obtained from the DYNALS algorithm and converted to apparent hydrodynamic radii

(Rn) via the Stokes-Einstein equation:
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kT
"~ 6mnR;,

(29)

t

where kg is the Boltzmann constant (in kg m? s2 K1), T is the temperature (in K), n is the measured
viscosity of the solution in the absence of protein (in kg s* m), and Ry is the hydrodynamic radius
(inm). Rn represents the average radius of a hypothetical hard sphere with a translational diffusion
coefficient identical to the measured value of a protein. Approximate estimates of the percent
mass corresponding to each peak were generated assuming spherical shape for each of the
detected particles.

Data were collected at 163.5° (angle between incident light and QELS detector) at an inner
cell temperature of 25 °C on a Mobius instrument (Wyatt Technology — Waters Inc.) equipped
with an avalanche photodiode detector and a GaAs laser operating at 532 nm. Data for each
sample were signal averaged (20 acquisitions, 5 s each) and analyzed with the DYNAMICS 7.4
software (Wyatt Technology). Prior to the measurements, samples were centrifuged at 15,490 g
for 10 min at 4 °C to remove dust or other large particles. 20 yL of the top portion of the
supernatant was used to wash a quartz 45 pL microcuvette (HE0171, Wyatt Technology, 1 mm,
size range resolution of 0.2-200 nm). Then, 20 uL of the sample was used for the measurements.
For each sample, we allowed for 10 min before any data collection to allow for both the sample
and cuvette cell to reach a stable 25 °C. Three consecutive measurements were done 3 min apart
for each sample to ensure no laser power or temperature fluctuation has altered across DLS
measurements. Each sample was also diluted and re-measured to prevent multiple scattering
from skewing the Ry analysis without compromising the quality and sensitivity of the ACFs.
Refractive index and viscosity values of all solutions without proteins were measured with an
Abbe refractometer (Thermo Spectronic, Fisher Scientific) and microviscometer (RheoSense,
Inc.) respectively for subsequent calculations of hydrodynamic radii. Both cumulant (SI Tables 5-

6) and regularization (Sl Tables 1-4) analyses were reported for each sample.
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2.10.10 Steady-state fluorescence emission measurements. All steady-state
fluorescent emission measurements in this study, including tryptophan fluorescent emission and
thioflavin T assay (see Sl Figure S9, panel B) were done on a PC1 photo-counting steady-state
fluorimeter (ISS Inc.). Excitation and emission monochromators had slit widths of 4 nm. No filters
were used. 15 pL of each sample was used to wash an ultra-micro-Quartz cuvette with pathlength
of 10 mm (105.210-QS, Hellma Analytics) and discarded. Then, 15 pL of the same sample was
used to perform steady-state fluorescent emission measurements at 22.5 °C. To eliminate
contributions of background fluorescent emission and Rayleigh/Raman scatterings from
buffers/solutions, the emission spectrum of each buffer/solution were independently collected and

subtracted from the associated sample emission spectrum.

2.10.11 Thermodynamic stability of soluble proteins before anaerobic heating-
cooling. To measure the apparent thermodynamic stability of the soluble protein (relative to
unfolded states), we unfolded the soluble S100 samples in guanidine hydrochloride (GdnHCI).
We chose GdnHCI because a 9.5 M urea solution was unable to completely unfold our proteomic
samples. Soluble S100 samples were thawed and prepared as 5 mg/mL aliquots, determined by
BCA assay for subsequent denaturation experiments. A stock of GdnHCI was prepared by
dissolving solid GdnHCI (Sigma-Aldrich) in the previously described PBS buffer (S| Methods 1.1.)
and the concentration assessed by refractometry as previously described.?? The stock GdnHCI
was subsequently passed through a sterile syringe 0.22 micron filter. Then, 45 pL aliquots of S100
samples were incubated in LoBind® Eppendorf tubes in the presence of 0-6 M GdnHCI for 24 hrs
at 22.5 °C with a constant solution volume of 200 uL. The tryptophan fluorescence emission of
each denatured sample (from 295 to 500 nm, see Sl Figure S9, panel B) was monitored at 22.5
°C with steady-state fluorescent emission with excitation at 285 nm. Excitation and emission
monochromators had slit widths of 4 nm. No filters were used. The emission spectrum at each

denaturant concentration was blanked with an independently collected spectrum of the associated
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denaturant-PBS solution. After baseline correction, a spectral center of mass, Agcom, Of €each

emission spectrum was assessed via the relation®” 121

Z}li X I;
Xl

Spectral center of mass (nm) = Agcoy =

(30)

where I; stands for the fluorescence intensity emitted at wavelength A; and the summation is
performed across the wavelength range of 300-400 nm of each emission spectrum, excluding
lower wavelengths due to Rayleigh scattering at the 285 nm excitation. The apparent fraction of
unfolded proteins at each GdnHCI concentration (Fy,f04) Was determined according to the

following relation®”: 121;

-1

Ascom — ASM)] 31)

Funfom B [1 +ex (AOM — Ascom
where Q denotes the ratio between the average quantum yields of the unfolded and native states
(i.e., average highest intensities at 0-1 M and 4-6 M respectively), Ascoum IS the spectral center of
mass calculated from Equation 28 at a given GdnHCI concentration, and Ay, and A, denotes
the spectral centers of mass of the native and unfolded states respectively. The resulting unfolding
curve was fitted with a two-state model, using 6 variables fitting to account for non-flat baselines

of folding and unfolding, according to Santoro and Bolen,® 22 with Kaleidagraph (version 4.5.2,

Synergy Software):

_(AG"Hzo,unfold—munfozd)
F B {yf + mf[GdnHCl]} + {y, + my[GdnHCI]} X {e RT } 3
unfold = _(AGOHZO,unfold_munfold) ( )
1+e RT

where y; and ms, and y,, and m,, are intercept and slope of the pre- and post- transition baselines
respectively, AG°y20unfoia IN J-mol™ is the apparent standard state Gibbs free energy change of

unfolding, munoiain J-mol*-M* is the cooperativity constant in respect to denaturant concentration,
R is the Boltzmann constant in J-mol*-K, and T is temperature in K. Unfolding experiments were

performed on 3 biological repeats of the S100 soluble samples to account for potential variations
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in protein compositions (see S| Figure S6). Apparent AGy20,unfota aNd Myyfo1q Were deduced

from the fits and reported as an average + SE for npioiogica = 3 (See Figure 2, panel B and Sl Figure
S9, panel A). It is important to note that the deduced apparent thermodynamic stability values are
represented of a complex proteome sample, containing over 2,000 E. coli proteins. Further
investigation is needed to probe the individual contribution of the unfolding of each individual
protein. However, it has been demonstrated that a protein’s thermodynamic stability does not
increase significantly when the denaturing experiments were done in the presence of

concentrated complex lysate (c.a., < 100 mg/mL).23124

2.10.12 Thermodynamic stability assessment of insoluble aggregates after
anaerobic heating-cooling. Insoluble aggregates were generated from S100 aliquots (5 mg/mL,
determined by BCA assay) upon anaerobic heating-cooling treatment. The resulting 2-phase
aliquots were first combined to normalize out potential variations in aggregation from different
aliquots and redistributed as 45 pL aliquots to new LoBind® Eppendorf tubes. Samples are then
centrifuged at 15,490 g for 10 min and the soluble phase removed. The insoluble aggregates are
incubated in the presence of 0-6 M GdnHCI, as previously prepared in SI Methods S1.11, for 24
hrs at 22 °C with a constant solution volume of 200 uL (i.e., total protein concentration upon
unfolding: 1.1 mg/mL). Post-incubation samples were centrifuged at 15,490 g for 20 min and the
soluble GdnHCI phase removed. The insoluble aggregate sample for each concentration of
GdnHCI was washed with 90 pL of PBS buffer to remove residual soluble proteins and GdnHCI,
centrifuged at 15,490 g for 5 min, and the wash buffer removed. The washed aggregates were
analyzed with SDS-PAGE solubility assay as described in SI Method 1.5 (see Sl Figure S6). For

a given unfolding condition, we calculated a fraction of unfolded protein, Fy,,f,4, from intensity

measurement with densitometry analysis via the relation:
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Lm
Funfold =1- (Ix ) (33)
oM

where I, is the total lane intensity from insoluble aggregates incubated in a specific
concentration of GdnHCI, and I,,, the total lane intensity of the insoluble aggregates incubated at
0 M GdnHCI (i.e., no unfolding of aggregates). The resulting curve was fitted with the isodesmic
form of the linear polymerization model.*® 7687 |n this model, the overall aggregation is described
by a series of reversible addition of a monomer, M, to an aggregate, 4;, of size i, under a single
association equilibrium constant Ka:

[A;]

[Ai—l] + [M] = [Al] with K, = m

(34)

This isodesmic model assumes a single association equilibrium constant for all addition of a
monomer to an existing aggregate, or to another monomer. Then, the total concentration of

monomer, /M},, is defined as:

[oe] [oe]

. . M
Ml = Y 1] = Y KM = s (35)

i=1 i=1
In the presence of chemical denaturants, such as GdnHCI, the aggregates are destabilized and
unfold, like the state transition in the two-state model previously described in SI Methods 1.10.

Therefore, by solving Equation 30. with the quadratic formula, the concentration of monomers in

solution, [M], is:

1+ 2[M]oK, — /(=1 = 2[M]oK,)? + 4[M]3K2 ~4Gwater.unfola~MIGARHC

M ith K, = RT 36

Therefore, the fraction of unfolding under this linear polymerization model can be defined as the
following relation and used to fit the unfolding profile of aggregates, with Kaleidagraph (Figure 2,

panel A):
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1 + M) e—(AGa,atenunf;?+m[6dnHCl]) ~ \/[M] e—(Avaater,unf;?+m[0dnHCl]) | 1
Funfold = M) = ’ : : 2 - (37)
[M], (—(AG“},ater+m[denaturant])>
[M]%e RT

where AG°y20unfora IN J-mol™ is the apparent standard state Gibbs free energy change of

unfolding, munaiain J-mol*-M? is the cooperativity constant in respect to denaturant concentration,
R is the Boltzmann constant in J-mol*-K*, and T is temperature in K. Unfolding experiments were
performed on the insoluble aggregates generated from 3 biological S100 sample replicates to

account for potential variations in protein compositions. Apparent AGy;0, unfota @Nd Mynfo1a WETE

deduced from the fits and reported as an average + SE for Npiclogica = 3 (See Figure 2 and Sl Figure
S9). It is important to note that the deduced apparent thermodynamic stability values are
represented of a complex proteome sample, containing over 2,000 E. coli proteins. Similar to SI
Methods 1.10., further investigation is needed to probe the individual contribution of the unfolding

of each individual protein.

2.10.13 Thioflavin T assay to assess proteome unfolding in the absence and
presence of 6 M GdnHCI. ThT solid (Sigma-Aldrich) was dissolved in PBS buffer and the
concentration of the stock 40 uM ThT was determined on an HP 8452A Diode Array UV-vis
spectrophotometer (Hewlett-Packard) at 412 nm using the extinction coefficient of 36 mM™* cm-
1125 For measurement of ThT fluorescence, 40 pL of each sample was mixed with 40 pL of the
stock ThT solution to a working final ThT concentration of 20 puM.'?® Fluorescence emission
spectra was measured at 22.5 °C with a steady-state fluorimeter as described in SI Methods 1.10.
upon excitation at 430 nm, to minimize the contribution of Rayleigh scattering at the excitation
wavelength to the emission profile at 485 nm. Excitation and emission monochromators had slit
widths of 4 nm. No filters were used. To eliminate the potential self-fluorescent property of ThT

above 20 uM and background scattering from the sample buffer,'?® ThT emission spectra in PBS
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buffer and GdnHCI solutions were collected and subtracted to the associated samples for
subsequent analysis. Samples from the unfolding experiments (i.e., the soluble S100 sample and
insoluble aggregates before and after anaerobic heating-cooling treatment respectively) were
analyzed with ThT assay in the presence and absence of 6 M GdnHCI (see Sl Figure S9, panel
B). Total protein concentrations in the working ThT assay were estimated to be 2.5 mg/mL.
2.10.14 Circular dichroism (CD) to assess proteome unfolding in the absence and
presence of 6 M GdnHCI. All CD measurements in this study were done on a MOS-450
spectrophotometer (Bio-Logic Science Instruments) in CD mode over 200-300 nm range with 0.5
nm steps and a constant data collection time of 10s per step, at a temperature of 22.5 °C. 100 uL
of each sample was used to wash a micro-absorption Quartz glass cuvette with pathlength of 1
mm (Hellma Analytics) and discarded. Then, 150 pL of the sample was used to perform CD
absorption measurement. To eliminate contributions of background absorption and
Rayleigh/Raman scatterings from buffers/solutions, the CD spectrum of each buffer/solution were
independently collected and subtracted from the associated sample CD spectrum. The resulting
sample spectra were reported as 6, or experimentally measured ellipticity in milidegrees, because
it is not possible calculate molar ellipticity residues for a complex proteome S100 samples (i.e.,
containing over 2,000 E coli proteins). Samples from the unfolding experiments (i.e., the soluble
S100 sample and insoluble aggregates before and after anaerobic heating-cooling treatment
respectively) were analyzed with CD absorption in the presence and absence of 6 M GdnHCI (see
S| Figure 10). The estimated total protein concentration in the soluble samples is 1.1 mg/mL, as
in SI Method 1.12.

2.10.15 Progressive dilution experiments to probe the proteome-wide reversibility of
aggregation. To probe reversibility of aggregation as insoluble aggregates, we subjected the
aggregates to progressive dilution experiments. Theoretically, dilution of the soluble phase brings
the system away from the initial equilibrium and result in the change in the chemical potentials of

the two phases, as described in a modified version of Equation 2 under dilution:
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Usotuble < Uinsoluble (38)

where Wsoubie is the per mole chemical potential of the soluble state and Winsounie IS the per mole
chemical potential of the insoluble aggregated state. If the two phases are under exchangeable
equilibrium, proteins in insoluble phase can exchange with the soluble states to establish a new
equilibrium on a biologically relevant timescale (e.g., 2 or 20 hrs). The protein concentration in
the soluble phase under this equilibrium exchange tends to a constant critical aggregated
concentration as described in Equation.8”- %127 This type of dilution experiment has been routinely
used to probe equilibrium reversibility of fibril formations.87-88 90. 128

Insoluble aggregates were generated from S100 aliquots (5 mg/mL, determined by BCA
assay) upon anaerobic heating-cooling treatment. The resulting 2-phase aliquots were first
combined to normalize out potential variations in aggregation from different aliquots and
redistributed as 90 pL aliquots to new Eppendorf tubes. Samples are then centrifuged at 15,490
g for 10 min and the 90 pL soluble phase removed without disturbing the insoluble aggregates.
The insoluble aggregate samples were diluted with increasing volume PBS buffer with dilution
factor from 1:1 (i.e., no dilution) to 1:100 dilution relative to the initial 90 pL soluble phase volume
removed (Figure 3, panel B and C). Diluted samples were incubated at 22.5 °C for 2 hrs and
centrifuged at 15,490 g for 20 min to collect the insoluble aggregates. The aggregates were
analyzed with SDS-PAGE solubility assay as described in SI Method 1.5 (see Sl Figure S11). For
a given dilution condition, we calculated a fraction of insoluble protein, Fj,somupie, from intensity
measurement with densitometry analysis via the relation:

Il:x diution ) (39)

Finsotuble = (I
1:1 dilution

where I,., is the total lane intensity from insoluble aggregates subjected to a 1:x soluble phase
dilution, and I;.; the total lane intensity of the control insoluble aggregate sample under no dilution
(i.e., 1:1). Figure 2 showed the change in fraction of insoluble proteins upon progressive dilution.

The soluble phases generated from the dilution of insoluble aggregates were probed with DLS as
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described in SI Methods 1.9 (Figure 2, panel D and Sl Table S1). Previous experiment on the
dilution of fibrils suggest that the dissociated proteins consists of small, non-aggregated states
upon longer incubation following dilution.® Therefore, we proceeded to carry out the progressive
dilution experiment followed by a longer period of incubation of 20 hrs at 22.5 °C and the resulting
soluble phase probed with DLS (i.e., soluble phase from 1:20 dilution of insoluble aggregates,
see Sl Figure S16). Lastly, due to the low sensitivity of available concentration measurement
methods for the soluble phase upon dilution of insoluble aggregates from over 2,00 proteins, we
resulted to estimating the apparent critical aggregate concentration of the soluble phase,

app. [CAC], with the initial insoluble aggregate concentration, [Aiusompie] (C.a., 4.5 mg/mL as
determined by BCA assay), and the fraction of insoluble protein, Fj,sompie, at each dilution

condition:
app.- [CAC] = [Amsotubie] X d1:x(1 = Finsotubie) (40)
where d;., is the dilution factor of the soluble phase. The estimated apparent critical concentration
of the soluble phase, for the complex proteome sample containing over 2,000 proteins, is reported
in SI Table S8.
We carried out identical experiments and characterizations on the small fraction of
insoluble aggregates generated from anaerobic incubation (See Figure 4, panel B and Sl Table

S2).

2.10.16 Label-free Enzymatic “In Liquid” Digestion. 3 biological repeats were subjected
to liquid chromatography - mass spectrometry analysis to assess oxygen-related modifications
from anaerobic heating-cooling treatment (See Sl Figure 1). Each biological repeat consists of 2
samples: 1) control untreated, and 2) supernatant-pellet samples before and after heating-cooling
treatment. A total of 6 samples from 3 repeats were subjected to downstream analysis. E. coli

samples (300 pL treated or untreated) underwent TCA/Acetone incubation to precipitate proteins
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(10% TCA v/v for 30 min on ice followed by addition of 400 pL of acetone and further 30 min
incubation on ice). Samples were spun for 10 min at 22°C with max speed (16,000 g) and the
generated pellets were washed twice with cold acetone and once with cold methanol. The
generated pellets were re-solubilized and denatured in 40 yL of 8 M Urea in 50 mM NHsHCO3;
(pH 8.5). Subsequently, 10 yL was used for protein concentration determination (Pierce™ 660
nm micro—Protein Assay Kit) and 30 uL to set up 200 pL trypsin digestion with addition of the
following: 12 pyL of 25 mM DTT, 116 pyL of 25 mM NH4sHCOs (pH 8.5). 2 yL of 100 x digestion
enhancer (Promega Corporation) and 40 uL of Promega’s Trypsin Platinum solution (100 ng/uL
in 25 mM NH4HCO3) to 200 uL final volume. Digestion was conducted at 50°C for 3 hrs. The
reaction was terminated by acidification with 2.5% Trifluoroacetic Acid (TFA) to 0.3% final

concentration (v/v).

2.10.17 Label-free Nano-LC-MS/MS to assess the degree of covalent modifications
upon anaerobic heating-cooling treatment. Digested label-free samples were desalted using
Agilent Bond Elut OMIX C18 SPE pipette tips per manufacturer protocol and eluted in 20 pL of
70/30/0.1% (v/v) acetonitrile/water/TFA (ACN/H2O/TFA). The soluble protein sample was dried to
completion in the speed-vac and reconstituted in 50 pL of 0.1% (v/v) formic acid. Peptides were
analyzed by nano-LC-MS/MS using the Agilent 1100 nanoflow system (Agilent) connected to
hybrid linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap Elite™, ThermoFisher Scientific)
equipped with an EASY-Spray™ electrospray source (held at constant 35°C). Chromatography
of peptides prior to mass spectral analysis was accomplished using capillary emitter column
(PepMap® C18, 3 uM, 100 A, 150 x 0.075mm, ThermoFisher Scientific) onto which 2 pL of
extracted peptides was automatically loaded. NanoHPLC system delivered solvents A: 0.1% (v/v)
formic acid , and B: 99.9% (v/v) acetonitrile, 0.1% (v/v) formic acid at 0.50 pL/min to load the
peptides (over a 30 min period) and 0.3 pL/min to elute peptides directly into the nano-

electrospray with gradual gradient from 0% (v/v) B to 30% (v/v) B over 150 min followed by 10
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min fast gradient from 30% (v/v) B to 50% (v/v) B and concluded with a 7 min flash-out from 50-
95% (v/v) B.

