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Abstract

Over the past two decades, a toolbox of mass spectrometry-based proteomic
methods has been developed that enables the conformational properties of proteins and
protein -ligand complexes to be probed in complex biological mixtures, from cell lysates
to whole cells. Thefocus of this dissertation is the extension of these methodologies to the
study of protein -gas andprotein -metal interactions, areas of limited application . The goals
of this work are two -fold. The first is to improve current mass spectrometry-based
proteomic methods that measure protein folding stability, which is accomplished by the
approach that increases statistical significance while decreasing experiment costs. The
secondgoal of this work i s the application of these methodologies and others to the study
of protein-gas and protein-metal interactions in complex biological mixtures (i.e., cell
lysates), in which insights could be gained about gas and metal biological activities by
surveying their interactions within a proteome.

The first part of this dissertation describes in more detail the development and
application of a semitryptic peptide enrichment strategy for proteolysis procedures
(STEPP)that enables the isolation of information -rich semitryptic peptides. With the
STEPP protocol, the number of semitryptic peptides increased by 5- to 10-fold and the
amount of structural information was maximized in limited proteolysis experiments

compared to conventional protocols . The combination of the pulse proteolysis technique



with STEPP andE wOOVY I -0 @O ODEx x UOEET wi OdndubdlysiEon&@mia UD UD U D
STEPRPP), resulted in false positive rates reaching close to zero (i.e., 0.09%) for proof-
of-princi ple drug target identification experiment for cyclosporine A and a yeast lysate.

Described in the secord part of this dissertation is the application of the improved
proteolysis methodologies and others to multiple studies of protein -gas and protein-metal
interactions on the proteomic scale.

First, the development and application of protein stability measurements to the
study of protein -gas interactions, specifically protein-xenon interactions, is described. A
sample preparation protocol that was conducive to protein-gas binding studies is
developed and validated against a known xenon-binding protein, metmyoglobin.
Ultimately, this sample preparation protocol was employed in large -scale, proteomewide
SPROX andlimited proteolysis experiments to identify xenon -interacting proteins in a
yeast lysate. The SPROX andLiP analyses identified 31 and 60 Xeinteracting proteins,
respectively, none of which were previously known. Our survey of the proteome revealed
that these Xeinteracting proteins were enriched in those involved in ATP-driven
processes and revealed correlations betweerthe mechanisms by which ATP and Xe target
proteins.

Next, the application of one-pot STEPRPP is described in the context of two
researdh areas,both related to identifying the protein targets of metal-associated cell death

processes.



First described is the utilization of this technique in combination with protein
expression level analysis to identify bacterial protein targets of copper delivered by small
molecule ionophore s. The protein folding stability and expression level profiles generated
in this work enabled the effects of ionophore vs. copper to be distinguished and revealed
copper-driven stability changes in proteins from processes spanning metabolism,
translation, and cell redox homeostasis. The 159 differentially stabilized proteins
identified in this analysis were significantly more numerous (by 3 -fold) than the 53
proteins identified with differential expression levels. These r esults illustrate the unique
information that protein stability measurements can provide to decipher metal -dependent
processes in drug mode of action studies.

The second application of the one-pot STEPRPP methodology is to the study of
Fe- and Zn-mediated sensitization to erastin-induced ferroptotic cell death. Our approach
enabled differential protein expression and protein folding stability measurements to be
made on RCC4 cells exposed to excess iron and zinc along with theferroptosis-inducing
molecule erastin. Of the protein targets identified , a few have known ties to pathways
involved in ferroptotic cell death , while others have not been previously linked with
ferroptosis. Future work aims at assaying the potential metal binding properties of these
proteins, to connect them to their metal-enhancing ferroptosis effects.

The final research areadescribed in this dissertation is the development and

application of a novel metal-induced protein precipitation (MiPP) approach which

Vi



exploits the protein precipitation properties of metals to study proteins that are
susceptible to metal overload. Total protein precipitation as a function of metal
concentration was assayed across various proteomes (bacterial, fungal, and mammalian)
and metals (copper, zinc, iron, etc). Copper-induced protein precipitation was measured
with in E. coliand C. albicangroteomes by coupling precipitation curves with a bottom-
up proteomics readout. Proteome-wide precipitation studies revealed a wide distributi on
of copper precipitation midpoints for the identified protein s within these species. A
fundamental understanding of the biophysical basis of susceptibility or tolerance to metal
precipitation can potentially be garnered through more in -depth analysis of the proteins

that fall significantly outside the average precipitation midpoint of each proteome.
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1. Introduction
1.1 Protein Folding and Stability

1.1.1 Overview

Proteins are critical driving forces in living organisms. These large, complex
macromolecules perform a vast array of functions such asthe catalysis of metabolic
reactions, the propagation of cellular signaling, the establishment of structure in cells, and
the transportation of important molecules to different locations. Protein function is closely
tied to protein structure , which is encoded by the 20 naturally occurring amino acids. It is
generally understood that proteins exist at an equilibrium under ph ysiological conditions,
where most proteins exist in their highly stable native folded state with a smaller fraction
in a less stable unfolded state. The equilibrium between these two states determines the
thermodynamic stability of the protein, which canbeEl UEUDEIT EwUUDOT wlT 1 wx UG
free energy (i.e, nGrvalue). Becauseof the close connection between protein folding and
protein function, changes in the thermodynamic stability of a protein can result from
important structural and functional ch anges including: misfolding, point mutations, post -
translational modifications, and new or altered binding interactions with cellular ligands.
By measuring the nGrvalue under different conditions, one can gain key insights into
these important biological phenomena as a result of different biological states (healthy vs.
diseased) or different treatment conditions (untreated vs. drug -treated cells). Indeed, over

the past two decades, protein folding stability measurements have been increasingly