As peptides eluted from the HPLC-column/electrospray source survey MS scans were
acquired in the Orbitrap with a resolution of 120,000 followed by CID-type MS/MS fragmentation
of 30 most intense peptides detected in the MS1 scan from 350 to 1800 m/z; redundancy was
limited by dynamic exclusion. We assessed the degree of modification of methionine oxidation
and asparagine/glutamine deamination on the detected peptides in samples before and after
anaerobic heating-cooling procedure. A percent of modified peptide was calculated for each
protein and the averages % of modified peptide for all detected proteins from before and after

heating-cooling were compared (See Sl Figure 1).

2.10.18 Enzymatic “In Liquid” Digestion and Tandem-Mass Tagging labeling. 3
biological repeats from 2 treatments (anaerobic heating-cooling and anaerobic incubation) were
subjected to liquid chromatography - mass spectrometry analysis. Each biological repeat consists
of 3 samples: 1) control untreated sample, 2) supernatant, and 3) pellet upon treatment, with a
total of 9 samples for each treatment. Untreated, and treated soluble samples, 100 pL each in
PBS, were denatured with addition of 2 M Urea in 25 mM NH4HCOs (pH 8.5). 3kDa MWCO spin
filters (Millipore Amicon® Ultra) were used to spin samples down to 60 uL (14,000 g for 20 min)
and 350 yL of 2M Urea in 25mM NH4HCO3 (pH 8.5) was added to buffer exchange and spun
again at 14,000 g for 20 min. Recovered, unfiltered sample (60 uL) was transferred to a new
LoBind® 1.5 mL Eppendorf tube and volume adjusted to final 120 pl with 2M Urea in 25mM
NH4HCO;3 (pH 8.5). Insoluble aggregated/pellet sample was solubilized in 8 M Urea in 25 mM
NH;HCO3 (pH 8.5) and diluted to 120 pL final volume with 25 mM NH4sHCOs (pH 8.5)toa 2 M
Urea final concentration in the same prepared volume as soluble samples. All 15 the individual
samples were spiked with 5 pL of 0.05 pg/uL (250 ng total) of BSA (internal digestion

normalization standard) and formulated for tryptic digestion which was initiated first by the
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reduction step with 5 yL of 25 mM DTT and incubation at 56°C for 15 min. After cooling on ice to
ambience temperature (22°C), 6 yL of 55mM chloroacetamide (CAA) was added for alkylation
where samples were incubated in darkness at ambience temperature for 15 min. This reaction
was quenched by 16 yL addition of 25 mM DTT. Subsequently 15 pL of Trypsin/LysC solution
(200 ng/pL 1:1 Trypsin, Promega : LysC, FujiFilm mix in 25 mM NHsHCO3) with 33 pL of 25 mM
NH4HCO3 (pH 8.5) was added to treated pellet samples. 30 pL of Trypsin/LysC solution with 18l
of 25mM NH;HCO3 (pH 8.5) was added to untreated and treated soluble samples for a final 200
ML volume digestion. Digestions were conducted for 6 hrs at 37°C. Reactions were terminated by
acidification with 2.5% TFA to 0.3% (v/v) final.

Digests were cleaned up using Strata™-X 33um Polymeric Reversed Phase 10 mg SPE
cartridges (Phenomenex), where cartridges were first conditioned with 400 yL of 100% methanol,
equilibrated in 400 pL of MilliQ water. Then, samples were treated with 0.5% (v/v)
heptafluorobutyric acid (HFBA), washed with 400 pL of 0.05% (v/v) TFA. The peptide samples
were eluted with 300 pL of 70%:30%:2% (v/v) ACN/H.O/Formic acid, dried to completion with
the speed-vac, and reconstituted in 108 yL of 200mM TEAB. 2 uL of beta-galactosidase digest
(1 pmole/uL) was added as an internal standard for labeling and LC-MS instrument analysis. 10
uL of each sample was pooled together for an internal pooled standard as a 16" sample. 100 yL
of each of the 16 samples was labeled with 40 uL of labeling reagent from a TMT-16plex™
Labeling Reagent Set (10 pg/uL per labeling reagent, Lot#WB313469, ThermoFisher Scientific)
at ambience temperature (22°C) for 1 hr with intermittent gentle vortexing. The labeling reaction
was terminated by 8 pL addition of 5% hydroxylamine and 15-min incubation. All 16 labelled
samples were pooled together for a 40-ug total master pool, diluted to 4.5% (v/v) final ACN
concentration, and acidified with 0.35% TFA (v/v) and 2% HFBA (v/v). The samples were then
subjected to solid phase extraction using OMIX C18 SPE cartridges (Agilent) per manufacturer

protocol and eluted in 20 pL of 70/30/0.1% (v/v) ACN/H.O/TFA and dried to completion in the
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speed-vac. This 16-multiplexed sample was subsequently resolubilized in 30 pyL of 0.1% (v/v)

Formic acid and 3% (v/v) ACN.

2.10.19 Bottom-up proteomics via TMT- Nano-LC-MS/MS to assess protein solubility
under different conditions. Peptides were analyzed by Orbitrap Fusion™ Lumos™ Tribrid™
platform, where 2 uL was injected using Dionex UltiMate™3000 RSLCnhano delivery system
(ThermoFisher Scientific) equipped with an EASY-Spray™ electrospray source (held at constant
50°C). Chromatography of peptides prior to mass spectral analysis was accomplished using
capillary emitter columns (PepMap® C18, 2 puM, 100 A, 500 x 0.075 mm, ThermoFisher
Scientific). NanoHPLC system delivered solvents A: 0.1% (v/v) formic acid , and B: 80% (v/v)
acetonitrile, 0.1% (v/v) formic acid at 0.30 yL/min to load the peptides at 2% (v/v) B, followed by
quick 2 min gradient to 5% (v/v) B and gradual analytical gradient from 5% (v/v) B to 62.5% (v/v)
B over 203 min when it concluded with rapid 10 min ramp to 95% (v/v) B for a 9 min flash-out. As
peptides eluted from the HPLC-column/electrospray source survey MS scans were acquired in
the Orbitrap with a resolution of 60,000 followed by HCD-type MS2 fragmentation into Orbitrap
(36% collision energy and 30,000 resolution) with 0.7 m/z isolation window in the quadrupole
under ddMSnScan 1 s cycle time mode with peptides detected in the MS1 scan from 400 to 1400
m/z; redundancy was limited by dynamic exclusion and MIPS filter mode ON.

2.10.20 Mass spectrometry data analysis. Raw data was directly imported into
Proteome Discoverer 2.5.0.400 where protein identifications and quantitative reporting was
generated. Seaquest HT search engine platform was used to interrogate Uniprot Escherichia coli
proteome database (UP000000625, 10/06/2020 download, 4,361 total entries) along with a cRAP
common lab contaminant database (116 total entries). Cysteine carbamidomethylation and TMT-
16plex specific labeling were selected as static modifications whereas protein N-terminal Met-
loss, methionine oxidation and asparagine/glutamine deamidation were selected as dynamic

modifications. Peptide mass tolerances were set at 10 ppm for MS1 and 0.6 Da for MS2. Peptide
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and protein identifications were accepted under strict 1% false discovery rate (FDR) cut offs with
high confidence XCorr thresholds of 1.9 for z=2 and 2.3 for z=3. Reporter lon Quantifier settings
were used on unique and razor peptides, protein grouping was considered for uniqueness.
Reporter abundance was based on normalized total peptide amount intensity values with co-
isolation threshold filter set at <20. Peptide abundances across biological repeats for TMT nano-
LC-MS/MS analysis of samples upon a) anaerobic heating-cooling treatment, and upon b)
anaerobic incubation treatment was assessed and compared as box plots (See S| Figure 17,

panel A).

2.10.21 Bioinformatic analysis of TMT LC-MS data. From each LC-MS data analysis
from each treatment (anaerobic heating-cooling and anaerobic incubation), we generated a list of
identified proteins with their Uniprot IDs and their peptide abundances in each of the 9 labeled
sample. An average percent solubility was calculated for each protein across biological repeats
based on its associated peptide abundances in the insoluble and soluble fractions from a specific
treatment (i.e., heating-cooling or incubation). The standard errors associated with the calculated
solubilities for all proteins were assessed under different treatments as box plots and
reproducibility plot (see Sl Figure 16, panel B and D). The proteins detected from each treatment
with the highest sum PEP score, at least 2 or more peptides detected, and sequence coverages
above 20% were selected for analysis. Amongst the detected proteins, we considered 1197
proteins that were identified in both treatments. For each set of proteins proteomic information
was collected and analyzed with Microsoft Excel Suite 2019. All data is provided in the Data
Availability section.

Information on associated length, amino acid sequence, molecular weight, cofactors,
protein families, number of domains, number of subunits, and all Gene Ontology terms (cellular

function, biological processes) were collected from the Uniprot database using their Rest API.72°
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This data was collected from Uniprot in August of 2023. All reported numbers for isoelectric points
were calculated based on sequences obtained from the Uniprot database.

Information on domain folds were gathered from the SCOP database'° for a given
UniProtKB accession in October of 2022. Assigning of essential and non-essential proteins was
done using scoring reported in the Keio collection.”™' Scoring in the KEIO collection is originally
reported using gene IDs. To translate these for our analysis we used the NCBI Entrez AP1'*? to
convert gene IDs to Uniprot IDs.

Information on kinetic stability from unfolded states in detergent, thermal stability detected
via 2D-SDS PAGE - LC/MS, thermal stability detected via thermal profiling in terms of melting
temperature - Tm, protein copy number, solubility upon cell-free synthesis, non-refoldabiity /
refoldability relative to non-native states, and usage of solubility tags is assigned using the
following publications respectively: Xia et. al. (2007), Kwon et. al. (2008), Mateus et. al. (2018),
Wisniewski et. al. (2014), Niwa et. al. (2009), To et. al. (2021), and Costa et. al. (2014). 20 33 48-49,
81, 133-134
2.10.22 Statistical Analysis. Statistical significance was determined by two tailed
Student’s t-tests with a p value of 0.05, assuming unequal variance, and done for small non-LC-
MS/MS data sets (c.a., n < 10). Volcano plots to compare changes in protein abundances across
biological repeats were done with p-value (Student’s t-test) cutoff of 0.05 and log. (change in
abundances) cutoff of 1.20. The Wilconox-Mann-Whitney’s test with a p-value of 0.05, assuming
unpaired data sets, was carried out for all LC-MS/MS data sets.35-1%6

We also represent large sample sets, with at least n = 10, as Tukey style box-and-whisker
plots to enhance the visualization of data point distribution (e.g., skewness) for each data set and
the downstream comparisons across different data sets.'®”138 Qverall, the box-and-whisker plot
is represented by a box, defined by sample values located in the 25" lower quartile (Q1) and the
75" upper quartile (Q3). This interquartile range, or IQR = Q3 — Q1, contains 50% of the data. A

line inside the IQR box denotes the median of the data. When necessary, a notch is added to
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denote the 95% confidence interval relative to the median. The lower and upper whiskers in our
study are constructed by the most extreme data points that is within 1.5 x IQR limit (Tukey style).
Outliers are defined as data points exceeding of 1.5 x IQR limit from Q1 and Q3. The number of
data points, n, is also indicated for each sample set in this study. In addition, when necessary,
the average and standard error (SE) of each data set was independently determined and
overlapped on the appropriate box plot. All box-and-whiskers plots in this study were constructed
with the BoxPlotR web-tool developed by Spitzer et. al. (Nature Methods, 2014).138

2.9.1
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2.11. Supplementary Results

2.11.1 Homo- and Hetero-aggregation. Our anaerobic heating-cooling experiments induce
global unfolding of many proteins in our samples,* it is possible that the observed aggregates
may be formed only in the presence of other protein aggregates (i.e., heteroaggregation). Many
studies suggest that protein aggregation is highly specific (i.e., homoaggregation) both in vitro on
purified proteins® 139140 and in vivo of live cells.'** We predict that most of the observed
aggregates are formed via homoaggregation due to the low sequence identity among E. coli
proteins#? and the high specificity of aggregations. Further studies are still required to address
the specific structural characteristics of the homo and heteroaggregation. Nevertheless, this does
not change our interpretations of the proteome-wide kinetic protection as non-aggregated states

relative to homoaggregates or any potential amount of heteroaggregates.

2.11.2 Measurement of protein solubility. The overall solubility of a proteomic sample from
each treatment (i.e., anaerobic heating-cooling or anaerobic incubation) was determined by
different detection methods, including SDS-PAGE via Coomassie Blue G250 staining, BCA assay,
and LC=MS/MS (see Sl Table S7). Coomassie Blue G250 dye interacts with protein surfaces,
preferably to positively charged residues (i.e., Lys, His, and Arg) and the protein-dye complex
formations are quantified via absorption at 595 nm.'*3 Protein-to-protein variations of Coomassie
Blue G250 detection stem from different amino acid compositions.''* On the other hand, in BCA
assay, in the presence of protein peptide bonds, under alkaline conditions, Cu?* is reduced to Cu"*,
via oxidation of the protein bonds. The resulting Cu* can be detected by bicinchoninic acid (BCA)
via absorption at 562 nm of the Cu*-(BCA)2 complex formation."'* Protein-to-protein variations of
the BCA assay stem from the different lengths of proteins (i.e., number of peptide bonds). This
method of quantifying protein concentrations offers higher accuracy than the traditional Bradford

assay via Coomassie Blue G250.'* Despite this, we chose to use the SDS-PAGE solubility assay,
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detected with Coomassie Blue dye, due to the ability to visualize the whole proteomic samples in
both soluble and insoluble phases. In addition to providing a measurement of protein solubility,
this method also allows the tracking of protein changes from different phases of the whole
proteome samples, under different treatments (i.e., unfolding or dilution of insoluble aggregates;
see Figure 2 and 3). Upon comparison of overall protein solubility of the proteomic samples
determined by these two methods, we conclude that the estimated solubility values are similar for
the purpose of this work (see Sl Table S7).

For individual protein solubility was determined via LC-MS/MS data as detailed in SI
Methods 1.21. Average solubility value across the proteomic samples is different from the
previous 2 detection methods. However, we argue that the difference in overall solubility resulting
from this method does not change our current conclusions. In addition, it allows us to determine
specific protein solubility for further downstream analyses and is routinely used in proteome
studies.??": 48 For the above reasons, we chose to report the overall solubility from SDS-PAGE
assay, detected by Coomassie Blue G250 and estimated by densitometry analysis, and individual

protein solubility from LC-MS/MS analysis.

2.11.3 Relationship between solubility and tertiary/quaternary structures. To further validate
our unfolding experiments in Figure 2, we compared the extent of unfolding at high GdnHCI
concentration of the soluble S100 protein collection and its insoluble aggregates from anaerobic
heating-cooling treatments. Tryptophan (Trp) fluorescent emission shows identical spectral center
of mass shift for both samples upon unfolding in 6 M GdnHCI (see Sl Figure 9, panel A). Similarly,
thioflavin T assay shows similar loss of fluorescence of both samples in 6 M GdnHCI (see Sl
Figure 9, panel B). We concluded from these results that the unfolded states of both soluble S100
protein sample and insoluble aggregate sample, from before and after anaerobic heating-cooling

respectively, are quite similar.
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We also performed CD measurements on these 2 types of proteomic samples (see Sl
Figure 10). Soluble S100 protein samples are unfolded in 6 M GdnHCI. No CD data was obtained
for insoluble aggregates before unfolding due to high levels of Rayleigh scattering that can
significantly contribute to CD absorption profiles. However, we expect our samples to contain
residual tRNA, which is known to be CD-active, in addition to >2,000 E. coli proteins. Therefore,
due to the complexity of the sample, we simply concluded that, based on the CD profiles, proteins
are being unfolded upon exposure to 6M GdnHC
2.11.4 Proteome-wide kinetic trapping is not due to ATP-dependent molecular machines.
We first want to address whether the observed high solubility as non-aggregated states from the
anaerobic incubation treatment may be due to active endogenous de-aggregation and chaperone
systems in our S100 protein collection. Since major chaperone and disaggregation systems in E.
coli are ATP-dependent, we hypothesize that these systems should not be active due to the
depletion of ATP levels during our S100 sample preparation. Therefore, we expect these systems
to have minimal contribution to the observed high solubility from our incubation treatment. To test
the following hypotheses, we carried out the anaerobic incubation treatment on S100 samples in
the presence of cellular levels of ATP and/or Hsp70 systems. Specifically, the Hsp70 chaperone
system was chosen in this experiment because it is known to interact with a large fraction of
cytoplasmic proteins in E. coli."
S100 samples at total protein concentration of 5 mg/mL were incubated in two additional
conditions: 1) in the presence of 5 mM ATP,'* and 2) in the presence of 5 mM ATP and additional
Hsp70 chaperone system, consisting of DnaK : Dnad : GrpE at concentrations of 54 uyM : 135 yM
: 270 uM respectively.™® From SDS-PAGE solubility assay after incubation in the absence and
presence of cellular levels of ATP, the solubilities were not different, ca. 82 + 1% and 83 = 1%
respectively (Sl Figure, Panel A). Similarly, incubation of S100 samples in the presence of ATP

and additional Hsp70 chaperone yielded a solubility value of 82 + 1%. Regularization analysis of
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the DLS data in all conditions showed that the soluble fractions consisted of small species (Rn <
5 nm) after incubation (Sl Figure, panel B).

In summary, we concluded that ATP-dependent systems, including the Hsp70 chaperone
system, do not contribute to the observed passive kinetic protection of E. coli proteome as soluble
non-aggregated states relative to aggregation at physiological conditions. The activation of
endogenous ATP dependent systems through incubation in cellular levels of ATP did not change
the overall solubility of the S100 sample upon incubation. One possible explanation is that the
ATP-dependent chaperone and proteolytic systems were not functional due to the nature of our
S100 sample preparation. Nevertheless, this would lead to the same conclusions based on the
similar protein solubilities between samples in the presence and absence of ATP. Interestingly,
incubation of cellular levels of Hsp70 system and ATP also did not change the overall solubility,
or decrease of aggregation, upon incubation at physiologically relevant conditions. This result
suggests that the Hsp70 system alone cannot prevent flux to aggregated states. This is consistent
with current views that the Hsp70 system has been shown to disaggregate insoluble protein

aggregates only in the presence of the protein-disaggregating chaperone ClpB."7-148

2.11.5 Reversibility of protein aggregation on long-timescales upon dilution. Results from
Figures 3 and 5 show that soluble and insoluble aggregates are under reversible exchange upon
progressive dilution. The timescale for this reversible exchange (i.e., 2 hrs equilibration) exceeds
that of the E. coli doubling time. As previously mentioned, similar dilution experiments have been
carried out on amyloid fibrils to demonstrate reversibility of aggregation. A few studies suggest
that fibrils can revert to non-aggregated states upon sufficient dilution and time for equilibration.
Therefore, we further allow the diluted insoluble aggregates of the E. coli proteomic samples to
equilibrate for 20 hrs (See S| Methods 1.15). The autocorrelation curve from DLS measurement
shows presence of a smaller species in the soluble phase upon 20 hrs post-dilution equilibration

(see Sl Figure 16, panel A). Regularization analysis shows that the estimated apparent
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hydrodynamic radius distribution is 68 nm (see Sl Figure 16, panel B). Due to the complexity of
the proteomic samples, we simply conclude that, upon 20 hrs post-dilution equilibration, the
soluble fraction contains mainly large soluble aggregates, exceeding the relevant timescales of

this work.