utilized to answer many important biological questions, most commonly by identifying
protein targets of drugs with unknown modes of action, but also in the differentiation of
biological states such as those involved in aging and disease. Tlke work described in this
dissertation is focused on the extension of protein folding stability measurements to

discover the protein targets of gases and metals

1.1.2 Protein folding stability measurements
1.1.2.10verview of protein folding stability m  easurements

Conventional methods of measuring protein stability rely on spectroscopic or
calorimetric methods to obtain important thermodynamic parameters about protein
folding. 2 Spectroscopic methods, such as circular dichroism (CD) spectroscopy,
fluorescence spectroscopy®, and infrared (IR) spectroscopy”®, use thermal or chemical
denaturants to push proteins into their unfolded states, where the intrinsic fluorescence,
polarization, and structural properties unique to their folded states are lost. Plotting the
loss of theseoptical properties as a function of denaturant allows protein unfolding curves
to be constructed. These unfolding curves are important because they can be used to
extract important thermodynamic information from the proteins being studied, such as
UT T wxUOUI POz Uwi AchH &b, | Qalbrihétric métr®ds slich asdsothermal
titration calorimetry (ITC) 1%i1and differential scanning calorimetry (DSC) 1213, measure the
heat capacity of a protein in solution as a function of ligand concentration or temperature,

respectively. These methods, similar to spectroscopic methods, can also be used to extract



important thermodynamic parameters such as the protein folding enthalpy ( nHr)
measured by DSC, and the thermodynamic parameters of ligand binding ( n &+, nH binding ,
Kd) measured by ITC.

While the above methods are widely used to study protein stability and ligand
binding events, they are not without limitations. A major obstacle to their use is the
requirement for large amounts of purified protein, whic h can be difficult to obtain . This
makes these methods less highthroughput than methods that can be performed in
unpurified protein samples and on multiple proteins at once. The need for purified
protein samples also removes a leve of biological relevance that can only be kept in
complex biological mixtures, such as cell lysates, where protein-protein, protein -RNA,
and protein -small molecule interactions can still exist.

To overcome some of these limitations, several mass spectromg&y -based methods
to measure protein folding stability have been developed over the past few decades.1415
These methods differ from the conventional methods listed above in that they do not rely
on the spectroscopic or calorimetric readouts that can only be performed on purified
protein samples. Instead, the relative amount of folded and unfolded protein at a
particular denaturant concentration is determined through an irreversible modification of
the protein that can only occur in its unfolded state. Modifications to a protein can later
be quantified, after appropriate sample preparation, using liquid -chromatography -

tandem mass spectrometry (LC-MS/MS). These modifications, representative of the



relative amount of unfolded protein in each sample, are then plotted as a function of
denaturant to construct denaturation curves similar to those generated by the more
conventional methods described above. Because of the highthroughput nature of mass
spectrometry, protein folding stability me asurements for thousands of proteins can be
performed at once. The higher sensitivity of MS over more conventional methods also
means that it requires significantly less sample (e.g, as little as 10 ug oftotal protein per
denaturant buffer) for the reado ut.

The details of these mass spectrometrybased techniques, namely the stability of
proteins from rates of oxidation (SPROX) and proteolysis methodologies, will be
discussed in greater detail in the following sections, as well as an adaptation of these
ml U7 OE UuwEWRPWEN x UOEET OwUl E0wi EEPOPUEUI UWEEUE WE |
1.1.2.2Bottom -up proteomics sample p reparation

Mass spectrometry-based proteomic methods require bottom-up sample
preparation steps before proteins can be quantified and identified using LC -MS/MS
analyses. Bottomup proteomics sample preparation involves the unfolding of the
proteins within the sample, in which disulfide bonds buried within proteins can be
reduced and irreversibly alkylated. Samples then undergo proteolytic digestion, typically
with trypsin, in which small peptide fragments are generated that can be easily analyzed.
Peptides are desaltal, separated by hydrophaobicity using reverse phase chromatography,

and analyzed using tandem mass spectrometry. The tandem mass spectrometry



fragmentation data can be used to sequence peptides, aiding in their identification, and
allowing quantitation of t he proteins to which they map.

To more accurately compare peptide and protein abundances across different
conditions, isotopic labeling strategies are commonly used. These strategies can be
grouped into metabolic or chemical labeling approaches. Metabolic labeling approaches
involve in vivo incorporation of isotopes and include methods such as stable isotope
labeling of amino acids in cell culture (SILAC). 16 SILAC works by adding labeled, essential
amino acids into amino acid-deficient cell culture media, which results in the
incorporation of labeled amino acids into proteins as they are synthesized. With SILAC,
changes in the relative intensities of two conditions can be compared by determining the
ratio of heavy vs. light labeled peptide in the final MS readout.

Because SILAC is limited in the number of conditions that can be compared,
chemical labeling approaches are often used as an alternative. Chemical labeling
approaches utilize mass tag reagents that react with primary amine groups located on the
N-termini and lysine side chains of peptides once they have been generated in the sample
preparation steps. There are several commercially available reagents that have these
capabilities, including tandem mass tags (TMT)!” and isobaric tags for relative and
absolute quantitation (iTRAQ).!® Each tag has the same nomial mass and chemical
structure but contains a reporter region in the molecule harboring different numbers and

combinations of 13C and >N isotopes. The distinct masses in the reporter region provide a



means to differentiate conditions for a single peptide and enable quantitation of those
conditions after MS2 fragmentation liberates the reporter ion from the molecule. Reporter
ions allow multiplexing of each sample (up to 18 samples for TMT reagents, and up to 8
for iTRAQ reagents), by which peptide abundance across several conditions or replicates
can be assayed within a single instrument run.

Bottom-up proteomics sample preparation and isobaric mass tag labeling
strategies provide an important framework for the analysis of the samples generated
using the stability proteomics techniques discussed below, and contribute to their high -

throughput, multiplexed, and quantitative nature.