2.11.6 Our E. coli proteome is representative subset of cytoplasmic and periplasmic
proteins. Our sample was prepared from A19 E. coli cells collected at the start of exponential
phase (ODsoo = 0.8) of this strain.™%-1%0 _LC-MS analysis successfully identified a subset of 1197 E
coli proteins in our S100 proteomic samples, with enrichment of cytoplasmic, periplasmic, and
ribosomal proteins upon comparison to a representative proteome of 2,237 proteins in Wisniewski
et. al. (2014).8" Upon inspection of our data based on cellular locations characterized by the GO
database, 995 out of 1197 cytoplasmic proteins (c.a., 83%) were identified across biological
repeats (See S| Figure S17, panel A). Similarly, we identified 106 periplasmic proteins (c.a., 9%),
43 membrane proteins (c.a., 4%), and 48 proteins with no associated cellular location (c.a., 4%).
When compared with the representative proteome, our sample is representative of 90%
cytoplasmic E. coli proteins (See Sl Figure S17, panel B) and representative of 72% periplasmic
E. coli protein upon comparison to the representative proteome. Since ribosomal proteins are
expected to be enriched for A19 cell cultures at growth phase,’”® we chose to reduce the amounts
of these proteins through ultracentrifugation. Despite this fact, we still detected 51 out of 54
ribosomal proteins within our samples. In addition, our sample is underrepresenting membrane
proteins with only 43 detected, making up of only 6% of E. coli membrane proteins. This is
consistent with previous reports where most membrane proteins are not present within S100
samples.?0-2!

Next, we analyze the protein compositions of our proteomic samples based on
involvement in different biological processes from the SCOPs database. We expect that the S100

proteome sample contains many important cytoplasmic and periplasmic pathways (e.g.,
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transcription-translation, catabolism/metabolism, and protein quality control/degradation),
indicative of proteomes prepared from exponentially growing A19 cells as previously reported. -
150 Satisfyingly, the LC-MS analysis detected important proteins required for translation, including
51 out of 54 ribosomal proteins and all 24 essential aminoacyl-tRNA synthetases. We also
detected proteins involved in purine / pyrimidine biosynthesis and energy generating
metabolic/catabolic pathways involving fatty acids and other carbohydrates (e.g.,
glycolysis/gluconeogenesis, oxidative pentose phosphate pathway - OPPP, tricarboxylic acid
cycle — TCA cycle, etc.). In addition, our proteomic samples contain many major proteins involved
in quality control and degradation in the cytoplasm of E. coli, including molecular chaperones,
disaggregases, and proteases. To our surprise, membrane-associated proteins involved in the
respiratory chain, including ATP-synthase complex, and NADH-quinone oxidoreductase were

detected.

2.11.7 Protein solubility: comparisons with previous studies. To further validate our results,
we compared our solubility data under both treatments (i.e., anaerobic heating-cooling and
anaerobic incubation) with previously reported solubility data in the current literature. We identified
all 16 proteins that were characterized as heat stable proteins in Kwon et. al. (2009, see Figure
33, panel A). Solubility data upon anerobic heating-cooling shows that 12 out of 16 proteins are
more soluble (i.e., heat stable) than the other proteins from the E. coli proteomic sample. Our
results further characterized all 16 of these proteins to be kinetically stable upon anaerobic
incubation at physiologically relevant conditions. Similarly, 106 out of 126 proteins with low
thermal stability, identified by Mateus et. al. in terms of melting temperature (i.e., Tm < 52 °), are
also aggregation prone upon anaerobic heating-cooling at 70 °C (see Sl Figure 33, panel B and
D). However, we found that 99 proteins with high thermal stability (i.e., 65 °C <Tm <70 °C or Tm
> 70 °C, see Sl Figure 33, panel A and C) show mixed solubility profiles under both treatments.

Finally, we identified 41 out of 50 proteins, which were found to be kinetically stable relative to the
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unfolded states in Xia et. al. (2007), to also be kinetically stable relative to aggregates under
physiologically relevant conditions (see Sl Figure 32, panel B)'*. Overall, we concluded that our
solubility data for both treatments is supported by protein solubility and stability findings from
previous studies. However, we would also like to emphasize that the data in this work is the first
extensive collection of E. coli proteins (c.a., 1197 proteins) to report on the correlation between
each protein’s the propensity to aggregate upon thermal treatment and the associated kinetic

stability relative to aggregation under physiological conditions.
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2.13. Supplementary Tables
SUPPLEMENTARY TABLES

Supplementary Table S1. DLS regularization analysis of soluble samples upon anaerobic
heating-cooling. For each entry, 4-6 biological repeats were measured. See S| Methods 1.9 for

more details on DLS measurement.

Peak 1 * Peak 2 ** Peak 3 ***
Sample identity Rh (nm) % mass Rh (nm) % mass Rh (nm) % mass
Untreated control 3.2+0.1 61+1 84+15 14+2 47 £ 2 22+3

Anaerobic

: . 28+0.5 79+3 11+2 18+ 3 387 26x0.6
heating-cooling

Dilution of insoluble

_ _ _ _ 795 100
aggregates

* denotes particle size for non-aggregated states
** denotes particle size for oligomeric and small soluble aggregated states
*** denotes particle size for large soluble aggregates



99

Supplementary Table S2. DLS regularization analysis of soluble samples upon
anaerobic incubation at 37°C (n = 3 to 6). For each entry, 4-6 biological repeats were

measured. See S| Methods 1.9 for more details on DLS measurement.

Peak 1 * Peak 2 ** Peak 3 ***
Sample identity Rh (nm) % mass Rh (nm) % mass Rh (nm) % mass
Untreated control 3.2+0.1 61+1 84+15 14+ 2 47 + 2 22+3
Anaerobic
incubation at 37 °C 4.0+0.3 85+3 13+3 12+3 47 +9 25+04
Dilution of insoluble _ _ _ _ 67+6 100
aggregates

* denotes particle size for non-aggregated states
** denotes particle size for oligomeric and small soluble aggregated states
*** denotes particle size for large soluble aggregates
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Supplementary Table S3. Regularization analysis of DLS profile for soluble fractions
upon anaerobic heating-cooling with or without additional incubation at 22 °C for 20 hrs

(See Figure 1, panel D and Figure 2, panel D). For each entry, 3 biological repeats were

measured.
Peak 1° Peak 2° Peak 3¢
Sample identity Rh(nm) % mass Rh(nm) % mass Rh(nm) % mass
Untreated control 32%0.1 61+1 84x15 14+2 47 2 22+3

Anaerobic heating-
cooling

Post- heating-cooling
and incubate for 20hr

adenotes particle size for non-aggregated states
b denotes particle size for oligomeric and small soluble aggregated states
¢denotes particle size for large soluble aggregates



Supplementary Table S4. Average number of peaks resolved

from regularization analysis of Dynamic Light Scattering (DLS)

profile of soluble fractions under different treatments (see

Figure 1, panel D and Figure 3, panel C). For each entry, 3

biological repeats were measured.

Sample identity

Average number of peaks

Untreated control

Anaerobic heating-cooling
(Figure 2)

Post-heating-cooling and
incubate for 20 hr (Sl Figure S5)

Dilution of heat-cool insoluble
aggregates (Figure 2)
Anaerobic incubation at 37 °C
(Figure 3)

Dilution of incubated insoluble
aggregates (Figure 5)

3

3.3+0.3

1.3+0.3

101
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Supplementary Table S$5. DLS cumulant
analysis of soluble fractions upon

anaerobic heating-cooling (n = 3 to 6).

Incubation at 37 °C experiments

Sample Identity Rh (nm) SOS
Control 29+ 0.7 10.7
Anaerobic

incubation at 37 °c~ 12*0.3 9.1
Dilution of insoluble

505 14
aggregates

SOS denotes Sum of least squares
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Supplementary Table S$6. DLS cumulant
analysis of soluble fractions upon

anaerobic incubation at 37 °C (n = 3 to 6).

Anaerobic heating-cooling experiments
Sample Identity Rh (nm) SOS
Untreated control 29+0.7 10.7

Anaerobic heating-

. 13+0.3 4.2
cooling

Dilution of insoluble

68+1 3.9
aggregates

SOS denotes Sum of Least Squares



Supplementary Table S7. Measurements of percent of protein solubility shows
similar values when detected with different methods. Protein % solubility

measurement for each method was done on 3 biological repeats.

. % solubility upon % solubility upon
Detection method anaerobic heating-cooling anaerobic incubation
SDS-PAGE,

Coomassie Blue G250 13+1 93+2
(SI Methods 1.5)

BCA Assay

(SI Methods 1.2) 14.0+0.4 88.0+0.4
CEsiEiiE 17+2 802

(SI Methods 1.19)

104
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Supplementary Table S8. The apparent critical aggregate concentrations, app.
[CAC], for soluble aggregate is small relative to the total protein concentration (i.e.,
5 mg/mL). Due to the low concentration of the solubilized protein aggregates upon dilution
of insoluble aggregates and the complex nature of the proteome samples, it is not possible
to determine the concentrations directly using traditional methods. Therefore, we chose to

estimate the app. [CAC] from data obtained in dilution of insoluble aggregates in both

treatments.
Sample ID Apparent [CAC] (ug/mL)?
Aggregates from anaerobic heating-cooling 50 + 9

(c.a., 95% of total protein concentration)

Aggregates from anaerobic incubation 1142
(c.a., 10% of total protein concentration) -

"Three biological repeats were measured.



Supplementary Table S9, part 1. Solubilities and functions of important cytoplasmic proteins involved in protein quality

control and degradation in the cytoplasm.

0
Protein UniProt Cellular % S.Ol % sol
: (heating- . .
name ID functions . (incubation)
cooling)
Trigger factor POAS50 co-translational chaperone, mtgract with newly synthesized 178 946
proteins
DnaK chaperone POAGYS chaperone of the Hsp70 system, faC|I|f[ates protein folding and 577 96.4
(Hsp70) prevent aggregation
DnaJ chaperone co-chaperone of the Hsp70 system; have disaggregation
(Hsp40) e capabilities autonomously &2 Elsi
nucleotide exchange .
factor GrpE (Hsp24) P09372 nucleotide exchange factor of the Hsp70 chaperone system 12.0 90.1
GroEL . . .
(Hsp60) POAGF5 part of the GroEL/S chaperone system to assist protein folding 6.6 93.7
GroES . . .
(Hsp10) POAGF9 part of the GroEL/S chaperone system to assist protein folding 87.9 96.2
AlTE(S Ehlpzree POA6Z3 acts as a chaperone with ATPase activity 5.2 93.2
(Hsp 90)
Chaperonin 33 kDa POABYS protects thermally unfpldlng a_nd OX|dat|ver damaged proteins 43.4 90.1
(Hsp33) from irreversible aggregation
ClpB chaperone . : . :
P63284 disaggregates in cooperation with Hsp70 system 7.4 93.6
(Hsp100)
involve in the maturation of iron-sulfur cluster-containing
HscA chaperone POAG6Z1 5.6 91.6

proteins

90l



Supplementary Table S10. Solubilities and functions of periplasmic proteins involved in quality control and degradation.

0,
Protein UniProt Cellular %Sol %Sol

name ID functions (hea’qng— (incubation)
cooling)

interacts with outer membrane proteins to maintain
Skp Chaperone POAEU7 solubility of early folding intermediates during passage 56.5 87.9
through periplasm

involves in the correct folding and assembly of outer

SurA Chaperone POABZ6 membrane proteins 54 94.3
HdeA, acid stress POAESO exhibits chaperor)e—llke activity at pH _below _3, suppresses 911 911
chaperone the aggregation of denatured periplasmic proteins
HdeB, acid stress POAET? exhibits chaperor_we-llke activity at pH _below _3, suppresses 78.8 94.9
chaperone the aggregation of denatured periplasmic proteins

: FKBP-type peptidyl-prolyl cis-trans isomerase, accelerates
PO EETIEESE PRISSAE the folding of proteins via cis-trans isomerization e ClEHE
DsbA, disulfide isomerase = POAEG4 involves in disulfide bond formation 57.5 97.7
DsbC, disulfide isomerase = POAEG6 corrects non-native disulfide bonds in misfolded proteins 52.9 94.5
DsbG, disulfide isomerase P77202 involves in disulfide bond formation 21.4 90.1
DegP, periplasmic serine POCOVO acts as a chaperone at low temperatures; switches to a 95 88.1
endoprotease (Hsp) peptidase (heat shock protein) at higher temperatures ' '
PpiD, periplasmic - , , .
transmembrane POADY1 facilitates the early periplasmic folding of newly 13.4 46.8

translocated proteins across cell inner membrane
chaperone

L0l



108

2.14. Supplementary Figures

A Volcano plot of changes in B Correlation of percent
modifications upon treatment modifications upon treatment
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C Comparison of overall modifications

upon anaerobic thermal treatment

before anaerobic
heating-cooling

n.s.
438 proteins

after anaerobic
heating-cooling
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Average % of modified peptides

Supplementary Figure S1. Heat-associated covalent modifications before and after
anaerobic heating-cooling of E. coli $100 protein collection. We examined methionine
oxidation and glutamine/asparagine deamination with Mascot. 3 biological repeats were
done. (A) Volcano plot shows that all proteins show similar level of heat-associated covalent
modifications. P-value cut-off is at 0.05 significant level; cutoff of log, (changes upon
treatment) is at + 1.2 (B) Correlation between % modified peptides before and after heating-
cooling for each protein (total: 438 proteins) shows a linear profile; reor = 0.9 (Pearson’s
correlation test). Proteins with noticeable changes in the level of modification upon treatment
will deviate from the linear diagonal of the correlation plot. (C) Comparison of overall % of
modifications before and after anaerobic heating-cooling shows similar values; P-values
(Wilcoxon-Mann-Whitney’s test) = 0.81, n = 100, n.s.: not significant. Detailed methods for
label-free LC-MS/MS and peptide data analysis in S| Methods 1.16-17 and 1.20 respectively.
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Supplementary Figure S2. E. coli protein collection before and after depletion of

ribosomal proteins as intact 70S ribosomes via ultracentrifugation. Large biological

complexes were depleted and yielded fewer scattering contributions in our S100 samples. We

estimated about 25-30% of total ribosomal proteins were depleted upon ultracentrifugation via

BCA assays.
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A Comparison of autocorrelation curves and B Comparison of autocorrelation curves and
particle sizes from heating-cooling experiment particle sizes from incubation experiments

1h~ 1

0.8

0.6

Normalized Autocorrelation Function
Normalized Autocorrelation Function

04t >4 \ 0.4
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02 —=&— \ 0.2
0F 0
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Q FAS A S . N A R S
Time (ps) Time (us)
—— Untreated control —— Anaerobic heat-cool —— Untreated control Incubated at 37 °C
Particle size: 29 nm Particle size: 13 nm Particle size: 29 nm Particle size: 12 nm
— = Further 20 hr incubate Diluted aggregates — Diluted aggregates from incubation
after heat-cool from heat-cool Particle size: 59 nm
Particle size: 13 nm Particle size: 68 nm

Supplementary Figure S3. Assessment of Autocorrelation Functions (ACFs) of soluble
proteomic samples before and after different experimental treatments. Dynamic light
scattering measurements were done on soluble samples before and after (A) anaerobic
heating-cooling or (B) incubation at 37° C to generate the resulting ACFs. The ACF profiles
were then normalized for comparison between samples and determined to be of good quality
(i.e., smooth decay of adequate sensitivity, etc.) for downstream regularization or cumulant
analyses. Overall, samples show that upon heating-cooling or incubation the soluble samples
consisted of smaller species. Interestingly, the soluble fraction generated upon dilution of
insoluble aggregates contained large species in both treatments. Total protein concentrations

were measured to be 5 mg/mL before treatment.
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increasing [A,]
upon reaching
the critical concentration where

A nM 2 An (Eq. 6)

-

constant = [M] B [M]critical (Eq 10)
upon reaching the critical concentration
(i.e., additional monomers forms aggregates)

[M]critical

in a phase*
critical concentration

concentration of [M]

7

total monomer concentration, [M],

* denotes that a phase can be monomeric or soluble/insoluble aggregated

>

roaches 1
1‘_ . O/Oaggregated app )
o
L 3 A
SR : M], = [M].,
o % : \ %aggregated = : M : (Eq. 11)
Do - upon reaching the Ml
o ogs "
© -, - critical concentration
o) g g %aggregated approaches 1 as [M], increases
§ L % : while [M].sic. Stays constant
g5 |/ =
= —

total monomer concentration, [M]o>
Supplementary Figure S4. Equilibrium Thermodynamics (ET) model shows that
additional monomers, past the critical concentration, are incorporated into aggregated
phase. (A) The changes in concentration of monomers, [M], in a phase (i.e., monomeric or
aggregated) as a function of increasing total protein concentration, where [M]o., [M]cit is the
critical concentration; n is the number of monomers; and [A.] can denote either the
concentration of soluble aggregates or insoluble aggregates of size n. (B) Percent of

aggregated proteins, %aggregated, @s a function of [M]o. See S| Methods 1.6. for more detailed
derivations.
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Supplementary Figure S5, part 1. SDS-PAGE analysis of S100 protein samples at
different total protein concentration upon anaerobic heating-cooling treatment (See

Figure 1 A and B). 5 biological repeats were measured.
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Supplementary Figure S5, part 2. SDS-PAGE analysis of S100 protein samples at different
total protein concentration upon anaerobic heating-cooling treatment (See Figure 1 A and

B). 5 biological repeats were measured.
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A Proteome solubility upon additional incubation
after anaerobic heating-cooling
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Supplementary Figure S6. Soluble proteins and insoluble aggregates are kinetically
trapped relative to each other after anaerobic heating-cooling treatment. (A) SDS-PAGE
solubility analysis of S100 proteome sample upon aerobic heating-cooling and additional 20
hr incubation. (B) Densitometry analysis shows the same solubility in the presence and
absence of additional post-heating-cooling 20 hr incubation; P-values (Student’s t-test) > 0.4,
n = 3, n.s.: not significant. (C) DLS analysis shows identical profiles as that of soluble fraction
immediately after thermal treatment (See Figure 1, panel D). 3 biological repeats were
measured. Total protein concentration was 20 mg/mL. Samples show no change in solubility

before and after additional incubation.
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heating-cooling; detected with tryptophan emission detected with SDS-PAGE assay
Biological replicate 1 Biological replicate 2 Biological replicate 3
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Supplementary Figure S7. Unfolding profiles of E coli proteome soluble S100 protein collection and insoluble aggregates
before and after anaerobic heating-cooling treatment respectively. 3 biological repeats were done to account for the potential
protein composition variation from S100 proteome preparation. The unfolding profiles of the soluble S100 protein collection (total
protein concentration: 5 mg/mL) was fitted with the two-state model according to Santoro-Bolen. The unfolding profiles of insoluble
aggregates (total protein concentration: 5 mg/mL) were fitted with the isodesmic linear polymerization model. Detailed data

collection and model fitting can be found in SI Methods 1.11 and 1.12.
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Supplementary Figure S8. SDS-PAGE analysis of insoluble aggregates, generated after
anaerobic heating-cooling, in the presence of 0-6M GdnHCI. 3 biological repeats were
measured. Total protein concentration was determined to be 5 mg/mL by BCA assay. Samples
show no change in solubility before and after additional incubation. Detailed methods can be
found in SI Methods 1.12.
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Supplementary Figure S$9. Unfolding profiles of soluble S100 protein collection and

insoluble aggregates from before and after anaerobic heating-cooling respectively are

similar at 6 M GdnHCI. (A) Tryptophan fluorescent emission shows that the unfolded states

from both samples are identical in spectral center of mass shift upon denaturation in 6 M
GdnHCI (See S| Methods 1.11) . (B) Loss of Thioflavin T fluorescent emission profiles

represents the unfolding of B-sheet rich structures from both samples upon denaturation in 6

M (See S| Methods 1.13). Total protein concentration was 5 mg/mL by BCA assay.
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Supplementary Figure S10. Circular dichroism shows similar degree of unfolding of
soluble S100 protein collection and insoluble aggregates from before and after
anaerobic heating-cooling respectively. However, residual of secondary structure profiles
at 215-240 nm was observed, which is reminiscent of 3-sheet structures. In addition, CD profile
at 250-300 nm suggests the presence of DNA and tRNA within our S100 proteome samples.
No further interpretation was done on this CD data due to the complexity of our samples.
Detailed methods are in S| Methods 1.14.
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Supplementary Figure S11. Insoluble aggregates from anaerobic heating-cooling

treatment are under reversible exchange with soluble states under physiologically relevant

conditions. SDS-PAGE analysis of insoluble aggregates, generated from anaerobic heating-

cooling experiments, upon progressive dilution experiments (See Figure 2, panel B and C, and

S| Methods 1.15). 3 biological repeats were measured. The total protein concentration for

anaerobic heating-cooling experiment was 5 mg/mL.
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Supplementary Figure $12, part 1. Soluble states are kinetically protected from insoluble
aggregate upon anaerobic incubation. SDS-PAGE analysis of S100 protein samples at
different total protein concentration upon anaerobic incubation at 37 °C (See Figure 3 Aand B). 4

biological repeats were measured.
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Supplementary Figure S$12, part 2. Soluble states are kinetically protected from insoluble
aggregate upon anaerobic incubation. SDS-PAGE analysis of S100 protein samples at
different total protein concentration upon anaerobic incubation at 37 °C (See Figure 3 Aand B). 4

biological repeats were measured.
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Supplementary Figure $13. Hsp70 chaperone system does not play a role in the kinetic
control solubility of E. coli proteins (A) SDS-PAGE solubility assay of S100 sample upon
incubation at 37°C in the absence and presence of 5 mM ATP and 54 uM DnaK in the Hsp70
system shows statistically similar percent solubilities; P-values (Student’s t-test) > 0.7, n = 3,
n.s.: not significant. The concentrations of co-chaperones of DnaK (K) are in ratio of 1:2.5:5
for K/J/E. (B) DLS analysis reveals the soluble fractions after incubation in the presence of
ATP and Hsp70 system consists of non-aggregated species (total protein concentration before

incubation: 5 mg/mL).
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Supplementary Figure S14. Kinetic protection is not dependent on ATP-dependent
systems, including the chaperone system Hsp70. SDS-PAGE analysis of S100 protein
samples upon anaerobic incubation at 37 °C in the absence and presence of 5 mM ATP and/or
Hsp70 in concentration ratio 1 : 2.5: 5 with concentration of DnaK as 54 uyM (See Figure 4, panel

A). 3 biological repeats were measured. The total protein concentration was 5 mg/mL.
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Supplementary Figure S15. Insoluble aggregates from anaerobic heating-cooling

treatment are under reversible exchange with soluble states under physiological

ly

relevant conditions. SDS-PAGE analysis of insoluble aggregates, generated from anaerobic

incubation experiments, upon progressive dilution experiments (See Figure 5, panel A).
biological repeats were measured. The total protein concentration for anaerobic heatin

cooling experiment was 5 mg/mL.
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Supplementary Figure S16. Upon dilution and additional incubation of 20 hrs, soluble
states, resulted from the reversible exchange as insoluble aggregates, may also contains
smaller states besides large soluble aggregates. Insoluble aggregates, generated from
anaerobic heating-cooling experiments (See Figure 5, panel A), was subjected to progressive
dilution and additional incubation for 20 hrs at 22.5°C. Due to the high presence of large species
from the ACF profile and the regularization results, we concluded that, even upon further
incubation, the soluble aggregates formed from solubilization of insoluble aggregates. Soluble

states generated from 1:20 dilution of insoluble aggregates was analyzed (See S| Methods
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Supplementary Figure S17. Reproducibility of protein abundance and solubility
between different samples (control, soluble, and insoluble) across 3 biological repeats
from (A) anaerobic heating-cooling experiments and anaerobic incubation experiments.
Samples were analyzed with nano-LC MS/MS using tandem mass tagging approach. The
analysis was performed using Proteome Discoverer Software. The total protein concentration
was 3 mg/mL measured with BCA assay (i.e., a control or b. both soluble and insoluble
fractions). 2 internal standards, bovine serum albumin and -galactosidase, for 1) digestion
and TMT-labeling, and 2) LC-MS/MS analysis respectively, were used to normalized peptide
abundance prior to downstream bioinformatics. (B) Standard error distribution of protein
solubility for each protein across biological repeats from different experimental treatments in
panel A. Most proteins have standard error values below 5%. (C) Representative volcano plot
shows that 798 of 1197 proteins (c.a. 66%) have similar abundances across 2 biological
repeats. Specifically, 318 (red, c.a. 27%) and 81 (blue, c.a. 7%) proteins are expressed at
higher or lower abundances respectively across 2 biological replicates. Each biological repeat
contains 3 technical repeats. P-value cutoff is at 0.05 confidence interval (Student’s t-test);
Log. of the fold-change cutoff is at £ 1.20. (D) Representative reproducibility plot shows
consistent solubility measured across 2 biological repeats for each protein; reor = 0.85

(Pearson’s correlation test).
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Supplementary Figure S18. The S100 protein collection consists mainly of
cytoplasmic & periplasmic proteins and depletes of membrane proteins. (A)
Comparison between 1197 proteins in our data set to a representative E. coli proteomic
collection of 2,237 proteins identified by LC-MS in Wisniewski et. al. (2014), categorized in
terms of cellular locations. Our S100 protein collection is representing a majority of
cytoplasmic and periplasmic proteins, under-representing membrane and uncharacterized
proteins, and over-representing ribosomal proteins upon comparison to Wisniewski et. al
(see percentage in red). Within the proteins in our sample across different cellular location
categories, most of our proteome sample consist of cytoplasmic proteins (see percentage
in black) with low representation of membrane, periplasmic, and uncharacterized proteins.
(B) Solubility comparison on a proteome-wide scales based on cellular locations suggests
that membrane and ribosomal proteins have low kinetic stability comparing to that of
proteins from other cellular location entries in our in vitro conditions; p-value (Student’s t-
test) < 0.001. Other cellular location entries have p-value (Student’s t-test) > 0.05, not

significant. (See Figure 6, panel A).
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Supplementary Figure S19. Many proteins in the S100 proteome sample, especially
cytoplasmic and periplasmic proteins, are kinetically protected from aggregation .
Solubility comparison on a proteome-wide scales for (A) cytoplasmic proteins, (B)
periplasmic, (C) integral and peripheral membrane proteins, and (D) ribosomal proteins
(See Figure 6, panel A).
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Molecular weight distribution from
solubility comparison of Figure 6, Panel A
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Supplementary Figure S20. Quadrant 2 contains many highly soluble and stable (i.e.,
relative to aggregates) proteins that tends to be lower in molecular weight. Molecular weight
distribution according to quadrants from solubility correlation (See Figure 6, panel A) shows that
proteins in quadrants Il and IV are smaller in molecular weight than those in other quadrants; P-
values (Wilcoxon-Mann-Whitney’s test) < 0.05. Correlation analysis shows a weak negative
correlation between kinetic stability and propensity to aggregate and molecular weight, reor= 0.27

(Pearson’s correlation test).



NON-POLAR POLAR (+) CHARGED (-) CHARGED
Type of Average % ’

Quadrant Solubility  Solubility GlyG AlaA ValV CysC ProP LeuL llel MetM TrpW PheF SerS ThrT TyrY AsnN GInQ LysK ArgR HisH AspD GIuE
| hc‘f:h"“% 10.0  -0.041 0.015 -0.050 0.057 -0.014 0.059 -0.023 -0.032 0.002 -0.120 0.107 -0.015 -0.097 0.007 0.161 -0.061 0.040 -0.002 0.024 -0.046
562 incubation

Sosin | SEPE 853 0110 0054 0118 -0.126 -0.040 -0.128 0.009 -0.031 0.029 0.019 -0.074 0.163 0.007 0.043 -0.186 0.089 -0.155 -0.106 0.126 -0.005
I hc‘::f"'r‘% 532  -0.030 -0.013 -0.010 -0.005 -0.196 -0.220 -0.005 -0.015 -0.123 0.015 0.024 0.029 -0.087 0.124 0.036 0.290 -0.188 -0.191 0.153 0.152
264 incubation

soits | WOTE 873  0.084 0024 0041 0025 0002 -0.163 0.015 0.018 -0.047 -0.016 -0.109 0.017 -0.025 0.109 -0.046 0.120 -0.209 -0.117 0.106 0.107
Il h;a;’l;% 107 -0.031 0.122 -0.145 0076 0.110 -0.002 -0.088 0.041 0.043 -0.030 0.019 -0.002 0.009 0.014 0.143 -0.042 -0.068 0.100 -0.049 -0.049
318 incubation

s e 429  -0097 -0.030 -0.106 0.048 0.181 0.161 -0.090 -0.041 -0.005 -0.060 0.028 -0.021 -0.014 -0.046 0.061 -0.190 -0.055 0.124 0.105 0.190
WY h;a;’h':% 332 0037 0062 0028 0.140 - 0131 -0.218 -0.196 -0.098 -0.243 0.163 0.243 - 0.110 0.153 0.080 -0.117 -0.266 0.070 0.103

52 proteins '":t“g;"g” 44.1 - 0.055 -0.285 0.113 -0.198 0.250 -0.010 -0.020 0.016 -0.094 0.193 -0.050 -0.155 0.011 0.096 -0.011 0.077 0.165 -0.121 0.167

Supplementary Figure S21. Correlation analysis between protein solubility and amino

acid contents from different

experimental treatments. Pearson’s correlation test was used to assess the correlation between the percentage of each canonical

amino acid in each protein sequence and experimentally measured solubility of each protein from either a) heating-cooling, or b)

incubation at 37°C experiments. reorr Values > 0.3 (dark red) were interpreted as weak correlation; reor values < 0.3 were interpreted as

little to no correlation. Correlation analysis was carried out for each quadrant from the solubility correlation (See Figure 6, part A).

Average % solubility value across proteins from each experiment was also provided for each quadrant as reference.

LEL



% solubility upon
anaerobic incubation

Supplementary Figure S22. Correlation between protein solubility and copy
number. Protein solubility was plotted for proteins with (A) low copy number (< 1,000
copies per cell) and (B) high copy number (> 10,000 copies per cell). Proteins that are
essential and non-essential, under the characterizations from the KEIO collection, are
indicated in red and no-fill dots respectively. Correlation analysis between protein solubility

upon anaerobic heating-cooling and copy number shows weak positive correlation for
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proteins with high copy number (Panel B); reorr = 0.31 (Pearson’s correlation test).
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Isoelectric point (pl) distribution from
solubility comparison of Figure 6, Panel A
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Supplementary Figure S23. Correlation analysis between protein solubility and
isoelectric points. There is no correlation between pl values and protein solubilities; 0.1 > reor
> -0.1 (Pearson’s correlation test); P-values (Wilconox-Mann-Whitney’s test) > 0.1, not

significant. pl values were calculated using pl Analysis Tool on the Expasy server.
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Supplementary Figure S24. Correlation analysis between protein solubility and number of domain (Gene Ontology

database) for 1-7 domains as shown in (A-E). Proteins that are essential and non-essential, under the characterizations from the

KEIO collection, are indicated in red and no-fill dots respectively. No direct correlation is observed between number of domains

and protein solubility. Interestingly, proteins with high solubility in Quadrant 2 consists of 2 or less domains.
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Supplementary Figure $25. Correlation analysis between protein solubility and the
domain fold-types (Structure Classification of Protein — SCOP database). Kinetic stability
relative to aggregation applies to a diverse collection of protein domain fold-types under all B,
a+B, and a/p classes. Only domain fold-types with at least 10 proteins are quantified and
reported. All-B fold, (A) OB-fold and (B) Single-stranded left/right-handed beta helx, are
kinetically stable. Two a+f3 folds, (B) ATP-grasp and (C) Class Il aaRS and biotin synthetase,
are also kinetically stable. Finally, the most represented domain fold class, o/, contains many
fold-types that are kinetically stable: (D) ATP-grasp fold, , (E) Flavodoxin-like, (F) Ribokinase-
like, (G) Rossman NAD(), (H) TIM-barrel, (1) Phosphorylase/hydrolase-like, (J) PLP-dependent
transferase-like, (K) HAD-like, and (L) Adenine dinucleotide a-hydrolase-like. Generally,
essential proteins are kinetically trapped relative to aggregates across different domain folds.
We also considered whether a protein has one single domain or multi-domains into our
correlation analysis between solubility and domain folds. Overall, we arrived at the same
conclusions in either case. Therefore, each correlation plot of a specific domain fold-type
contains both single domain proteins and multidomain proteins with at least one domain
belonging to the relevant domain fold-type. In addition, proteins that are essential and non-
essential, under the characterizations from the KEIO collection, are indicated in red and no-fill

dots respectively.

ocL



APe

riplasmic binding protein

Thioredoxin

O

-like type | and Il (a/B) (a/B) (a+B)

ct00f® ) ® _q00®) . O _100[® . @
52 LI s 2 R = %o g 8
%§ 80 . %§ 80 %% 80—°a. .
Zg 60f Z¢ 60F ZE 60f .
S o ® essential 8 0 3 o0 . @ essential
% '.g 40 1 proteins g '.g 40 + % lg 40 3 proteins
20 .i ° |onon-essential 20 o non-essential 20 . o non-essential
XS 20r ° 26 proteins XI 20r 15 proteins XS 20, i° 15 proteins

© © ©

0 @ ® 0 @ ) 0 @ )

anaerobic heating-cooling

FAD/NAD(P)-binding

0 20 40 60 80 100

% solubility upon

E

% solubility upon

0 20 40 60 80 100

anaerobic heating-cooling

P-loop NTPases

% solubility upon

F

0 20 40 60 80 100

% solubility upon

anaerobic heating-cooling

0 20 40 60 80 100

anaerobic heating-cooling

o

Ferredoxin-like

0 20 40 60 80 100

% solubility upon
anaerobic heating-cooling

Ribonuclease H-like fold G

0 20 40 60 80 100

% solubility upon
anaerobic heating-cooling

SAM-dependent

domain fold (a/B) (a/B) (a/B) methyltransferases (a/B)
_1001® - c100° = _100+® ® _100+°, ®
o & B o # e o & . o
§5 sof S5 sof ¥t §5 8o o §% sof ¥
20 ° S5 aa 295 § 20 8 i oo
> 8 > a o o ° > 8 . < 8 % ;0 °
=Zc 60 ¢ =Zc 60 %% 2c 60 =Zc 60 o°
3o g 3o %08 e essential 30 . @ essential 30 : e essential
% '_g 40F °o % '_g 40 - :::.u n. 19 proteins % '_g 40F ° 1 9 proteins % '_g 40+ 1 proteins
PG o o | onon-essential g ¥ o | onon-essential D5 o non-essential D5 o o non-essential
X g 20F o 13 proteins X g 20F o e 51 proteins X g 20+ . ®| 7 proteins X g 20 20 proteins
@© o © ° © © 2
0 @ ® 0 @ ® 0 | @ ® 0 @ ®

0 20 40 60 80 100
% solubility upon

anaerobic heating-cooling

Supplementary Figure S$26. Correlation analysis between protein solubility and the domain fold-types of highly soluble
proteins in Quadrant Il or aggregation-prone proteins in Quadrant Il (Structure Classification of Protein — SCOP data
base). Only domain fold-types with at least 10 proteins are quantified and reported. Like Figure S24, each correlation plot of a
specific domain fold-type contains both single domain proteins and multidomain proteins. Many highly soluble proteins in

quadrant Il contain domain of fold-types from a/B classes: (A) Periplasmic binding protein-like type | and Il, and (B) Thioredoxin.

LEL



However, many proteins with the following fold-types from the a/f classes are also aggregation-prone under physiologically
relevant conditions: (C) Ferredoxin-like, (D) FAD/NAD(P) binding, (E) P-loop NTPases, (F) Ribonuclease H-like, and (G) SAM-
dependent methyltransferases. These highly soluble or aggregation-prone fold-types are not well-represented amongst essential

proteins, characterized by the KEIO collection.
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Supplementary Figure S27. Correlation analysis between protein solubility and cofactors: (A) Flavins, (B) 4Fe-4S cluster,
(C) Mg?*, (D) Mn?*, (E) Pyridoxal 5-phosphate — PLP, (F) Zn?*. Proteins with (G) no cofactor, and (H) uncharacterized presence or
absence of a cofactor are also included. Only cofactor categories with at least 10 proteins are quantified and reported. Proteins with
non-covalently bound cofactors, such as PLP and non-Fe-S cluster metal centers, are generally more kinetically stable. Proteins

with iron-sulfur clusters are more aggregation prone under our in vitro conditions comparing to other cofactor categories.
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Supplementary Figure S$28. Correlation analysis between protein solubility and number of subunits of homomeric proteins.