1.1.2.3Stability of prot eins from rates of o xidation (SPROX)

The SPROX technique utilizes the denaturantdependent oxidation of methionine
residues in proteins to measure their thermodynamic stabilities within complex mixtures
(Figure 1).1920 The first steps of a SPROX experiment involve incubating protein samples
(e.g., purified proteins or cell lysates) in increasing concentrations of a chemical
denaturant such as urea or guanidinium chloride (GdmCI). The proteins in the
denaturant-containing buffers reach an equilibrium unique to the conc entration of
denaturant in the sample, with higher concentrations of denaturant pushing more
proteins into their unfolded states. To differentiate between unfolded and folded proteins
within the same sample, hydrogen peroxide is introduced to selectively o xidize the

methionine residues that are exposed in the unfolded proteins and are normally buried



within the hydrophobic regions of folded proteins. After a specified reaction time, the
oxidation reaction is quenched using a high concentration of a reducing agent,
triscarboxyethylphosphine (TCEP). At this stage, samples are then prepared for LC-
MS/MS analysis using bottom-up proteomics sample preparation, labeled with isobaric
mass tags, andsubjected to an enrichment step to isolate the methionine -containing
peptides necessary for the proteomic readout. Ultimately, the relative abundances of the
wild -type and oxidized methionine -containing peptide probes detected in the MS readout

are used to construct denaturation curves for the proteins to which they map.

Stability of Proteins
from Rates of Oxidation

-

\ -
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Figure 1. Overview of the stability of p roteins f rom rates of oxidation (SPROX)
technique.
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SPROX has many advantages over other protein stability techniques, particularly
for protein target discovery. A main a dvantage of this technique is that it uses chemical
denaturation and not thermal denaturation to extract protein stability information.
Thermal denaturation is irreversible and, therefore, cannot be used to calculate the
thermodynamic information required for the estimation of binding affinities for protein -
ligand complexes. There are also circumstances where heating a sample can alter the
solubility of the ligand being studied, such as with the noble gas xenon discussed later in
this dissertation. Another advantage of SPROX is that its peptidelevel readout provides
more detailed information about local changes in stability. For example, the pan -kinase
inhibitor staurosporine specifically targets the kinase domains of its protein targets. In
recent studies using the SPROX methodology, it was shown that only peptides from the
OPOEUI wWEOOEDPOU WOl wUUEUUOUxOUDPOI ZzUwxUOUI DOw UE L
stability changes, where peptides from nonkinase domains of the same proteins did not. 2t
This detailed information would not be obtained through a stability method with a
protein -level readout, such as thermal proteome profiling (TPP). Another advantage of
SPROX is that it requires the isolation of methionine-containing peptides from samples.

This isolation step reduces the complexity of the protein sample before LC-MS/MS

analysis, and can facilitate the identification and quantitation of lower abundance proteins



Although SPROX provides unique inf ormation compared to other stability
methods, these benefits also come at a cost. Because SPROX can give domdavel
information about protein -ligand binding events, it requires that a peptide from the
domain targeted by the ligand be identified in the MS readout. This contrasts with protein -
level readouts in which any peptide identified for a protein can be used to look for changes
in its stability. The requirement for a methionine -containing peptide readout reduces the
complexity of the sample, but also removes the possibility of assaying proteins with few
to no methionine residues in their protein structures, and thus limits the types of proteins
assayed in the study. Even proteins with multiple methionine residues can escape
detection if the tryptic pep tides generated in the bottom-up proteomics readout are not

readily ionized in the LC -MS/MS experiment.

1.1.2.4Proteolysis m ethodologies

Multiple proteolysis methodologies have been developed that probe protein
conformational changes in disease states aswell as structural changes upon ligand
binding (Figure 2). These techniques can be performed both in the native state where local
changes in protein folding can be identified, and as a function of denaturant where global
folding stability changes can be detected. Currently, t here are two popular proteolysis
methodologies for probing changes in the native three-dimensional structure of proteins
on the proteomic scale:limited proteolysis (LiP) 2223 and Drug Affinity Responsive Target

Stability (DARTS). 24 Limited proteolysis uses a protease with broad specificity (e.g.,
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folding stabilities.
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conformation will result in differential susceptibility — of specific regions of its structure to
proteolysis. DARTS works under the same principles as LiP, but uses another protease,
thermolysin, to cleave protein structures.

If the analysis of more global protein folding stability changes is desired, a

denaturant-based proteolysis method, pulse proteolysis (PP) can be used. Pulse

proteolysis uses the denaturant dependence of a proteolytic digestion reaction to evaluate
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protein folding stabilities under different conditions. 2528 Thermolysin is used as the
protease in these experiments because it retains its activity even at high concentrations of
denaturant. Like SPROX, this technique can be used to construct protein denaturation
curves in which important thermodynamic information about the proteins be ing studied

can be derived. These curves can also be used to identify ligandinduced changes in
stability and quantify protein -ligand binding affinities.

Compared to other stability proteomics and native state methods that probe
protein conformation, the p roteolysis methodologies have unique advantages. The native-
state approaches can identify subtler conformational changes that are often localized to
spedfic areas of protein structure and can potentially identify ligand binding sites in
proteins. While pu lse proteolysis cannot identify local conformational changes, it can
identify domain level protein stability changes due to its peptide -level readout, unlike
methods such as TPP, which rely on protein-level quantitation.

The proteolysis methodologies mentioned above have only recently been coupled
with quantitative bottom -up proteomics analyses. Initially, these studies relied on gel-
based readouts to quantify changes in proteolysis as a function of denaturant or ligand
treatment. More recently, quantitative LC-MS/MS measurements have shown superiority
in resolving power and sensitiv ity over gel readouts and can be higher throughput.
Despite these advancements, there are still many limitations to proteolysis readouts using

guantitative LC -MS/MS anayses. The main obstacle is the separation of intact proteins
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from larger peptides generated during the nonspecific cleavage events. Because of this,
downstream bottom -up proteomics sample preparation will result in the generation of
both semitryptic pepti des (i.e., peptides containing one cleavage site resulting from
thermolysin or proteinase K cleavage and another site resulting from trypsin cleavage)
and tryptic peptides (i.e., peptides containing two cleavage sites resulting from trypsin
cleavage). Thelow abundance of semitryptic peptides, which are the peptides that contain
information about the cleavage event in the limited proteolysis reactions, limits the
amount of information that can be obtained from the proteomics readout.

A strategy to enrich for the information -rich semitryptic peptides has been

developed as part of this dissertation and will be described in more detail in Chapter 2.

1.1.253 1 1T w?xAdmprodeh

The SPROX and PP methodologies have recently been developed to include a
20&00U2 WEEUEWEEQ@UDPUDPUD BB ub O e@EOEWOR X -OUIAEIRT UEWD 1T GB
reduces the expenses associated with proteomics experiments byeducing the number of
measurements required from one per denaturant concentration to one per denaturation
curve (Figure 3). The reduction in measurements results in the utilization of fewer isobaric
mass tag sets in the experiments andfewer instrument ru ns. This approach provides an
overall 10-fold reduction in reagent costs and instrument time, while increasing the
number of replicates that can be performed within one experiment. It was found that this

strategy reduced the complexity of the data analysis associated with SPROX and PP.
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Additionally, it reduced their false positive rates in a proof-of-principle study by allowing
the inclusion of more biological replicates within the experiments. The development and
ExxODbEEUD O &udii?wlE I xuwiséikiealysiexperiinents will be discussed

in Chapter 2 of this dissertation.
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Figure 3. Conventional curve f itting approach for protein stability measurements
compared to one-pot approach.

1.2 Applications of Protein Folding Stability Measurements to
Protein-Ligand Binding

Recentapplications of proteome -wide protein folding stability measurements can
be generalized into two key areas: the characterization of biological phenotypes and the
discovery of protein targets of biologi cally active ligands. The focus of this dissertation is

on the latter application area. The direct link between protein folding and protein -ligand
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binding events makes protein folding stability measurements highly informative and
enables the identification of protein targets of not only small molecule drugs, but also
enzyme cofactors (e.g, ATP, NAD+) (Figure 4). One of the first application s of mass
spectrometry-based protein folding stability measurements to the analysis of protein -
ligand binding dates back to 200Q in which a hydrogen deuterium ( H/D ) exchange and
mass spectrometry-based strategy termed Stability of Unpurified Proteins from Rates of
H/D Exchange (SUPREX was used to characterize the wellstudied ligand binding
interaction of maltose to maltose-binding protein. 3¢ Since then, SUPREX and a number of
other mass spectrometry-based stability methods have been developed and applied to the
study of known protein -ligand binding interactions in both purified and unpurified
protein samples (i.e., interactions between the small molecule drug cyclosporine A and its
cyclophilin protein targets) 19 29 3#0 to the identification of novel ligands for target
proteins,*t as wel as to the proteome-wide discovery of novel protein targets of specific
ligands in the context of complex biological mixtures, where on -target and off-target
effects can be assayed? 28 4248

Protein folding stability changes can be used to not only identify protein -ligand
binding events, but also quantify the affinity of such interactions. Coupled with MS, this
enables the quantitation of bindin g affinities of one ligand to multiple proteins within a
single proteome and facilitates the discovery of on- and off-target effects of specific

ligands. Quantitation of binding affinities has been shown across multiple stability
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proteomics methods. For SFROX in particular, the binding affinities of the geldanamycin -
HSP90 interaction’” and of cofactor (i.e., ATP and NAD+) interactions with yeast

proteins42 45 4%have been estimated in complex biological samples.

1.3 Advantages and Limitations of Protein Folding Stability
Measurements for Ligand Binding

Protein folding stability measurements offer many advantages over more
conventional methods for the detection and quantitation of protein -ligand binding
interactions (e.g., isothermal titration calorimetry and surface plasmon resonance
approaches). Theseadvantages include high-throughput screening capabilities and the
ability to quantify binding affinities within complex biological mixtures . Conventional
approachesalso require that the protein -ligand interactions be known prior to the analysis
due to the necessityfor large amounts of purified protein.

Despite the above advantages, there are still some obstacles that prevent the
widespread use of these methods. One major obstacle that is currently being tackled by
the development of new methodologies is the inability to use most techniquesin vivo . For
in vivo studies to be performed, chemical denaturants and other necessary reagents (i.e.,
the hydrogen peroxide used for SPROX) would have to cross the cell membrane to interact
with proteins; however, these reagents cannot be used at high concentrations due to
problems associated with cellular toxicity. One stability proteomics method that has been
able to overcome this obstacle is the cellular thermal shift assay (CETSA), in which thermal

denaturation and protein precipitatio n is used instead of chemical denaturation for
15



probing the stability of proteins. 5052 While CETSA can be used to identify protein -ligand
interactions in cellulo, it cannot be used to extract meaningful protein-ligand binding
affinities due to the irreversibility of thermal denaturation and difficulties associated with
extrapolating thermodynamic information at the melting temperature back to
physiological conditions . Developing methods that can use lower chemical denaturant
concentrations outside the range of cellular toxicity as well as finding cell -permeable
amino acid labeling reagents that can be used to probe thethermodynamic stability of
proteins are areas of future work.