Kinetic stability relative to aggregation applies to many proteins that are (A) monomeric, (B) homodimeric, (C) homotrimeric, (D)

homotetrameric, (E) homohexameric, (F) homooctameric. Proteins found to (G) engage in higher order complexes with other proteins

or (H) uncharacterized are also shown. Interestingly, homomeric proteins known to form complexes of 6 or more subunits are generally

kinetically stable as shown in (E) and (F).
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Supplementary Figure S29. Correlation analysis between protein solubility and number of subunits of heteromeric

proteins. Kinetic stability relative to aggregation applies to many proteins that are (A) heterodimeric, (B) heterotrimeric, (C)

heterotetrameric, (D) hetero pentameric, (E) heterohexameric, (F) hetero-8- & -12-mers, (G) > hetero-12-mers, and (H) > hetero-

20-mers.
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Supplementary Figure S30, part 1. Correlation analysis between protein solubility and cellular functions (Gene Ontology

database): (A) Carbohydrate metabolism/catabolism: Glycolysis, Gluconeogenesis, Tricarboxylic acid — TCA cycle, and Oxidative

Pentose Phosphate Pathway (OPPP), (B) Fatty acid metabolism/catabolism, (C) de novo synthesis pathways of amino acids,

cofactors, and nucleotides, (D) tRNA aminoacylation (23 essential tRNA synthetases), (E) Translation (ribosomal proteins), (F)

Protein folding (molecular chaperones), (G) Protein degradation (proteases), and (H) Cell cycle and divisions. Proteins involved in

pathways important during growth phase are kinetically protected from aggregation, including (A), (B), (C), (D), (F), and (H).
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Supplementary Figure S31. Correlation analysis between solubility and kinetic or heat

stability of known proteins from literature. (A) Solubility correlation of 16 heat stable proteins

that were determined to be resistant to aggregation under harsh thermal treatments by 2D-SDS-

PAGE (Kwon et. al., 2008). Here, we show that all previously identified heat stable proteins are

kinetically stable as well from aggregation. (B) Solubility correlation of 41 kinetically stable

proteins that were determined to be resistant to SDS unfolding by 2D-SDS-PAGE (Xia et. al.,

2007). 36 of the previously identified kinetically stable (relative to unfolded states) proteins are

also confirmed to be kinetically stable (relative to aggregation) proteins from our work.
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Supplementary Figure S32. Correlation analysis between protein solubility and thermal

stability. Thermal stabilities, described by the melting temperature T, for proteins from our

experiments were obtained from Mateus et. al. (A) Solubility correlation of proteins with high Tn;

Despite previous reported resistant to aggregation, proteins with T, > 70 °C or 65 °C < T, < 70

°C form extensive insoluble aggregates upon heating at 70 °C during our anaerobic heating-
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cooling treatment. (B) Solubility correlation of proteins with low Tr. Similar to previous reported
levels of aggregation for these proteins, our data show that most proteins with T, < 52 °C are
insoluble upon heating at 70 °C during our treatment. Overall, no correlation is observed
between kinetic stability or propensity to form insoluble aggregates and thermal stability; 0.2 >
reorr > - 0.2 (Pearson’s correlation test). (C) and (D) show the solubility correlation of notable

proteins with either high or low thermal stability listed directly in Mateus et. al.
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A Low solubility, c.a., <30% B High solubility, c.a., >70%

after cell-free synthesis after cell-free synthesis
(Niwa et. al., 2009) (Niwa et. al., 2009)
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Supplementary Figure S33. Correlation analysis between protein solubility at the late
stages and at the early stages of protein’s life (i.e., upon translation and release from
the ribosome, Niwa et. al). Overall, many proteins are kinetically protected from aggregation
regardless of having (A) low solubility (<30%) or (B) high solubility (>70%) upon synthesis at
the early stages protein (Niwa et. al., 2009). Generally, essential proteins, characterized under
the KEIO collection, are kinetically protected from aggregation relative to non-essential
proteins regardless of solubility. Specifically, proteins with low solubility (i.e., form insoluble
aggregates) upon cell-free synthesis are also aggregation-prone upon anaerobic thermal
treatment. In addition, Quadrant Il contains many proteins with high solubility upon cell-free

synthesis, suggesting that they are also highly soluble throughout the late-stages.
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Refoldable proteins
(To et. al., 2021)
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Supplementary Figure S34. Correlation analysis between protein solubility and

refoldability from a chemically denatured state. Many proteins, that are (A) non-refoldable

(B) refoldable upon chemical denaturation after 2 hrs (To et. al., 2021), are kinetically stable

from aggregation under physiologically relevant conditions.
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Solubility correlation of 15 proteins
commonly used as solubility tags
(Costa et. al., 2014)
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Supplementary Figure S35. Most solubility tags from E. coli are kinetically stable relative
to aggregation. Solubility correlation of proteins that are routinely used as solubility tags to

enhance protein expression and purifications, according to Costa et. al. (2014).
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Chapter 3

Development of highly sensitive NMR techniques with
isotopic labelling — study protein folding, misfolding, and

aggregation

This Chapter reproduces an article published: Yang, H.; Li, S.; Mickles, C. A,;
Guzman-Luna, V.; Sugisaki, K.; Thompson, C. M.; Dang, H. H.; Cavagnero, S., Selective
Isotope Labeling and LC-Photo-CIDNP Enable NMR Spectroscopy at Low-Nanomolar
Concentration. Journal of the American Chemical Society 2022, 144 (26), 11608-11619. H.Y.
carried out NMR experiments, designed the theoretical basis, performed model fitting, and
wrote the manuscript. S.L. performed additional model fitting and wrote the manuscript. C.M.
performed synthesis and purification of the materials used in this Chapter and participated in
writing the manuscript. V.L. prepared cell-free S30 extracts and participated in producing
figures in the Chapter . K.S. provided the computational model to predict g-factor values of
fluorescein and photo-CIDNP polarization. H.D. contributed to the synthesis, purification, and
characterizations of materials used in this Chapter. S.C. designed the project, participated in

data analysis, wrote the manuscript and contributed to manuscript editing.
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3.1. Abstract.

NMR spectroscopy is a powerful tool to investigate molecular structure and dynamics.

The poor sensitivity of this technique, however, limits its ability to tackle questions requiring

dilute samples. Low-concentration photochemically induced dynamic nuclear polarization (LC-

photo-CIDNP) is an optically-enhanced NMR technology capable of addressing the above

challenge by increasing the detection limit of aromatic amino acids in solution up to 1,000-fold,

either in isolation or within proteins. Here, we show that the absence of NMR-active nuclei

close to a magnetically active site of interest (e.g., the structurally diagnostic H2-C?2 pair of

amino acids) is expected to significantly increase LC-photo-CIDNP hyperpolarization. Then,

we exploit the spin-diluted tryptophan isotopolog Trp-a-'*C-b,b,2,4,5,6,7-d; and take

advantage of the above prediction to experimentally achieve a ca 4-fold enhancement in NMR

sensitivity over regular LC-photo-CIDNP. This advance enables the rapid (within seconds)

detection of 20 nM concentrations or the molecule of interest, corresponding to a remarkable

3 ng detection limit. Finally, the above Trp isotopolog is amenable to incorporation within

proteins and is readily detectable at 1 mM concentration in complex cell-like media, including

E. coli cell-free extracts.
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3.2. Introduction.

Nuclear magnetic resonance (NMR) spectroscopy is a non-invasive technique capable

of yielding invaluable information on molecular structure and dynamics at atomic resolution.

On the other hand, NMR is intrinsically insensitive due to small differences in population

between nuclear spin eigenstates, even at the highest commercially available magnetic field

of 28.2 T 152 Although low sensitivity can be compensated by increased sample

concentration, this is often not a feasible option due to limited solubility, small amounts of

material and high aggregation propensities. The above challenges are particularly severe in

the case of biological samples in agueous media. Numerous hyperpolarization methods were

developed to increase the sensitivity of liquid-state NMR by altering nuclear spin populations

at thermal equilibrium. Major developments comprise Overhauser dynamic nuclear

polarization (ODNP) 53155 dissolution dynamic nuclear polarization (DDNP) 5618 and

parahydrogen-induced polarization (PHIP) '%%185 including signal amplification by reversible

exchange (SABRE) 166-183,

On the other hand, a few challenges have hampered the wide applicability of the above

hyperpolarization technologies, to date. These include expensive instrumentation, harsh

sample conditions (e.g., high/low temperatures, freeze-thaw cycles), long hyperpolarization

times, applicability to a limited number of molecules of interest, safety considerations, inability
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to perform in situ hyperpolarization, requirement of high sample concentration (50 mM or

more) and unfeasible data collection in physiologically relevant environments.

Earlier identification of chemically induced dynamic nuclear polarization (CIDNP) 8+

185 in organic reactions led to the development of a photochemically enhanced NMR approach

known as photo-CIDNP. While originally employed to assess solvent exposure '8, this

technique has more recently been employed to significantly increase NMR sensitivity in

solution at high applied field 8719, Photo-CIDNP is devoid of most of the drawbacks of other

approaches listed in the previous paragraph. This technique requires aromatic moieties and

benefits from an O.-free environment.

Photo-CIDNP exploits spin-selective processes between a molecule of interest and a

photosensitizer dye. The phenomenon proceeds via a radical pair mechanism, as shown in

Figure 1A. Photo-CIDNP can be employed for NMR sensitivity enhancement purposes % and,

when combined with heteronuclear correlation spectroscopy, it enables highly sensitive

detection of hyperpolarized C and "N 188189 1% More recently, trace amounts of

commercially available glucose oxidase (GO) and catalase (CAT) were employed to remove

dissolved molecular oxygen, thus preventing excited-state dye quenching and further

increasing NMR sensitivity '®”. The use of fluorescein (Fig. 1B) as photosensitizer, in place of

flavin mononucleotide (FMN), led to extension of this technique to low sample concentration

(low- to sub-mM) '*°, The use of photosensitizers characterized by a long triplet-state lifetime
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(e.g., 20 ms for fluorescein '°° %) gave rise to a branch of photo-CIDNP known as low-

concentration photo-CIDNP (LC-photo-CIDNP). Replacement of costly and hard-to-maintain

high-power laser with LEDs (Fig. 1C) with no sensitivity losses led to enhanced ease of

access, portability and safety 9.

LC-photo-CIDNP performs optimally at low-to-sub mM sample concentration 19011,

and it provides fast (0.2 s) in situ nuclear hyperpolarization. The latter features enable long-

term signal-averaging and multi-dimensional NMR of extremely dilute samples. This

technology leads to enhanced signal-to-noise ratio (S/N) of tryptophan (Trp) and tyrosine (Tyr),

either as free amino acids or within polypeptides and proteins 88 191193 Remarkably, high LC-

photo-CIDNP enhancements are observed for C? nuclei of aromatic amino acids, likely due to

their high hyperfine coupling constants 88 197 enabling the efficient detection of H3-C? pairs.

The C?2 chemical shifts are particularly useful because they are diagnostic of backbone

secondary structure in proteins '8, To take advantage of proton’s higher sensitivity, '*C-to-'H

polarization transfer via reverse INEPT is typically employed 8. In addition, 2D data collection

is carried out to preserve information on '*C2 chemical shifts '8 19!, The recently developed

3C RASPRINT pulse sequence is optimized for ultra-fast data collection in aqueous solvent

192 This sequence exploits minimal recycle delays, given that most nuclear-spin polarization is

generated during the optical irradiation time, thus abrogating the need for lengthy inter-scan

intervals '92. The "*C RASPRINT sequence is particularly useful for the ultra-rapid detection of
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H2-C? pairs at low sample concentration, down to ca. 500 nM 192, More recent studies showed

that LC-photo-CIDNP hyperpolarization can be further enhanced in the presence of low-mM

concentrations of reductive radical quenchers including ascorbic acid, a.k.a. vitamin C, leading

to detection of 200 nM aromatic amino acids 9. Despite the above advances, it is highly

desirable to render liquid-state NMR spectroscopy even more sensitive so that it approaches

detection limits of other leading techniques, e.g., fluorescence and mass spectrometry.

In this work, we provide theoretical and experimental evidence illustrating that nearby

NMR-active nuclei (e.g., 'H’s, *C and °N) significantly decrease the extent of observable *C

LC-photo-CIDNP polarization. Upon replacement of these nuclei with either NMR-inactive

("?C) or low-gyromagnetic-ratio (?H) nuclei by selective isotope labeling, we were able to

achieve an unprecedented improvement in NMR detection level in solution, down to 20 nM

Trp, in only a few seconds. In addition, we showed that the above isotopolog-assisted optically

enhanced technology is also effective in complex cell-like media, enabling the analysis of

aromatic amino acids in physiologically relevant milieu at atomic resolution and extremely high

sensitivity.
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A Mechanism of Photo-CIDNP
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Figure 1. Basic aspects of low-concentration photo-chemically induced dynamic
nuclear polarization (LC-photo-CIDNP). A. Schematic illustration of the radical-pair
mechanism of photo-CIDNP in liquids. D and M denote the dye and molecule of interest,
respectively. So, St and Ty refer to the ground singlet, 15 excited singlet and 1t excited

electronic triplet states, respectively. The T-S acronym denotes triplet-singlet mixing. The
frequency of T-S mixing of the T[DWMW] radical pair depends on the nuclear spin states

of the molecule of interest M™, due to hyperfine coupling between unpaired electron and
nuclear spins. Therefore, depending on the value of nuclear spin states, molecules can
either undergo fast or slow T-S mixing. The population with nuclear spin states undergoing
slow T-S mixing experiences radical-pair dissociation followed by paramagnetic relaxation,
resulting in thermal nuclear-spin polarization. Conversely, the population with nuclear spin

states experiencing fast T-S mixing undergoes T-S mixing followed by fast back electron
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transfer. Importantly, this population experiences nuclear-spin hyperpolarization. In
practice, one detects the sum of the two populations, in a photo-CIDNP experiment. B.
Structure of a typical small molecule of interest and photosensitizer dye employed in LC-

photo-CIDNP. C. Scheme illustrating typical LC-photo-CDINP instrumentation.
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3.3. Results and Discussions

3.3.1 Theoretical predictions on the dependence of LC-photo-CIDNP-

hyperpolarization on isotope substitution patterns and g-factor values. LC-photo-

CIDNP polarization depends on the g-factor of the radical form of the reduced photosensitizer

dye. Fluorescein is typically employed as a dye. The g-factor of its reduced radical form in

solution, however, is not known. Note that different protonation states of fluorescein in solution

are expected to affect g-factor values. We carried out density functional theory (DFT)

calculations to estimate the pKa and g-factor of the fluorescein dye radical at 25 °C and pH

7.0. Water solvation effects were taken into account via the integral equation formalism

polarizable continuum model (IEFPCM). Predicted g-factor values were determined for the

fully protonated state of the FI* dye radical and for seven variably deprotonated states, as

listed in Figure 2A. The pKa values of the three titratable protons were employed to determine

the population of each of the eight variably protonated species listed in Figure 2A via the

Henderson-Hasselbalch equation. The resulting individual populations and corresponding g-

factors were employed to predict the overall weighted-average g-factor of the fluorescein dye

radical at 25 °C and pH 7.0. This g-factor value was mostly contributed by FI*"' and was found

to be 2.003077.

The known g-factor of Trp** %7 and the weighted-average g-factor of the fluorescein

dye radical, determined as described in the previous paragraph, were used as input for
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computational predictions of LC-photo-CIDNP polarization as a function of g-factor of the dye

radical. We followed known theoretical and practical guidelines '°%-2°1, with some modifications,

as detailed below.

For freely-diffusing radical pairs, the population difference between any two nuclear-

spin configurations 1 and 2 of the geminate-recombination product is

P.—P, = p(\/|a)T51|Td _\/|wTSZ|Td ) , [1]

where ps, p2 are the populations with nuclear-spin configuration 1 and 2, respectively;

p is a normalization factor (see Supplementary Information), @, and @, are the triplet-
singlet mixing frequencies of the nuclear-spin configurations, and 7, is the average time the
radical-pair components remain closely associated (beyond orbital-overlap distances) before
long-term dissociation. The triplet-singlet mixing frequency of each of any possible nuclear-

spin configurations is
1
a’rsza AgﬂBBo"'ZmiAﬁ_ijAj , [2]
i i

where the i and j subscripts denote individual nuclei of the dye and molecule of interest,
respectively. In addition, Dg is the difference between the g-factors of the radical-pair
components (i.e., the dye and molecule of interest), mg denotes the Bohr’s magneton By is the
applied magnetic field, and m and A are the magnetic nuclear-spin quantum number and

hyperfine coupling constant, respectively.
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Figure 2. Computational predictions. A. Predicted pKa and isotropic g-factor values
for fluorescein radicals of different protonation states. B. Predicted photo-CIDNP
polarization of three Trp isotopologs as a function of dye g-factor. Simulations were
performed using g-factor of Trp® = 2.0027, and hyperfine coupling constant of Trp and

fluorescein radicals from literature sources (see details in Suppl. Inf.).
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For different isotope labeling schemes of the molecule of interest, corresponding to

different isotopologs, the third term of equation [2] is expected to vary depending on specific

A values. Therefore, we reasoned that different isotopic substitutions ought to give rise to

variable populations of geminate-pair products, resulting into different levels of photo-CIDNP

hyperpolarization 2°2, Hence we proceeded to explore how the g-factor of dye radicals is

expected to affect the theoretically achievable geminate-pair recombination products, in the

case of different Trp isotopologs. We focused on three representative labeling schemes of the

molecule of interest: namely, (i) uniformly 3C-labeled Trp (Trp-U-13C), (ii) a hypothetical Trp

isotopolog bearing a *C-'H pair at the a carbon (C? and extensive deuteration at non-

exchangeable sites (Trp-a-'*C-b,b,2,4,5,6,7-d7, Fig. 3A), and, finally, (iii) a reference Trp

isotopolog enriched in $3C at the C? and bearing natural-abundance nuclides at all other sites

(Trp-a-13C, Fig. 3B). Importantly, all of the above isotopologs have a *C at the a position,

honoring the fact that the LC-photo-CIDNP hyperpolarization approach is particularly effective

at enhancing the *C?2 of the Trp and Tyr amino acids, either alone or within proteins °%.

Additional details about the computations, including assessment of overall probabilities of

geminate recombination, proportional to nuclear-spin polarization at the Trp a carbon, are

provided in the Supplementary Information.

The simulation results for the above three Trp isotopologs are shown in Figure 2B.

Even at optimal values of g-factor of the dye radical, the two compounds bearing no
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deuteration are predicted to afford only limited sensitivity enhancement. On the other hand,

the Trp-a-*C-b,b,2,4,5,6,7-d; deuterated isotopolog (solid circles in the plot of Fig. 2B) is

expected to undergo drastic polarization enhancements that significantly vary in magnitude

depending on the g-factor of the dye radical. These enhancements extend up to nearly 14.5%

for dyes that bear an optimal g-factor value.

Under typical LC-photo-CIDNP conditions, fluorescein is employed as photosensitizer

191 As detailed elsewhere %, this dye bears a conveniently long triplet-state lifetime that

persists across the infrequent collisions between dye and molecule of interest, at moderate

sample concentrations (low mM and lower). Therefore, despite its sub-optimal g-factor value

in the plot of Figure 2B, fluorescein is the current photosensitizer of choice in LC-photo-CIDNP

experiments. When fluorescein is employed as a photosensitizer at room temperature and 25

°C, the predicted probability of geminate recombination (proportional to nuclear-spin

hyperpolarization 2°?) of uniformly **C-labeled Trp (Trp-U-'3C) is the lowest (ca. 5%). On the

other hand, Trp-a-'3C is predicted to experience a 4.4% more geminate-recombination than

Trp-U-13C. More strikingly, the selectively labeled isotopolog Trp-a-*C-b,b,2,4,5,6,7-d7, which

includes extensive deuteration at C* and aromatic carbon sites, is predicted to experience

28.2% more geminate recombination than Trp-U-3C.
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Figure 3. Synthesis and characterization of Trp isotopologs. A. Scheme illustrating the
enzyme-cascade synthesis of Trp-a-13C-b,b,2,4,5,6,7-d7. B. Scheme illustrating the
enzyme-cascade synthesis of Trp-a-13C. C. 1D 1H NMR characterization of Trp-a-13C-
b,b,2,4,5,6,7-d7. A pulse-acquire data-collection scheme with a 121.5 Hz solvent
presaturation scheme during the entire 5 s recycle delay was employed. 8 scans were
acquired. The sample (ca. 100 mM) was prepared in 90% H20, 10% D20 with traces of
sodium trimethylsilylpropanesulfonate (DSS) used as an internal reference. The inset shows

the 1Ha region of a spectrum including 13C decoupling during acquisition using
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bi_p5m4sp_4sp.2 composite pulse decoupling (see Exp. Section in Suppl. Inf.). D. 1D 1H
NMR characterization of HPLC-purified and lyophilized Trp-a-13C (ca. 200 mM). The inset
shows the 1Ha region of the 13C-decoupled spectrum. The same acquisition and

processing parameters as in panel C were used.
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3.3.2 Trp analogs bearing variable isotopic substitution patterns were prepared and

characterized. Encouraged by the computational predictions of Figure 2B, we proceeded to

prepare some relevant isotopologs and experimentally test their performance in terms of

achievable LC-photo-CIDNP hyperpolarization.