Another limitation of protein folding stability measurements that is addressed in
this work is their narrow scope of application. While the proteomic methods mentioned
have been described for the study of protein-protein and protein -small molecule
interactions, they have yet to be applied directly to the study of metal - and gas-binding to
proteins (Figure 4). A description of these ligand classes as well as approaches to identify

their protein targets will be discussed in more detail below.
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1.4 Ligand Classes
1.4.1 Small molecule drugs

The most common use of protein folding stability measurements for protein ligand
binding characterization is in the identification of protein targets of small molecule drugs.
This interest is driven by drug discovery efforts, in which the identification of the on-
target and off-target effects of drug-like compounds is critical to development. More
conventional approaches for target identification for small molecule drugs typically

include affinity capture techniques, which are often limited by their require ments for drug
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modification and that the target protein be abundant enough for detection. Mass
spectrometry-based proteomic methods that probe the chemical and thermal
denaturation properties of proteins have been able to overcome these limitations, and
thus, have proven attractive alternatives to traditional approaches.

Drugs with well -understood modes of action like cyclosporine A, geldanamycin,
and staurosporine have been used as model systems to develop and validate many
techniques that measure protein folding stability. 21.37.3%0 Bjologically active drugs with
less well-understood protein targets such as resveratrol, manassatin A, and tamoxifen
have also been studied using protein folding stability measurements, in which furthe r
information about their modes of action and the pathways they influence could be
obtained.44 46.52More recently, protein folding stability methods are increasingly used to
aid target discovery efforts for drug s with completely unknown modes of action yet
beneficial biological activities. TPP has been used within the past decade to identify
protein targets of a plethora of biologically active small molecules in both cell lines and
tissues. Protein targets for compounds such as the histone deacetylase inhibitor
panobinostat, the antiviral compound remde sivir, and antimalarial compounds
mefloquine and quinine have been identified among many others. 5355 Proteolysis methods
such as DARTS have also been used to identify protein targets of small molecules such as
the fungicidal bithionol and the biologically active compound arctigenin along with

numerous anticancer compounds.5¢%8 In some cases, a combination of gbility proteomics
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techniques can be employed to identify the multi-i EET U1 EWEUxT EOUwWOI wEWE L
action. The mode of action of the antihistamine clemastine, which is known to target

multiple st ages of the malarial life cycle, was interrogated using both SPROX and TPR

revealing a heterooligomeric complex required for cytoskeletal protein folding as a direct

target.+’

1.4.2 Metabolites and cofactors

Another class of molecules commonly studied using stability proteomics methods
is metabolites and enzyme cofactors. Proteinmetabolite and protein -cofactor interactions
play many significant roles in maintaining cellular homeostasis, and to no surprise, these
molecules comprise the largest fraction of molecules in cells. Because of thi& importance
and the lack of knowledge regarding metabolite and cofactor interactions with proteins,
methods facilitating the discovery of these interactions are needed. Current biochemical
strategies include affinity chromatography and capture compounds, however, these
techniques require modification of the metabolite of interest which can be laborious and
not as biologically relevant. 5°

The ability of protein folding stability measurements to identify biologically -
relevant protein -metabolite interactions without modification of the small molecule,
makes them advantageous overformerly used methods. It has been previously shown
that SPROX and PPcan identify both known and unknown protein targets of enzyme

cofactors such as NAD* and ATP.28 42 45 49]n more recent studies, a map of protein-
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metabolite interactions across 20 unbiasedly-chosen metabolites was constructed using
limited proteolysis coupled with MS. 60 Profiling thermal stability has also been shown to
identify metabolite interactions, such as in the identification of protein targets of the

Ol UE E O0O0HPAAMRU &nd inzthe id entification of a variety of protein -nucleotide

interactions, both performed in intact cells. 6162

1.4.3 Proteins

Many processes within cells are mediated by protein complexes, and monitoring
the dynamics of these complexes is important for our understanding of biology,
specifically in the context of drug development and the underlying basis of disease.
Because of this, multiple methods have been used to study protein-protein inte ractions
over the past decadesincluding co -immunoprecipitation (¢ o-IP), pull-down assays, and
chemical crosslinking.® Probing protein thermal stability u sing TPP and CETSA has also
been shown to be particularly useful for this application due to the nature of protein
complexes to coaggregate and precipitate at similar melting temperatures.® Functionally -
associated proteins in E. coliwere also found to have coordinated changes in thermal
stability. 85 This phenomena has led to the development of other methods, such as thermal
proximity coaggregation, which was able to identify cell-specific protein-protein
interactions across six different cell lines.%¢ Identifying protein complexes is also import ant
for drug discovery efforts as protein complexes can be madulated by potential

therapeutics. For example, it was shown with TPP that regulatory components of kinase
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complexes were also stabilized by the pankinase inhibitor staurosporine despite not

being targeted directly by the molecule themselves.5°

1.5 Dissertation Focus

This dissertation is focused on the development and application of stability -based
proteomic methods for the large -scale detection and analysis of protein-gas and protein-
metal interactions. While such proteomic methods have been described to study the
protein -protein and protein -small molecule interactions mentioned above, they have yet
to be applied to the study of metal and gas binding to proteins. The improvement of
current methodologies played a key role in this work and such method development is
discussed in Chapter 2, with the application of chemo-Ul Ol E U D O 0w EDEuw B BOWOE w
acquisition strategies to conventional proteolysis protocols. The development and
validation of this improved protocol, termed one -pot STEPRPP, is discussed in detailas
well as its unique advantages over previous pulse proteolysis studies.

The goal in studying protein -gas interactions, particularly those involving noble
gases such as argon and xenon, is to better understand the previously observed but poorly
understood organoprotective and antiapoptotic activity of these gases. Finding proteins
with altered stabilities in the presence of argon and xenon would help us determine their
intracellular targets and provide a deeper understanding of the processes that result in
their clinically r elevant biological activities. In Chapter 3 of this dissertation, large -scale

protein folding stability measurements were developed to detect protein -gas interactions
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and used to identify the xenon -protein interactome in yeast. It was found that xenon is

attracted to proteins involved in ATP -driven processes, and that there are correlations in
the mechanisms by which ATP and xenon target proteins. The analytical methodology

developed in this work could also be applied to identify the pro tein targets of other gases
(e.g. argon), or find targets in more clinically relevant cell lysates (e.g., those derived from
myocardial cells or neurons).