Previous selective labeling schemes were based on supplementing bacterial growth

media with [4-13C]-d-aminolevulinic acid 2°® or with different singly labeled '*C-glucose

isotopologs 2*4. These methods, however, suffer from low isotope-incorporation yields and are

not easily customizable to the desired labeling patterns. Here, we employed an alternative

recently developed enzyme-cascade approach 2% to readily achieve high levels of isotope

enrichment starting from affordable and readily available precursors. This approach is

particularly convenient due to its modular nature 2°°. For instance, it enables the facile

synthesis of a wide variety of desired isotopologs by simply changing the labeling pattern of

the starting materials (i.e., glycine and indole) and solvent (water).

The synthetic schemes of Figure 3A and 3B detail the route that led to the generation

of Trp-a-'3C-b,b,2,4,5,6,7-d7 and Trp-a-"3C with 44.7% and 31.8% yield, respectively. Given

that the amounts of purified products were more than adequate for our purposes, no further

optimization was performed. The identity of purified Trp-a-'*C-b,b,2,4,5,6,7-d7 and Trp-a-'*C

was confirmed by ESI MS and 'H NMR. The pulse-acquire 'H NMR spectra of the two

isotopologs are shown in Figure 3C and 3D and confirm the presence of the expected *C-'H
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scalar coupling. The latter disappears upon C decoupling. In addition, no 'H aromatic

resonances are observed for Trp-a-'*C-b,b,2,4,5,6,7-d7, consistent with expectations.

3.3.3 Trp-a-'*C-b,b,2,4,5,6,7-d; isotopolog leads to large LC-photo-CIDNP sensitivity

enhancements. The two Trp isotopologs described in the previous section and the

commercially available uniformly labeled Trp-U-'3C,'*N were initially analyzed under dark (i.e.,

LED-off) conditions. The *C RASPRINT pulse sequence 2 was employed, except that the

typically short recycle delays (50 ms) '°2 were replaced by long ones (5 s) to allow for nearly

complete longitudinal relaxation. This pulse sequence enables the detection of *C-bound

protons and is routinely employed in LC-photo-CIDNP 92,

Figure 4A, which focuses on H? protons under dark conditions, shows that the

selectively labeled Trp-a-'*C and Trp-a-'*C-b,b,2,4,5,6,7-d isotopologs display a larger S/N

than uniformly labeled Trp (Trp-U-"3C,"*N). While Figure 4A provides a useful qualitative

assessment, the different sample concentrations prevent quantitative comparisons. A more

quantitative analysis of NMR behavior under dark conditions is provided in Figure 4B. The plot

in this figure examines both intensities at the resonance maximum and areas, and normalizes

the data so that they are independent of sample concentration. Here we note that, relative to

Trp-U-"3C,"™N, the Trp-a-3C isotopolog displays 20% increases in resonance area and

intensity at the maximum. Conversely, Trp-a-'*C-b,b,2,4,5,6,7-d- displays a 42% increase in
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area and an even more dramatic 192% increase in intensity at the maximum. The latter
enhancement results from narrower 'H linewidths, as confirmed by T, measurements
(Supplementary Information). In summary, perhaps not surprisingly, detection of Trp H?
resonances under dark conditions is rendered more facile by the extensive deuteration of the
Trp-a-"*C-b,b,2,4,5,6,7-d isotopolog. It is worth noting that H* resonances are important in
biology because they are diagnostic of structure, especially when analyzed in the context of
protein backbone.

Next, we performed 1D LC-photo-CIDNP experiments on all three Trp isotopologs
under light (i.e., LED-on) conditions. Data were collected at very low sample concentration
(1mM). The NMR spectra under light conditions, shown in Figure 4C, display considerable
increases in S/N upon going from Trp-U-'3C,"®N to Trp-a-'*C to Trp-a-'*C-b,b,2,4,5,6,7-d-.
Remarkably, the latter isotopolog displays a ca. 4-fold increase in S/N relative to the already
intense signal of uniformly labeled Trp (Trp-U-"3C,"®N). More quantitative studies, displayed in
Figure 4D, show that Trp-a-'3C displays a 70% increase in resonance area and intensity
relative to Trp-U-"3C,"®N, while Trp-a-'3C-b,b,2,4,5,6,7-d; features a 120% increase in area
and a 300% increase in resonance intensity.

At this juncture, it is important to consider a few simple items. First, NMR sensitivity 5"
206 js defined as S/N divided by the square root of experiment time t, i.e., Ni\/t_ Second, the

NMR S/N ratio depends on the amplitude of both the resonance of interest and the noise.



168

Third, all data were collected with identical acquisition and processing parameters. Taking all

of the above considerations into account, the results of Figure 4C and 4D clearly show that

the Trp-a-'C-b,b,2,4,5,6,7-d; isotopolog displays a remarkable 4-fold increase in sensitivity

relative to uniformly labeled Trp (Trp-U-3C,"®N). Note that all experiments under light

conditions must bear equivalent noise values. This result is even more significant if one notices

that (a) all the Figure 4C spectra acquired under dark conditions display no detectable signal,

and (b) all the Figure 4 light and dark spectra included only 32 scans. In conclusion, the overall

sensitivity of the *C RASPRINT experiment for the Trp-a-13C-b,b,2,4,5,6,7-d; isotopolog must

be very high. More details on specific enhancements factors and polarization values are

provided in a later section
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Figure 4. LED-off and LED-on data show enhancements due to both dark and light
contributions. A. NMR spectra showing the H" resonance of different Trp isotopologs.
Data were collected with the 1D C RASPRINT pulse sequence under dark (i.e., LED-off)
conditions at the concentrations listed above the spectra. A 5 s recycle delay was
employed. B. Quantitative analysis of H"-resonance areas and intensities-at-the-
maximum relative to Trp-U-'3C,"®N, after normalization to eliminate differences due to
variable concentrations. C. LC-photo-CIDNP spectra acquired with the 1D '*C RASPRINT
pulse sequence under light (LED-on) conditions for three Trp isotopologs of equal
concentration. D. Quantitative analysis of H" resonance area and intensity-at-the-
maximum under light (i.e., LED-on) conditions relative to Trp-U-'3C,'®N. Data in panels B
and D are shown as avg £ S.E. (n=2). All spectra were acquired at 24 °C with 64 scans, 4

dummy scans, and an optical irradiation time of 0.2 s.
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3.3.4 The Trp-a-*C-b,b,2,4,5,6,7-d; isotopolog enables optically-enhanced NMR at low
nanomolar concentration. Encouraged by the results described in the previous sections,
we further explored the LC-photo-CIDNP detection limit of the Trp-a-'*C-b,b,2,4,5,6,7-d7
isotopolog. Towards this end, we took a few deliberate simple steps. First, to optimize
detection of the target isotopolog, we modified the *C RASPRINT pulse sequence by
removing its constant-time evolution. Note that the absence of '*Cs at the b and carbonyl
positions ("*CP and *C’) of the Trp-a-'*C-b,b,2,4,5,6,7-d; isotopolog renders constant-time
evolution unnecessary, due to lack of '*C-"3C J couplings ?°’. Second, we converted all the on-
resonance selective pulses into hard pulses and removed the '*C’ off-resonance pulse. These
modifications are justified by the fact that the Trp-a-'3C-b,b,2,4,5,6,7-d7 isotopolog only bears
one "*C and lacks *C-"3C J couplings. Therefore, there is no need for '*C? selective excitation
or for selective C’ pulses to refocus '*C3-'*C’ J couplings.

Importantly, all the above modifications are beneficial because they lead to shorter
experiment times and reduce signal losses arising from pulse imperfections and transverse
relaxation during the pulse scheme. The resulting pulse sequence, displayed in Figure 5A,
was denoted as '3C isotopolog-optimized RASPRINT or '3C iso-RASPRINT.

Then, we tested the LC-photo-CIDNP behavior of extremely dilute (50 and 20 nM) Trp-
a-3C-b,b,2,4,5,6,7-d7 upon data collection with the '*C iso-RASPRINT pulse sequence. The
results (two outmost-left spectra in Fig. 5B) show that the 50 nM sample yields a detectable
resonance of moderate intensity after 64 scans (Fig. 5B). On the other hand, the 20 nM sample
displayed no observable signal (data not shown). Given that reductive radical quenchers
including ascorbic acid, also known as vitamin C (VC) is known to protect LC-photo-CIDNP
molecules of interest from photodamage ', potentially extending detection limit, we prepared
an additional set of samples containing a small concentration of VC (2 mM). The results,

shown in the four righthandside panels of Figure 5B, prove that in the presence of the VC
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reductive radical quencher even 20 nM Trp-a-'*C-b,b,2,4,5,6,7-d; can be readily detectable,
within only 64 scans. This is a remarkably small concentration, corresponding to an extremely

favorable detection limit of 3 ng.
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Figure 5. LC-photo-CIDNP in combination with selective isotope labeling enables the
detection of Trp at low-nanomolar concentration. A. Scheme illustrating the 13C iso-
RASPRINT pulse sequence, optimized for the detection of the Trp-a-13C-b,b,2,4,5,6,7-d7
isotopolog. The 13C iso-RASPRINT sequence differs from the 13C RASPRINT sequence in
that on-resonance selective pulses are replaced by hard pulses and off-resonance selective
pulses are removed. In addition, the constant-time evolution was removed, yet a short spin-
echo was preserved to compensate for the effect of pulse field gradients. B. LC-photo-CIDNP
(1D 13C is0o-RASPRINT) spectra of 50 and 20 nM Trp-a-13C-b,b,2,4,5,6,7-d7. Data were
acquired under dark and light conditions, in the absence and presence of 2 mM vitamin C
(VC).. In each spectrum, signal-averaging was carried out across 64-scans preceded by 4
dummy scans. The optical irradiation time was 0.2 s. Data were collected at 24 °C. The spectra

enclosed within the green frame show the highest degree of nuclear-spin hyperpolarization.
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3.3.5 Quantitative assessment of LC-photo-CIDNP enhancements and polarization
values. To more quantitatively evaluate the extent of polarization enhancement generated via
LC-photo-CIDNP for each of the isotopologs analyzed in this work, we compared resonance

areas under dark and light conditions according to the relation below

_ Area,, [Trp]

— dark , 3
Area,,, [Trp] 3]

light

g

where e is the polarization enhancement factor, defined as the ratio between nuclear spin
polarization under light and dark conditions. Note that we acquired the dark (LED-off) spectra
at much higher concentrations (ca. 100 mM) than the LED-on experiments, and then adjusted
for concentration differences according to equation [3]. In addition, we employed long (5 s)
recycle delays to ensure nearly complete relaxation between scans. We collected the same
number of scans under dark and light conditions. Clearly, if the shorter delays employed in the
light experiments had been employed for data collection under dark conditions, the apparent
polarization enhancement factors would have been much larger. We refrained from doing this
so that we could provide the highest possible reference S/N values under dark conditions.

From percent polarization enhancements e and from thermal-equilibrium percent
polarization Py, assessed from the Boltzmann distribution in the presence of a 600 MHz
applied field "', we also determined the percent polarization Ps, according to

Py, =€Pypre - (4]
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The resulting e and P¢, values of all three isotopologs examined in this work are shown

in Figure 6.

The enhancement factor and percent polarization of the two best isotopologs are

discussed next. As shown in Figure 6, the e and P, values of Trp-a-'3C are 410 + 2 and 0.496

+ 0.003%, respectively. The Trp-a-'*C-b,b,2,4,5,6,7-d- displays the highest values; namely e

and Ps, of 470 + 13 and 0.568 + 0.016%. The Trp-a-'*C and Trp-a-'*C-b,b,2,4,5,6,7-d7

isotopologs performed considerably better than uniformly labeled Trp (Trp-U-'3C,N), with

increases of 38% and 57%, respectively
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Figure 6. The Trp-a-13C-b,b,2,4,5,6,7-d7 isotopolog displays unprecedented LC-
photo-CIDNP enhancement factors e and percent polarization in solution.
Enhancement factors (e) were determined from experimental data according to
equation [3]. Percent polarization values were assessed from enhancement factors
and thermal-equilibrium percent polarizations according to equation [4]. Thermal-
equilibrium percent polarizations were estimated at room temperature at 600 MHz
applied field. Sample concentrations were 1 mM and 100 mM in LED-on and LED-off
experiments, respectively. All values are shown as avg + S.E., with n=2, where n

denotes the number of independent experiments.
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3.3.6 The observed sensitivity enhancements arise from both LED-on and LED-off

effects. The data of Figure 4B, collected under dark (LED-off) conditions, show that selective

3C labeling as well as introduction of deuteration at C"' and across the aromatic ring induces

some sensitivity enhancement even in the absence of optical irradiation. Therefore, some non-

photo-CIDNP-related factors must contribute to the overall observed effects.

We were able to identify two specific dark-state contributions. First, there was an

increase in 1Ha T2 arising from either the removal of some nearby NMR-active nuclei and(or)

from their replacement with low-gyromagnetic-ratio (low-g) nuclei due to selective labeling.

The results of 1Ha T2 measurements are presented in the Supplementary Information. Clearly,

this effect accounts for the sharper resonances, and longer 1Ha T2 displayed by the Trp-a-

13C-b,b,2,4,5,6,7-d7 isotopolog even under dark conditions. Second, the elimination of many

13C-13C, multi-bond 1H-13C and 1H-1H J couplings arising from selective labeling prevents

loss of coherence via J coupling during the pulse sequence. This effect was quantified upon

comparing the area/concentration ratios for the 1Ha resonance of each isotopolog in LC-

photo-CIDNP measurements carried out under dark conditions.

In addition, there were also contributions due to LC-photo-CIDNP hyperpolarization

effects under light (LED-on) conditions expected from the theoretical arguments discussed in

the previous sections. The contributions arising from all three factors (linewidth reduction, J-

coupling effects and LC-photo-CIDNP hyperpolarization) were quantified as described in the
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Supplementary Text and Supplementary Figure S4. The results are summarized in Table 1 for

each of the isotopologs examined in this work. For easier-evaluation purposes, the data were

normalized relative to Trp-U-C,"™SN. The product of all three separately-assessed

contributions agrees well with the overall enhancement factor in sensitivity. Overall, it is

intriguing to note that the sensitivity enhancements described in this work were achieved by a

combination of “dark and light effects”.
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Trp Relative sensitivity partitioned into individual Product Overall
isotopolog contributions of relative
L o individua sensitivity
Eliminatio  Linewidth )
LC-photo-CIDNP ) (assessed via
o n of J- reduction ]
hyperpolarization 2 . contribu- 13c
. coupling o
(light tions RASPRINT,
(dark (dark ]
effect) light cond.) ©
effect) effect)
Trp-U-
100% 100% 100% 100% 100%
130,15N
Trp-a-C 138+4% 119% 126 £2% 207+ 7% 172 + 20%
Trp-a-C-
B.B, 157+4% 142%  190+£5% 424z 397 + 9%
214!516!7_ 16%
d7

Table 1. Relative sensitivity of LC-photo-CIDNP NMR experiments (1D *C RASPRINT

pulse sequence) carried out on different Trp isotopologs. The role of individual light

(LED-on) and dark (LED-off) contributions is listed. Uniformly labeled Trp (Trp- U-

3C,™®N) is regarded as reference compound.

a. Determined from data in Fig. 6, including assessment of errors.

b. Determined from data in Fig. 4B. Only one experiment was carried out.

c. Assessed from T, experiments in Supplementary Fig. S2. Values are shown as avg

+ S.E., with n=3, where n denotes the number of independent experiments.

d. Errors were assessed by error propagation of the individual contributions.

e. Three "*C RASPRINT experiments were carried out for each isotopolog under

LED-on conditions. Relative sensitivities were assessed from resonance intensities

of experiments run with identical parameters, including number of scans and

duration. Relative sensitivities are shown as avg + S.E.
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3.3.7 LC-photo-CIDNP is effective in complex biologically relevant media. In addition

to the simple environments discussed so far, including only few purified components, LC-

photo-CIDNP can also be applied to samples within extremely complex biological milieux. To

demonstrate this capability in the case of the LC-photo-CIDNP technology presented here, we

prepared an E. coli S30 bacterial cell extract according to known procedures 2%, This extract

includes most E. coli soluble proteins. The composition of the corresponding NMR sample is

schematically illustrated in Figure 7A and the procedure followed to generate the cell extract

is outlined in Figure 7B. Importantly, this complex biological sample included 1 mM Trp-a-13C-

b,b,2,4,5,6,7-d7. Figure 7C illustrates the fact that no signal was observable for this extremely

dilute Trp isotopolog under dark conditions. In contrast, 1 mM Trp-a-13C-b,b,2,4,5,6,7-d7

became readily detected after only 8 scans under light conditions. Remarkably, due to the

nearly absent recycle delay of 13C iso-RASPRINT under light conditions, the entire data

collection, including the hyperpolarization time, only took a total of ca. 4 s (excluding the time

for the 4 dummy scans, i.e., 2 additional seconds).

3.3.8 Comparisons with other hyperpolarization approaches in liquids. As a

comparison, two representative examples from other leading nuclear-spin hyperpolarization

approaches will be listed next. The well-known dissolution DNP (dDNP) technology enabled

detection of 20 mM protein samples 2°°. This technology has also been used in the context of
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protein-ligand interactions '°¢:210-215_|n addition, Kouril et al. 2'® recently showed that 32% 13C

polarization was rendered possible by bullet-DNP, an interesting variation of dDNP employing

small sample-dilution factors during the dissolution process. In both the above studies,

considerably higher sample concentrations were required than in the present work. Moreover,

unlike LC-photo-CIDNP, the dDNP approach requires a freeze-thaw process that is not always

desirable in the case of biomolecules.

Very recent studies showed that parahydrogen-induced polarization (PHIP), especially

via the SABRE approach, can be employed for the detection of amino acids in solution 68 217-

218 While this methodology is promising, identification of suitable amino-acid precursors for

SABRE remains difficult, and extension of this technique to proteins has not been feasible.
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Figure 7. LC-photo-CIDNP in combination with selective isotope labeling enables

hypersensitive data collection in a complex cell-like medium. A. Schematic

illustration of the components of the bacterial cell-like medium, i.e., an E. Coli S30 extract,

employed in this work. B. Summary of the adopted procedures to generate the E. Coli

S30 extract. C. LC-photo-CIDNP spectrum of 1 mM Trp-a-13C-b,b,2,4,5,6,7-d7 in an E.

coli S30 cell extract under dark (i.e., LED-off) and light (i.e., LED-on) conditions. Each

spectrum was acquired at 24 °C with 8 scans, 4 dummy scans, and 0.2 s of optical

irradiation.
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3.4. Conclusions and Outlook

In this study we introduce a combination of LC-photo-CIDNP and selective isotope

labeling to enable the NMR detection of low-nM biomolecular concentrations by liquid-state

NMR. The use of selective isotope labeling enables an additional ca. 4-fold increase in

sensitivity relative to a uniformly isotopically enriched reference molecule (Trp-U-13C,15N).

This gain in sensitivity was crucial to access the low-nanomolar (20 nM) concentration

range, providing a remarkable detection limit of only 3 ng in a few seconds. To the best of

our knowledge, this is the lowest concentration achieved by high-resolution biomolecular

NMR in liquids to date. Our methodology works well even in extremely complex

physiologically relevant environments, including an E. coli S30 cell extract. The capability to

assess Trp levels 2'922' metabolism and transport in biological media is important because

of the emerging role of this amino acid and its metabolites in health and disease 222228,

Importantly, the LC-photo-CIDNP technology, including the advances presented here,

is also readily amenable to extensions to Trp-containing macromolecules. For instance, LC-

photo-CIDNP of polypeptides and proteins has already been established '8 191193 and it

yields comparable enhancements to free Trp. Further, given that Trp analogs can be

routinely incorporated into proteins via auxotroph strains 22°, one can envisage that the same

strains can also be employed to incorporate Trp isotopologs like Trp-a-13C-b,b,2,4,5,6,7-d7

into proteins. Ultrasensitive detection of Ha-Ca pairs in proteins is highly desirable because it
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provides access to site-specific information on backbone secondary structure '%8. Further,

the 13C iso-RASPRINT pulse sequence can readily be run in 2D mode to resolve

overlapping resonances within mixtures of aromatic amino acids or in the context of large

biomolecules.

In all, the advances described in this work pave the way to a variety of biomolecular

NMR applications requiring high sensitivity and fast data collection. It will be exciting to follow

the forthcoming progress of this technology in the years to come.
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Chapter 3

Appendix: Supplementary Information

Development of highly sensitive NMR techniques with isotopic

labelling — study protein folding, misfolding, and aggregation
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3.9. Supplementary Results

3.9.1 Theoretical prediction of photo-CIDNP polarization arising from geminate
recombination. This section focuses on the prediction of photo-CIDNP polarization arising
from geminate recombination as a function of the g-factor and hyperfine coupling constants of
the radicals of the photosensitizer dye and the molecule of interest. Importantly, the theoretical
considerations below will also clarify how the predicted polarization of the molecule of interest
depends on the isotope-labeling scheme. As stated in the article text, for freely-diffusing

radical pairs, the population difference between two nuclear spin states in the reaction product

Pp— P = p(\/|a)r51|rd _\/la)TSZ|Td ) ’ (S5)

where p+, p2 are the population of nuclear spin 1 and 2, p is a normalization factor, (g is the
triplet-singlet mixing frequency of a given nuclear spin state, and 7, is the average time the
radical-pair component remain within close distance before dissociating. The latter parameter

can be estimated via relation

(Ro +Ry )’

, (S6)
D, +Dy,

T4
where Rp and Ry are the van der Waals radii of the radicals of the dye and molecule of interest,

respectively, and Dp and Dy are the corresponding translational diffusion coefficients.
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The triplet-singlet (To — S) mixing frequency wrs is defined according to the expressions
below, where the subscript 0 denotes the nucleus of interest and y is the spin configuration of
the other nuclei

1 1
alrs,a,l=§|:Ag'uBBO+ZmiA_§Ab_ijAJ’:| and (S7)
i i
1 1
@ =5 AQ 5By + D m A JFEA&)—ijAj : (S8)
i j

where Ors and s ., AT the triplet-singlet mixing frequencies for the configurations
bearing nucleus 0 in either the a and  spin state, respectively. Ag is the difference of g-factor
between dye and substrate radicals, us is the Bohr’'s magneton, By is the applied magnetic
field, Ao is the hyperfine coupling constant of nucleus 0. In addition, m; and A; are the magnetic
quantum number and hyperfine coupling constant of the  nucleus of the dye radical,
respectively. Similarly, m; and A; are the magnetic quantum number and hyperfine coupling

constant of the /" nucleus of the molecule of interest excluding nucleus 0.
According to equation (S1), the population difference between the ay and By nuclear-

spin configurations is

pa,l - pﬁ,;{ = p(\/‘a)TS,a,;( z.d _\/‘a)TS,ﬂ‘Td) ' (Sg)
Now, in order to predict the polarization of nucleus 0 arising from geminate

recombination, one needs to sum up all the possible nuclear spin configurations y according

to

Po=2 P, — 2Py, = P (ZJ\@S,Q,Z\ —Z\/\a»rs,ﬂ,l\} : (S10)
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The normalization factor p can be determined from the normalization condition according to
1= 3P, X = P (zW ZWJ - e
The Py simulations presented in this work were carried out with a custom-built script in
the Python programming language (Python v. 3.8, Python Software Foundation) and yielded
Py according to equations (S6) and (S7). All calculations were run either on a MacOS laptop
computer or at the UW-Madison Center for High-Throughput Computing (CHTC) 229231, The
following parameters were employed: g-factor of substrate radical g(Trp**) = 2.0027 %7,
diffusion coefficient of fluorescein dye Dp = 4.2 x 10° cm?s™ 22, diffusion coefficient of
tryptophan substrate Dy = 6.592 x 10 cm?s™ 233, radius of FI** Rp = 4.4 A 2%, radius of Trp**
Rm = 4.2 A %4 The hyperfine coupling constants of FI*- and Trp** were derived from the
literature 97 23°. Additional details are provided in Supplementary Table S1. The hyperfine
coupling constant of the Trp amino-group nitrogen was not included in the calculations, given
that its value is not available in the literature to the best of our knowledge. We expect this
omission not to introduce any appreciable changes to the calculation results, given that we
ran a number of control calculations using either '*N, *N or no N for the indole nitrogen of Trp-
a-"3C. These control computations yielded variations in predicted polarization values by less
than 7.8% (data not shown).
The above methodology enabled us to compute the expected Py value of Trp-U-'3C.

The procedure adopted for the selectively labeled isotopologs Trp-a-*C and Trp-o-'3C-
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B,B,2,4,5,6,7-d7 is analogous. In this case, one needs to set the hyperfine coupling constant
to 0 when a *C is replaced by a '>C (ignoring the presence of natural-abundance *C). In
addition, it is necessary to multiply the hyperfine coupling constant by 0.1535 every time a 'H
is replaced by a 2H. This multiplicative factor is equal to the ratio of gyromagnetic ratios of

deuterium (D) and proton ('H) according to /}/H =0.1535.

3.9.2 Additional considerations on overall LC-photo-CIDNP polarization. In a previous
publication "', we concluded that the overall polarization arising from LC-photo-CIDNP is

T]_M keetff [TlDSS][MSS](l+ 7/) §G®G

M = : (S12)
‘ [M],
where
EF(1-d
,_faoy) 19
S g
In the above expressions, PkM’SS denotes the steady-state polarization of nucleus k of the

molecule of interest, TlM denotes the longitudinal relaxation time of nucleus k, keetﬁ is the
composite rate constant for the bimolecular collisions (followed by electron transfer) of the
molecule of interest M and the ftriplet excited-state dye 'D. In addition, ['D®S] and [MS9]
denote the steady-state concentration of triplet excited-state dye and non-radical form of the
molecule of interest, respectively. Further, y denotes the ratio between polarization originating

from the F-pair and geminate recombination events, and it is defined in equation (S9). Now,
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EF and € denote the normalized probability difference to generate a recombination product in
the o and 3 spin states per recombination event for the F-pair and geminate pair, respectively.
Finally, ®c denotes the total probability of geminate recombination per geminate radical pair.

The quantity P, defined in equation (S6) is defined as the normalized population
difference of the a- and B- nuclear-spin states within a geminate radical pair. It is therefore

evident that Py in equation (S6) is identical to £€ in equation (S8).

3.9.3 'H*T, measurements on Trp isotopologs. In order to quantify the impact of isotope
substitution on 'H® resonance linewidths, we carried out experiments to determine the T2
relaxation time of different Trp isotopologs. We determined T values for the three isotopologs
analyzed in the main article and, in addition, unlabeled Trp, which carries all natural-
abundance atoms. The pulse sequence employed for this purpose is shown in Figure S1.
Briefly, this sequence features solvent pre-saturation during the recycle delay, a perfect-echo

pulse scheme 2 to eliminate contributions from J couplings, and multiple CPMG-like

1414
cycles 237238 to prolong the time allowed for spin-spin relaxation.
The results of the 'H* T, measurements are shown in Figure S2. Clearly, Trp-a-'3C-

B.B,2,4,5,6,7-d7 has the longest T2, nearly twice as large as that of Trp-U-'3C,"*N. This result

is consistent with the qualitative observation of sharper linewidths for Trp-a-'*C-,B,2,4,5,6,7-
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d7. This isotopolog is expected to have longer transverse relaxation times than the other

isotopologs due to the presence of the multiple deuterium substitutions.

3.9.4 Photo-CIDNP of Trp isotopologs at higher concentration. In addition to the LC-

photo-CIDNP spectral data shown in Figure 4C of the main article, featuring 1 uM sample

concentrations, similar experiments were also carried out at higher concentration (5 uM). The

NMR spectra and normalized area and intensity-at-the-maximum values for the 5 uM

experiments are shown in Figure S3. The results of these experiments are qualitatively

consistent with those of the experiments at 1 uM concentration (Fig. 4C, main article).

3.9.5 AQuantitative assessment of light and dark effects. The effects responsible for the

observed LC-photo-CIDNP sensitivity enhancements under light (LED-on) and dark (LED-off)

conditions are schematically illustrated in panel A of Supplementary Figure S4. In addition, a

block diagram describing the specific experiments and computations that were performed to

assess the respective quantitative contributions of LED-on and LED-off effects is provided in

panel B of Supplementary Figure S4. These experiments and calculations were carried out to

generate all the results shown in Table 1.
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3.10. Experimental Section

3.10.1 Materials. The Trp-a-'°C-B,B,2,4,5,6,7-d; isotopolog was synthesized starting from
formaldehyde-?H, (Cambridge Isotope Laboratories, Inc.), glycine(2-'*C) (Cambridge Isotope
Laboratories, Inc.), indole-?H; (CDN Isotopes) and pyridoxal 5-monophosphate
(MilliporeSigma). The Trp-a-'>C isotopolog was prepared starting from formaldehyde
(MilliporeSigma), glycine(2-3C) (Cambridge Isotope Laboratories, Inc.), indole
(MilliporeSigma) and pyridoxal 5’-monophosphate (MilliporeSigma). Both isotopologs were
synthesized in the presence of catalytic amounts of the Pf TrpB?° and Tm LTA enzymes (see
sections below). Natural-abundance Trp was purchased from Advanced ChemTech, and
uniformly labeled Trp (Trp-U-"3C,"*N) was purchased from Cambridge Isotopes Laboratories,
Inc. The fluorescein photosensitizer was purchased as sodium salt (MilliporeSigma). The
oxygen-scavenging enzymes Aspergillus niger glucose oxidase (GO, Enzyme commission
classification code EC 1.1.3.4) and bovine liver catalase (CAT, EC 1.11.1.6) were purchased

from MilliporeSigma as freeze-dried powders.

3.10.2 Preparation of Pf TrpB?2° and Tm LTA Enzymes. Pyrococcus furiosus tryptophan
synthase B-subunit 2B9 variant (Pf TrpB28%) 2°® and Thermotoga maritima L-threonine aldolase

(Tm LTA, EC 4.1.2.5) were prepared as described 2%,
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3.10.3 Preparation of GO and CAT enzyme stock solutions. GO and CAT enzyme stock

solutions were prepared upon dissolving the respective enzyme powder in 10 mM potassium

phosphate buffer at pH 7.2. Stock-solution concentrations were determined by electronic

absorption spectroscopy using extinction coefficients 267,200 M-'cm™ at 280 nm for GO and

912,500 M-'em™ at 276 nm for CAT 2%°. Enzyme stock solutions were aliquoted, flash-frozen

with liquid nitrogen, and stored at -80 °C. Prior to LC-photo-CIDNP experiments, individual

aliquots were thawed at room temperature upon incubation in a water bath.

3.10.4 Synthesis of Trp Isotopologs. Synthesis of Trp-a-'*C-B,8,2,4,5,6,7-d7 (IUPAC name:

(S)-2-Amino-3-[(2,4,5,6,7-?Hs)-3-indolyl](2-13C,3,3-?H,)propionic acid) was carried out in the

presence of the Pf TrpB?®° and Tm LTA enzymes according to a known enzyme-cascade

procedure 2%, except that we started from glycine(2-'*C), formaldehyde-?H; and indole-?H; in

H>O All stock solutions were prepared in 50 mM potassium phosphate in H,O at pH = 8.0. The

reaction was performed in 50 mM potassium phosphate in H,O at pH = 8.0. Following heat-

quenching at 90°C for 15 min and centrifugation at 20,000 g for 5 min, the solution was passed

through a 0.2 um filter. Trp-a-'3C-B,B,2,4,5,6,7-d7 was then purified by HPLC with a Shimadzu

system comprising two LC-6AD binary pumps as well as Prominence SPD-20A ultraviolet

detector and CBM-20A controller. A BioBasic 18 reverse-phase HPLC column (4.6 x 250 mm,

ThermoFisher Scientific) was employed and samples were purified with a water/methanol
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solvent system via a gradient including a linear increase in methanol, starting from 5 to 15%

(v/v) over 20 min at a 1 ml/min flow rate. HPLC purification was followed by lyophilization.

Product identity and reaction yield were determined by 'H-NMR. Identity was also confirmed

by ESI-MS.

The second isotopolog, Trp-a-"*C (IUPAC name: (S)-2-Amino-3-(3-indolyl)(2-

3C)propionic acid), was synthesized, purified and characterized as above except that

glycine(2-"*C) and natural-abundance formaldehyde and indole were employed as starting

materials. Reaction yield and identity of the final product were determined by 'H-NMR, with

3C decoupling during acquisition using the bi_p5mé4sp_4sp.2 composite pulse decoupling

sequence 2*!. Identity was also confirmed by ESI-MS.

3.10.5 Preparation of Trp stock solutions. Stock solutions of natural-abundance Trp and

Trp-U-"3C,"N were prepared by dissolving the respective solid powders in distilled deionized

water. Stock-solution concentrations were determined by electronic absorption spectroscopy

(ext. coeff. 5,579 M cm™ at 278 nm 2%°). Stock solutions of Trp-a-'*C and Trp-a-'3C-

B,B,2,4,5,6,7-d7 were also prepared by dissolving the lyophilized powders in distilled deionized

water. The stock-solution concentration of these two isotopologs was assessed by 'H NMR,

as described below.
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3.10.6 DFT calculations. The pK, values and the g-factors of fluorescein radicals were
calculated by density functional theory (DFT). Specifically, pKa values were computed upon
treatment of pK. and proton energies via the AKB benchmark scheme by Matsui and
coworkers 242243 According to the AKB procedure, the pKa corresponding to the deprotonation

reaction HA [l A~ + H* is determined via

_saGe(solv)  s{G°(A)-G°(HA)} sG°(H")
~ RTIn10 RT In10 " RTIn10

pK, (S10)
Here, G°(A™), G°(HA), and G°(H") are the Gibbs free energies of A~, HA, and H",
respectively. R denotes the universal gas constant and T is the absolute temperature; s is a
scaling factor that depends on the adopted computational method. Equation (S10) can be
recast as (S11) and (S12), where AG° is the Gibbs free energy difference G%(A™) - GY(HA)

pK, =kAG°+C, | (S11)

sG°(H*
s )
RT In10 RT In10

(S12)

According to the AKB scheme, the scaling factor s and the Gibbs free energy of H* are

optimized upon fitting experimental pKa values of known reference molecules. In this study,

we used k = 0.05219 mol kJ™" and Co = —53.3877 kJ mol™" for phenol groups, and k = 0.06448

mol kJ™" and Co = -71.0849 kJ mol™" for COOH groups ?43. Geometry optimizations and Gibbs

free energy calculations of fluorescein radicals were performed at the UB3LYP/6-31+G(d)

level of theory. The g-factor calculations were carried out at the UB3LYP/EPR-II level in

conjunction with the gauge-independent atomic orbital (GIAO) method 24245 |n all
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calculations, water solvation effects were taken into account via the integral equation

formalism polarizable continuum model (IEFPCM) *¢. Atomic radii from the universal force

field (UFF) 247 were employed to build the cavity for the IEFPCM computations. At the

optimized geometries, no imaginary frequency was obtained in the vibrational mode analysis.

Cartesian coordinates, energies and free energies of the fluorescein radicals are provided in

Supplementary Table S2. All DFT calculations were carried out with the Gaussian 09 software

248 Qverall pK, values and g-factors at room temperature were assessed upon taking the

Boltzmann distribution at 298.15 K into account.

3.10.7 NMR experiments under dark (LED-off) conditions. NMR samples were prepared

upon diluting appropriate stock solutions in aqueous buffer (10 mM potassium phosphate

adjusted to pH 7.2). D,O was then added to a total 10% v/v. NMR data were collected on an

Avance Il HD NMR spectrometer (Bruker Biospin Corp.) equipped with a 5 mm "H{'°F/'3C/'°N}

600 MHz triple-resonance cryogenic probe fitted with a z-gradient. Pertinent pulse sequences

are as listed in the Figure legends. Unless otherwise stated, a long recycle delay (5 s) was

used to ensure nearly complete spin-lattice relaxation between scans. The acquisition time

was set to 2 s and 23,922 complex points. Spectra were processed with the MNova software

(version 14.1.1), with zero-filling to 131,072 complex points. An exponential-decay window

function was employed (0.5 Hz line-broadening). 'H*resonance areas were evaluated via
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integration. The concentration of Trp-a-*C and Trp-a-'3C-B,B,2,4,5,6,7-d; samples was

determined upon comparing the respective 'H* resonance areas to those of a natural-

abundance Trp sample of known concentration in experiments employing identical acquisition

and processing parameters.

The high-concentration dark '*C RASPRINT experiments of Figures 4A and 4B were

performed on all the above Trp samples except for natural-abundance Trp. Again, a long

recycle delay (5 s) was employed to ensure nearly complete spin-lattice relaxation between

scans. The acquisition time was set to 0.2048 s and 2,048 complex points were used. Spectra

were processed with MNova (version 14.1.1) upon zero-filling to 65,536 complex points and 5

Hz exponential decay as window function. Area and intensity-at-the-maximum were

determined with MNova. When relevant, data acquired with identical acquisition and

processing parameters were normalized upon dividing areas or intensities by sample

concentration, to assess concentration-independent relative enhancements.\

3.10.8 LC-photo-CIDNP NMR experiments under light (LED-on) conditions. LC-photo-

CIDNP experiments were carried out as described '°2 with the same NMR spectrometer,

console and probe employed for the NMR experiments under dark conditions. A 1.5 mm-

diameter and 3.5 m long polymer optical fiber (POF, Prizmatix, Holon, Israel) was used, with

emission centered at 266 nm and 2.3W power at the source (UHP-mic-LED-450). The power
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at the fiber tip, to be inserted in a glass coaxial insert in contact with the NMR sample inside

the sample tube, was 0.55 W. The *C RASPRINT pulse sequence was employed %2, Data on

all isotopologs were collected with a 0.2048 s acquisition time and a 0.2 s irradiation time per

scan. Experiments involving the use of the reductive radical quencher ascorbic acid (vitamin

C, VC) were carried out with freshly prepared (on the same day) VC stock solutions. The final

VC concentration of the NMR samples was 2 uM. This value was optimized as described '*.

VC stock-solution concentrations were determined by electronic-absorption spectroscopy

using the in-house measured extinction coefficient of 6,956 M-'cm™ at 250 nm (isosbestic

point, pH-independent).