The goal in studying protein -metal interactions, such as protein-copper
interactions, is to better understand the molecular basis of metal toxicity and metal -
dependent processes in bacterial and mammalian cell systems. In Chapter 4 of this work,
protein expression level and protein folding stability analyses, specifically the one -pot

STEPRPP strategy,are utilized to unveil targets of copper toxicity in E. coli as well as find

UEUT T OUwWOT wUT T wOi UEOwWDPOOOxT OUI UwlT EQwi 1 Ox wlOl ED

same strategies are applied to discover proteins modulated by iron and zinc in the context
of ferroptotic cell death. In the last chapter of this dissertation, the development of a novel
proteomics method to probe protein -metal interactions is introduced. This method
exploits the precipitation properties of metals to identify proteins t hat are sensitive to
them. This method, which is termed metal -induced protein precipitation (MiPP), was
performed on a proteomic scale in which it was able to identify Cu - and Zn-sensitive

proteins in E. colicell lysatesand Cu-sensitive proteins in C. albi@anscell lysates.
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2. Method Development: One-pot STEPP-PP?

The work described in this chapter comes largely from research papers titled
that was published in 2018 in Analytical Chemistry (vol. 90(23), p. 1403914047), and
2" OOXxEUEUDYI w OSpbardmptty B&3éduProtEdthid Methods for Protein
Target Discovery UsingaOne-x OUw x x UOEET 2 wUT E 020ip Ehd dowrtbEoO D UT 1 E

the American Society for Mass $gremetry(vol. 31(2), p. 217226)29.40

2.1 Introduction

Recently, one-pot data acquisition and analysis strategies with highly multiplexed
workflows were reported for the PP and TPP techniques.¢”% The one-pot workflows
significantly streamline the protein stability determination by reducing the number of
measurements from one measurement per denaturation point (usually 8-30
measurements), to only one measurement per denaturation curve (Figure 3). This
simplification reduces the number of isobaric mass tags and instrument time needed for
a single analysis, which can facilitate the acquisition of data from more biological
replicates and ultimately increase the statistical significance of the results. Described here

is a one-pot data acquisition and analysis strategy that can be used with the PP technique

1 Reproduced in part with permission from Cabrera, A.; Wiebelhaus, N.; Quan, B.; Ma, R.; Meng, H.;
Fitzgerald, M. C., Comparative Analysis of Mass -Spectrometry-Based Proteomic Methods for Protein Target
Discovery Using a One-Pot Approach. J. Am. Soc. Mass. Spectro2020, 31 (2), 217226. Copyright © 2020
American Chemical Society.
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to detect protein-ligand binding interactions on the proteomic scale. The strategy is
adapted from the one-pot protocols recently described for PP and TPP¢7%8 Also, as part
of this work, the one -pot PP strategy is coupled with a semitryptic peptide enrichment for
proteolysis procedures (STEPP) that has been previously reported4® The one-pot STEPR
PP technique is compared to previously published one-pot adaptations of SPROX, TPP,
and CPP, and the relative merits of each technique for protein target discovery of

cyclosporine A (CsA) within a yeast lysate are discussed

2.2 Experimental Section
2.2.1 Materials

The following materials were from Sigma Aldrich (St. Louis, MO): S -
methylmethanethiosulfonate (MMTS), dimethyl sulfoxide (DMSO), urea, centrifugal filter
units (Amicon Ultra, 0.5 mL, 10 kDa MWCO), tris(hydroxymethyl)aminomethane
hydrochloride (Tris -HCI), th ermolysin from Geobacillus stearothermophijusfluoroacetic
acid (TFA), triethylammonium bicarbonate buffer (TEAB, 1 M, pH 8.5). The following
materials were from Thermo Fisher Scientific (Walthan, MA): acetonitrile (ACN, LC -MS
grade), 4-(2-aminoethyl) -benzenesulfonyl fluoride hydrochloride (AEBSF), bestatin, E -64,
leupeptin, pepstatin A, EDTA solution (Corning, 0.5 M, pH 8.0), TMT10 -plex isobaric label
reagent set, NHSactivated agarose dry resin (Pierce), and porcine pancreas trypsin
(proteomics grade). Both Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and

cyclosporine A (CsA) were from Santa Cruz Biotechnology (Dallas, TX). Phosphate-
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buffered saline (PBS, pH 7.4) was from Gibco (Gaithersburg, MD). Macrospin columns

(silica C18) were from Nest Group (Southborough, MA).

2.2.2 Cell culture and lysis

Yeast strain S288C was obtained from ATCC and cultured in YPAD medium (0.4
g of adenine sulfate, 10 g yeast extract, 10 g of peptone and 20 g of glucose in 1 L of
deionized (DI) water) according to stand ard protocols. Briefly, a yeast colony was
incubated in 50 mL of YPAD medium at 30°C. Following an overnight incubation to reach
an optical density at 600 nm (ODeoo) of ~1.6, a 20 mL portion of the culture was inoculated
with the YPAD medium (1 L) to give an ODeoo of ~0.3. The inoculated medium was
incubated at 30°C until the OD eso000f the solution was between 1.2 and 2.0. Fractions of the
final YPAD medium (250 mL each) were centrifuged to generate yeast cell pellets. The
pellets were stored at-20°C until further use.