3.10.9 LC-photo-CIDNP experiments on bacterial cell extracts. The S30 E. coli cell

extract was prepared according to known procedures 2%, as schematically illustrated in Figure

7B. LC-photo-CIDNP experiments were carried out upon mixing 140 ul of S30 extract with an

aqueous solution of Trp-a-'°C-B,B,2,4,5,6,7-d7, 70 uL of D-O and other LC-photo-CIDNP-

required components (see below) up to a 700 ulL final volume. The final sample contained 10

mM pH 7.2 potassium phosphate, 10% v/v D20, 0.15 uM glucose oxidase (GO), 0.1 uM

catalase (CAT), 2.5 uM fluorescein, 1 uM Trp-a-'3C-B,B,2,4,5,6,7-d7, 2.5 mM D-glucose and 5-

fold diluted E. coli S30 cell extract.
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Supplementary Table S3.1. Hyperfine coupling constants used for computing triplet-singlet

mixing frequencies.

Specific hyperfine Value Ref. Specific hyperfine Value Ref.
coupling constant (mT) coupling constant (mT)
A (Trp** 3¢%) 0.5643  M7¢ A (Trp®* 13¢m?) 0.443 197
A (Trp** B3¢P) -0.512 ¥ A (Trp®* 'HY) 0 w7
A (Trp** 3C) -0.045 ¥/ A (Trp®* *HPY) 2.544 197
A (Trp* 13¢?) -0.227 ¥ A (Trp** HP?) 1.189 197
A (Trp** 3CY) 1.254 ¥ A (Trp®* H) -0.421 ¥
A (Trp®* 13¢%2) -0.891 ¥/ A (Trp®** H?) -0.413 197
A (Trp** 3¢C®2) 0.092 ¥ A (Trp®** *H®) -0.504 197
A (Trp*+ 3¢%) 0.619 ¥ A (Trp®* *H%) -0.050 197
A (Trp** 13C%) -0.182 17 A (Trp** HS) 0.124 197
A (Trp** BC) -0.499 ¥ A (Trp®* H™) -0412 ¥
A (FI*'H1,8) 0.3287 *° A (FI*1H 14) 0.0190 *
A (FI*H2,7) 0.1510 25 A (FI* 1H 15) 0.0170
A (FI* 'H4,5) 0.0889 *° A (FI* *H 16) 0.0090 *°
A (FI® 1H 13) 0.022 A (Trp®* 14Ne1) 0.20 249
A (Trpo+ 15Nsl) 0.28 249

a Scaled according to the relative hyperfine coupling constant of '3C* and 3C? reported in the

reference and DFT-simulated hyperfine coupling constant of 13C” in aqueous medium.



228

Supplementary Table $3.2. Cartesian coordinates, total energies (E), Gibbs free energies
(G) and g-factors (giso) for fluorescein radicals employed in the DFT calculations. All

calculations were carried out assuming 1 atm and 298.15 K, therefore G values are equivalent

to G°.
FI' (neutral radical) E(UB3LYP/6-31+G(d)) = -1146.12842651 a.u.
O -1.100495 -0.561994 2.328877 G(UB3LYP/6-31+G(d)) = -1145.895876 a.u.
O -3.249971 -1.215315 2.387301 giso(UB3LYP/EPR-II) = 2.00306
-1.116715 5.319985 -0.308815 FI'-(-H?) (anion radical, H? is deprotonated)
5.456917 -1.344209 0.359217 O -0.890153 -1.065936 2.500523
1.958609 1.779772 0.027386 O -3.131900 -1.056092 2.226870

-1.994237 5.034456 -0.348863
5.597520 -0.447912 0.323807
1.625648 2.053342 0.010574
4.234654 -0.466250 0.169586
3.500534 -1.652780 0.034027
2.118844 -1.597046 -0.120873
1.410777 -0.369413 -0.154673
2.198857 0.802202 -0.000683
3.578076 0.769822 0.155274

-0.012486 -0.254161 -0.300626

-0.579596 1.064818 -0.314967
0.266989 2.194667 -0.157324

-1.955260 1.347804 -0.508388

-2.450600 2.648090 -0.523441

4.112832 -1.137234 0.192440 O
3.194061 -2.186023 0.042194 O
1.842805 -1.901819 -0.126025 O
1.349562 -0.573205 -0.158120 C
2.317609 0.452046 0.012891 C
3.670267 0.190511 0.180965 C
-0.030974 -0.218594 -0.317952 C
-0.376923 1.174501 -0.320551 C
0.643594 2.145571 -0.143630 C
-1.686378 1.681018 -0.512608 C
-1.961141 3.044726 -0.511081 C
-0.919413 3.964106 -0.320982 C
0.391880 3.510687 -0.138799 C
-1.062126 -1.264547 -0.558974 C
-1.083150 -1.892397 -1.816081 C -1.575027 3.728587 -0.347891
-2.046098 -2.848537 -2.143823 C -0.205982 3.499703 -0.167603
-3.028861 -3.196173 -1.213153 C -0.863986 -1.459100 -0.504433
-3.031878 -2.586743 0.039563 C -0.769909 -2.141580 -1.732786
-2.054137 -1.635287 0.384046 C -1.553675 -3.263185 -2.009943
-2.052322 -1.077499 1.765897 C -2.470708 -3.714407 -1.055590
3.534651 -3.218519 0.060776 C -2.590822 -3.034672 0.157753
1.143376 -2.724202 -0.234859 C -1.791321 -1.919861 0.459885
4.372192 1.008927 0.304589 C -1.946930 -1.281486 1.842508
-2.502876 0.983451 -0.669466 H 4.007272 -2.614615 0.053668
-2.979991 3.394624 -0.659157 H 1562430 -2.523391 -0.216689
1.206320 4.214343 0.000352 H 4.135604 1.694202 0.267877
-0.334701 -1.609579 -2.551282 H -2.643247 0.521154 -0.650356
-2.032173 -3.312644 -3.126366 H -3.513138 2.824019 -0.673392
-3.785516 -3.935584 -1.459036 H 0481845 4.329720 -0.041178
-3.785846 -2.857802 0.769972 H -0.071838 -1.776355 -2.482745
-2.056640 5.522451 -0.448615 H -1.453988 -3.773064 -2.964975
5.652336 -2.295947 0.350028 H -3.090718 -4.584804 -1.256495
-3.153136 -0.866080 3.294035 H -3.312650 -3.370041 0.897642
H 5.945025 -1.355339 0.323588

I I IIIIIIIIIITIOOOOOOOOOO0O00O000000000O0O0O0O0
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H -2.956197 5.075136 -0.479116

E(UB3LYP/6-31+G(d)) = -1145.67122707 a.u.

G(UB3LYP/6-31+G(d)) = -1145.450992 a.u. FI~(-H¢) (anion radical, H¢ is deprotonated)
giso(UB3LYP/EPR-II) = 2.00307 O -1.287650 -0.459824 2.340654
O -3.476594 -0.915087 2.120742

-1.199079 5.247515 -0.439035
5.547114 -1.267873 0.458031
1.970408 1.797907 -0.003611
4.288546 -1.057213 0.288701
3.329855 -2.127340 0.173164
1.978946 -1.892078 -0.012261
1.431619 -0.580888 -0.113212
2378784 0.472745 0.027757
3.732170 0.265934 0.213377
0.041361 -0.275787 -0.283571

-0.349270 1.110602 -0.319726
0.645236 2.115316 -0.175723

-1.667275 1.583740 -0.538328

-1.979216  2.941257 -0.580712

-0.965540 3.892112 -0.412103
0.354627 3.474704 -0.213157

-0.950501 -1.354812 -0.500902

-0.834126 -2.146931 -1.660966

-1.768715 -3.129270 -1.984121

-2.871019 -3.348976 -1.149314

-3.010027 -2.588755 0.008128

-2.055981 -1.611711 0.355434

-2.193395 -0.934467 1.673358
3.698117 -3.149163 0.244992
1.303020 -2.740365 -0.078234
4392805 1.124115 0.311815

-2.467959 0.865967 -0.685753

-3.006413 3.257349 -0.748035
1.152476 4.201589 -0.095805

-0.000354 -1.959365 -2.331746

-1.646368 -3.710856 -2.894308

-3.610546 -4.105264 -1.396562

-3.851464 -2.762513 0.669962

-2.143015 5.416657 -0.593836

-3.470369 -0.508330 3.008338

FI~(-H) (anion radical, H? is deprotonated)
O -1.260899 -0.485937 2.364001
-3.466975 -0.843494 2.125359
-1.378461 5.238389 -0.449632
5.540935 -1.095948 0.442016
1.904253 1.855609 -0.011791
4.184628 -0.956201 0.259138
3.315169 -2.047446 0.144880
1.951397 -1.828254 -0.042183
1.395608 -0.526877 -0.134261
2.317109 0.546157 0.011539
3.680121 0.347785 0.197745
-0.002535 -0.234600 -0.309238
-0.407050 1.140876 -0.345566
0.564486 2.169242 -0.191856
-1.734467 1.604434 -0.568185
-2.063471 2.948305 -0.602882
-1.079747 3.986066 -0.422908
0.263755 3.517960 -0.220444
-0.980797 -1.331290 -0.507611
-0.880330 -2.122536 -1.669014
-1.808414 -3.119547 -1.967954
-2.888038 -3.351581 -1.108336
-3.012584 -2.588290 0.049670
-2.063763 -1.599209 0.371620
-2.182625 -0.916601 1.689847
3.698811 -3.063415 0.207804
1.292258 -2.687108 -0.114836
4.342654 1.201776 0.299876
-2.521400 0.870533 -0.722678
-3.094927 3.249945 -0.776233
1.064185 4.243373 -0.094799
-0.065845 -1.924798 -2.360624
-1.698499 -3.702402 -2.878901
-3.622317 -4.118858 -1.336613
-3.837778 -2.769547 0.730021
5.774689 -2.038360 0.468586 E(UB3LYP/6-31+G(d)) = -1145.66019548 a.u.
-3.453369 -0.440455 3.014757 G(UB3LYP/6-31+G(d)) = -1145.440367 a.u.
gisol(UB3LYP/EPR-II) = 2.00346

®)
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E(UB3LYP/6-31+G(d)) = -1145.66006120 a.u.
G(UB3LYP/6-31+G(d)) = -1145.440251 a.u.
giso(UB3LYP/EPR-II) = 2.00343



FI2~(-H?, -H?) (dianion radical, H? and H® are

deprotonated)

0}
O

o)
o)
o)
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
H
H
H
H
H
H
H
H
H
H
H

E(UB3LYP/6-31+G(d)) = -1145.20048714 a.u.
G(UB3LYP/6-31+G(d)) = -1144.993028 a.u.

-1.047034
-3.235251
-1.644786
5.542942
1.779121
4.176815
3.351331
1.975467
1.364378
2.246194
3.618824
-0.044772
-0.503297
0.425891
-1.851993
-2.237457
-1.296048
0.068372
-0.986792
-0.937170
-1.798846
-2.755956
-2.833850
-1.955007
-2.082398
3.778535
1.347824
4.249099
-2.605381
-3.283671
0.838085
-0.207142
-1.729163
-3.438206
-3.585298
5.813275

-1.075935
-0.690743
5.198063
-0.866581
1.947399
-0.777725
-1.899313
-1.731456
-0.451593
0.654579
0.507037
-0.216111
1.141964
2.208821
1.549605
2.880346
3.956163
3.543808
-1.352253
-2.047075
-3.108352
-3.488043
-2.797273
-1.744261
-1.102270
-2.899692
-2.611621
1.383969
0.778329
3.139639
4.302126
-1.736989
-3.626025
-4.309850
-3.077611
-1.799483

2.559268
2.158858
-0.379719
0.330930
0.016070
0.175184
0.040239
-0.116368
-0.152780
0.002543
0.159208
-0.297933
-0.312695
-0.157652
-0.511280
-0.532642
-0.361019
-0.173337
-0.503978
-1.729335
-2.012624
-1.066137
0.144545
0.451665
1.834451
0.060930
-0.211440
0.272137
-0.647173
-0.686733
-0.048125
-2.473996
-2.966437
-1.270678
0.878451
0.329482

giso(UB3LYP/EPR-II) = 2.00338

FI’2~(-H?, -H°) (dianion radical, H? and H¢ are
deprotonated)
-1.033793

o)

-1.114181

2.563555

I I I IIIIIIIITOOOOOOOOOOO000000O00O0O0ODO0O0OO0OO0

E(UB3LYP/6-31+G(d)) = -1145.20065790 a.u.
G(UB3LYP/6-31+G(d)) = -1144.992835 a.u.

-3.221202
-1.773075
5.617785
1.738377
4.338158
3.490349
2.117421
1.439171
2.278684
3.650273
0.022697
-0.500563
0.387174
-1.862598
-2.312011
-1.401179
-0.042096
-0.868991
-0.755793
-1.568704
-2.540213
-2.681109
-1.852001
-2.044921
3.961364
1.527019
4.223049
-2.580969
-3.367024
0.675367
-0.014556
-1.450559
-3.184903
-3.443561
-2.732455

-0.814938
5.103450
-0.710754
1.989269
-0.625133
-1.781989
-1.680086
-0.430046
0.709738
0.636660
-0.264300
1.073432
2175122
1.409834
2.729752
3.776918
3.496468
-1.438752
-2.155496
-3.253172
-3.650523
-2.939957
-1.848840
-1.189487
-2.763003
-2.588757
1.555539
0.609094
2.942024
4.301806
-1.832824
-3.785859
-4.501209
-3.234651
5.174227

2.092020
-0.373200
0.344939
0.017246
0.205794
0.080378
-0.076732
-0.131497
0.014954
0.171375
-0.281903
-0.308524
-0.155132
-0.517600
-0.542745
-0.365145
-0.175762
-0.491996
-1.700712
-1.988351
-1.063811
0.129490
0.441602
1.808751
0.115210
-0.160543
0.275427
-0.658093
-0.701900
-0.050552
-2.428439
-2.929033
-1.272088
0.846328
-0.507389

giso(UB3LYP/EPR-II) = 2.00340

FI'2~(-H>, -H°) (dianion radical, H? and H° are

deprotonated)
O -1.561907
O -3.707933
O -0.963318
O 5499348

-0.140467
-0.771107

5.302758
-1.509164

2.247366
2.027936
-0.525826
0.503575
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E(UB3LYP/6-31+G(d)) = -1145.18697715 a.u.
G(UB3LYP/6-31+G(d)) = -1144.979506 a.u.

2.080546
4.249751
3.234263
1.895961
1.413746
2.413722
3.760217
0.030119

-0.281423
0.762718

-1.572778

-1.807011

-0.749769
0.555316

-0.992492

-0.807213

1.777856

-3.000716

-3.203101

2.212638

-2.414944
3.546823
1.177445
4.462945

-2.414319

-2.817926
1.410400
0.109037

-1.601588

-3.774234

-4.129105

-3.718598

1.714581
-1.238173
-2.260133
-1.961115
-0.630853

0.376573

0.103953
-0.262348

1.145223

2.104845

1.699813

3.060168

4.031783

3.474605
-1.295087
-2.201052
-3.117163
-3.179637
-2.340508
-1.417967
-0.713863
-3.295708
-2.775892

0.932096

1.022286

3.427494

4.142335
-2.126829
-3.763440
-3.880917
-2.403497
-0.325116

-0.043631
0.336310
0.282851
0.099638
-0.067875
0.027260
0.210107
-0.235755
-0.284740
-0.190706
-0.508098
-0.593153
-0.462247
-0.266052
-0.446170
-1.520183
-1.903076
-1.205809
-0.121628
0.299673
1.575692
0.407766
0.093932
0.271018
-0.623656
-0.762921
-0.186641
-2.099029
-2.759529
-1.506817
0.439192
2.895107

giso(UB3LYP/EPR-II) = 2.00351

FI'3- (trianion radical)

0o
0o
o
0o
Cc
C
Cc

-1.227879
-3.368602
-1.263532
5.516696
1.939582
4.247314
3.285718
1.928074

-0.941179
-0.444474
5.286997
-1.271533
1.819201
-1.055119
-2.113832
-1.866639

2.564402
2.054834
-0.426243
0.381723
0.016537
0.227548
0.097058
-0.068916

c
c
C
c
c
C
c
c
C
c
c
C
c
c
c
c
c
H
H
H
H
H
H
H
H
H
H

E(UB3LYP/6-31+G(d)) = -1144.72364361 a.u.
G(UB3LYP/6-31+G(d)) = -1144.529698 a.u.

1.381204
2.334942
3.693411
-0.014906
-0.390118
0.606204
-1.704950
-2.003829
-0.998137
0.332064
-1.020661
-0.954257
-1.873474
-2.914312
-3.008714
-2.070569
-2.225503
3.647410
1.248156
4.358822
-2.509896
-3.031549
1.151705
-0.161485
-1.785356
-3.644824
-3.820109

-0.555185
0.490182
0.268131
-0.237072
1.152043
2.157654
1.649386
3.005845
4.017915
3.516234
-1.312630
-2.070096
-3.078256
-3.343834
-2.595637
-1.599043
-0.921563
-3.140641
-2.711016
1.122883
0.931280
3.328216
4.222934
-1.846752
-3.641317
-4.120532
-2.788052

-0.130684
0.016912
0.182820
-0.277195
-0.302346
-0.159997
-0.516622
-0.557012
-0.392783
-0.195894
-0.485323
-1.674876
-1.969016
-1.072378
0.102475
0.424504
1.787434
0.137681
-0.151224
0.288377
-0.650149
-0.720884
-0.080296
-2.385529
-2.895546
-1.286879
0.800171

giso(UB3LYP/EPR-II) = 2.00358
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3.13. Supplementary Figure Legends

Supplementary Figure S3.1. NMR pulse sequence used for 'H* T, measurements. 'H* T,
values of different Trp isotopologs were measured with a pulse sequence employing a perfect-
echo CPMG-like pulse scheme 2%¢ including solvent pre-saturation. The duration of each
CPMG-like block was 50 ms, with the delay t set to 12.5 ms. To avoid artifacts, it was important
to keep the 1 value fairly short. The different time points for the T> measurements (see Fig.

S2) were obtained upon varying the number of CPMG-like iterations n.

Supplementary Figure S3.2. Results of 'H* T, measurements. Data were collected with
the pulse sequence in Figure S1. As part of the data processing, areas of individual 'H®
resonances were determined and plotted as a function of the total CPMG-like duration. The
data were fit to a single exponential decay to determine the transverse relaxation time constant
T». The resulting T» values of each isotopolog are annotated on the plot. Data are displayed
as avg £ S.E. (n=3). A 121.5 Hz field solvent-presaturation scheme was applied during the

entire 5 s recycle delay.

Supplementary Figure S3.3. LC-photo-CIDNP spectra of 5 uM Trp isotopologs. (a) LC-
photo-CIDNP spectra of Trp isotopologs acquired with the 1D *C RASPRINT pulse sequence
under both light (LED-on) and dark (LED-off) conditions. The concentration of each sample
was 5 uM. (b) Analysis of normalized H* areas and intensities-at-the-maximum under light
(LED-on) conditions. Values were normalized relative to the uniformly labeled Trp-U-3C,"*N

isotopolog.

Supplementary Figure S4. Quantitative evaluations of light-on and light-off effects. (a)
Schematic representation of the effects responsible for the observed LC-photo-CIDNP
sensitivity enhancements under light (LED-on) and dark (LED-off) conditions. (b) Block

diagram representing the specific experiments and computations carried out to quantitatively
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assess the contribution of LED-on and LED-off effects to the observed nuclear-spin

hyperpolarization.
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3.14. Supplementary Figures

Supplementary Figure S$3.1
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Supplementary Figure S$3.2

'H’ T, measurements on different Trp isotopologs
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Supplementary Figure S3.3

A “C RASPRINT spectra of different
Trp isotopologs, 5 uM Trp
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