Five yeast cell pellets were lysed in 20 mM phosphate buffer (pH 7.4) containing
150 mM sodium chloride and the following protease inhibitors: 1 mM AEBSF, 20 uM
leupeptin, 10 pM pepstatin A, 500 uM bestatin, and 15 pM E-64. Cell lysis was
acaomplished by mechanical disruption using glass beads (0.5 mm) with 20-25 sec
disruption and 1 min intervals on ice for a total of 15 -20 cycles. The lysed cells were
centrifuged at 14,000 g for 10 min at 2C. The total protein concentration in the supernatant
from each cell lysate sample was determined by a Bradford assay and normalized to 10.2

mg/mL. The supernatant samples for each replicate were then divided into two equal
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aliquots; one aliquot was spiked with CsA in DMSO to generate the (+) ligand sample,
and the other was spiked with DMSO to generate the (-) ligand sample. The concentrations
of CsA in the (+) ligand samples were 370 pM and the concentration of DMSO was 2%.
The final concentrations of CsA and DMSO in the denaturant -containing buffers were 120
UM and 1%. The concentrations of DMSO in the (-) ligand sample stocks were identical to
those in the (+) ligand samples. The ¢) and (+) ligand sample stocks were equilibrated at

room temperature for 1 hour prior to PP analysis.

2.2.3 One-pot STEPP-PP analysis

The (+) and ¢) ligand samples were subjected to a PP analysis that included a
semitryptic peptide enrichment strategy for proteolysis procedures (STEPP) similar to
that previously described, 4° with the exception that a one-pot analysis strategy®”¢ was
employed in the mass spectrometry-based proteomics readout. Briefly, aliquots of the (+)
and (-) ligand samples were distributed into a series of 12 urea-containing buffers (PBS,
pH 7.4) where the final concentrations of urea were equally spaced at 0.4M intervals
between 1.0 and 5.4 M. The final concentration of CsA in the samples was 20 uM and the
total amount of protein in each sample was 100 ug. The samples in the ureacontaining
buffers were incubated for 2 hours at room temperature before 5 pug of thermolysin was
added to each of the (+) and €) ligand samples in the denaturant containing buffers. The
thermolysin proteolysis reactions were allowed to proceed for 1 min at room temperature

before they were quenched upon addition of 60 pL of a urea/EDTA solution (~0.2 M
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EDTA, 8 M Urea, pH 8.0). Equal aliquots of the (+) ligand sample solutions were
combined, as were equal aliquots of the () ligand samples. The above procedure was
performed on 5 separate yeast lysates. This ultimately generated 5 (+) ad (-) ligand
sample pairs for a total of 10 samples.

Aliquots containing ~80 g of total protein from each of the 5 (+) and (-) ligand
pairs were subjected to the STEPP protocol previously reported.#® Before the STEPP
protocol, an additional 20 pL of a urea/EDTA solution (~0.2 M EDTA, 8 M Urea, pH 8.0)
was added to each sample to ensure proper unfolding for labeling with isobaric mass tags.
As part of the STEPP protocol, samples were reacted with 1.5 mM TCEP for 1 hour at 36C
and then with 2.5 mM MMTS for 10 min at room temperature. The protein material i n the
(+) and () ligand samples from each of the 5 biological replicates was labeled with a
TMT10-plex reagent kit according to the protocol outline in reference 40. The protein
samples in the TMT10-plex were combined to generate a single protein sample that was
lyophilized, redissolved in 2% (v/v) TFA, an d desalted using C18 columns according to
Uil wOEOUI EEUUUI Uz UwxUOUOEOOS w31 1 wEl UEOUI EwWUE O
TEAB solution (pH 8.5), and digested with trypsin overnight at 37 °C. The ratio of trypsin
to total peptide was 1:100 (w/w). NHS -activated agarose resin and 50 uL of 0.5 M NacCl

were added to the digested sample, such that the NHS-activated agarose resin to total

peptide ratio was approximately 150:1 (w/w). Samples were reacted for 1.5 hours at room
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temperature, acidified with 2% (v /v) TFA, and transferred to C18 Macrospin columns for

desalting prior to LC -MS/MS analysis.

2.2.4 Quantitative LC-MS/MS analysis

The LC-MS/MS analyses were performed using a nanoAcquity UPLC system
(Waters) coupled to a Thermo Orbitrap Fusion Lumos mass spectrometer system. The
dried peptide material generated from each analysis was reconstituted in 12 pL of 1%
TFA, 2% acetonitrile in H20, and a 1 pL aliquot was injected into the UPLC system. The
peptides were first trapped on a Symmetry C18 20 mm x 180 um trapping column (5
pL/min at 99.9/0.1 water/acetonitrile, v/v). The analytical separation was performed using
an Acquity 75 pum x 250 mm high -strength silica (HSS) T3 C18 column with a 1.8 um
particle size (Waters); the column temperature was set to 55C. Peptide elution was
performed using a 90 min linear gradient of 3 -30% ACN with 0.1% formic acid at a flow
rate of 400 nL/min.

The MS data were collected using a top 20 datadependent acquisition (DDA)
method which included MS1 at 120k and MS2 at 50k resoltion. The MS1 AGC target was
4.0 x 1@ions with a max injection time of 105 ms. The collision energy was set to 38%, and
the scan range was 3751500 m/z. The isolation window was 0.7, and the dynamic
exclusion duration was 60 sec. The peptide sample geneated was subjected to 3 LG
MS/MS analyses. The raw MS data generated in this work have been uploaded to the

PRIDE database (accession number: PDX014309).
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2.2.5 Proteomic data analysis

Proteome Discoverer 2.2 (Thermo) was used to search the raw LEMS/MS files
against the yeast proteins in the 201706-07 release of the UniProt Knowledgebase. The
raw LC-MS/MS data generated were searched using fixed MMTS modification on
cysteine; TMT10-plex labeling of lysine side chains and peptide N -termini; variable
oxid ation of methionine; variable deamidation of asparagine and glutamine; and variable
acetylation of the protein N -terminus. Trypsin (semi) was set as the enzyme, and up to
three missed cleavages were allowed. For peptide and protein quantification, reporter
abundance was set as intensity, and the normalization mode and scaling mode were each
set as none. All other settings were left as the default values. Only proteins/peptides with
x UOUI DOy x1 xUPEI w %# 1w EOOI PEI OEl w OEEI Ol Ew EUwW 21
guantification channels being zero were used for subsequent analyses.

For each biological replicate, a normalization factor was calculated using the ratio
of the summed signal intensities recorded in the (+) and (-) ligand samples from each
biological replicate; the signal intensities used in the PP experiment were the reporter ion
intensities from the semitryptic peptides. For each identified semitryptic peptide, a ratio
of the observed reporter ion intensities in the (+) ligand sample to the (-) ligand sample
was generated for each biological replicate. The resulting ratio was divided by the

normalization factor for each of the five replicates. These normalized ratios (fold change)
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were then logz-base transformed, averaged, and tested by a twotailed Studl O (i zekt w

comparing with a mean of zero.

2.3 Results
2.3.1 Experimental workflows
2.3.1.1 General onepot pulse proteolysis strategy

Shown in Figure 5 is the experimental workflow used for the PP experiment
performed in this work, in which a total of 5 biological replicates were analyzed. Each
biological replicate involved the preparation of a yeast lysate both in the presence and
absence of CsA. The {) and (+) CsA samples in each biological replicate were distributed
into a series of buffers containing increasing concentrations of chemical denaturant. After
equilibration, the protein samples in the denaturant -containing buffers were digested
with therm olysin. After modification reactions were quenched, equal amounts of the ( -)
ligand samples from a given biological replicate were combined into a single sample.
Equal amounts of the (+) ligand samples from a given biological replicate were also
combined into a single sample. This ultimately generated 5 pairs of (-) and (+) ligand
samples that were prepared for a quantitative bottom -up proteomics analysis in which
the 10 samples generated for the 5 biological replicates were labeled with a TMT10plex
(Figure 5a).

The TMT reporter ion intensities obtained in the LC -MS/MS analyses of the

proteomic samples (Figure 5c) were used to identify proteins with CsA -induced stability
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changes. The TMT reporter ion intensities measured in the LC-MS/MS analyses represent

the Favg) and Favg+) Values (see Figure %) for the (-) and (+) ligand denaturation curves in

each biological replicate. Proteins with Favge/Favgr ratios that were significantly and
EOOUDPUUI OUOGAWEDI T 1 UI O0wUT EUw?rhed @ ditusdléctiomn ED OO OT
EUDUI UPEWET OObPAwbi Ul wbEI OUDPI Bl E uiidUcedchabdde wx UOUI
to their denaturation behavior).

2.3.1.2 Semitryptic peptide enrichment for proteolysis procedures (STEPP)

As stated earlier in Chapter 1, the main obstacle for pulse proteolysis is the
difficulty in separating intact proteins from larger peptides generated during the
nonspecific cleavage events. This resultsin the generation of both semitryptic peptides
and tryptic peptides after bottom -up proteomics sample preparation. A strategy termed
semitryptic peptide enrichment for proteolysis procedures (STEPP) was developed to
specifically enrich for the information -rich semitryptic peptides and remove tryptic
peptides prior to quantitative LC -MS/MS analysis (Figure 5b).

3T 1T w23$// wxUOUOEOOwWI DU LathiwobgidUp® of lysine side] EEUD OT
chains and N-termini created in the thermolysin proteolysis reactions (for PP) or
proteinase K proteolysis reactions (for LiP) with isobaric mass tags. A subsequent
digestion of the sample with trypsin and the chemo -selective reaction of the newly

exposed N-termini of the tryptic peptides with N-hydroxysuccinimide (NHS) -activated
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agarose resin removes the tryptic peptides from solution, leaving only the semitry ptic

peptides with one nontryptic cleavage site generated in the proteolysis reactions for
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Figure 5. One-pot STEPP-PP workflow. (a) Schematic representation of the
experimental workflow used in this work. (b) Schematic represent ation of chemo-
selection strategy for enrichment of semitryptic peptides. (c) Schematic representation of
raw data (i.e., isobaric mass tag intensities detected in product ion mass spectra of
peptides identified in bottom -up proteomics analysis) used to identify protein hits and
nonhits. (d) Schematic representation of the denaturation curve behavior and relative
Favgy and Favg+) Values expected for protein hits and nonhits.
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subsequent LC-MS/MS analysis. This chemaoselection enrichment strategy was
previously shown to increase the number of semitryptic peptides detected in PP and LiP
experiments by 5- to 10-fold 4, and was thus used in conjunction with the one -pot pulse
proteolysis protocol established here to increase the amount of information that can be

obtained in the proteomic readout.

2.3.2 Proteomic coverage

The number of proteins successfully assayed for CsA binding is summarized in
Table 1.The protein coverages reported in Table 1 are those resulting from identical LC -
MS/MS analyses, performed in triplicate, on the proteomic sample generated from the PP
analysis, as well as from the SPROX, CPP, and TPP experiments previoushpublished. 20
The same instrument and instrument parameters were used for all techniques.

In comparison to the other techniques, PP had the highest peptide coverage, with
over 6,000 semiryptic peptides assayed in the proteomic readout. While the number of
peptides identified was highest in PP, mapping those peptides to their corresponding
proteins in the yeast proteome only resulted in ~900 proteins assayed, giving it the lowest
protein coverage of all the techniques. An analysis of the overlapping and unique proteins
was also performed in comparison with the CPP, TPP, and SPROX studies(Figure 6). This
analysis revealed that each technique, including PP, assayed unique proteins not found
by another method. These unique proteins tended to be less abundant proteins (Figure

6¢).
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Table 1. Summary of prote omic coverages and hits observed in CsA ligand binding
experiments u sing one-pot STEPP-PP.Comparison to one-pot adaptations of CPP, TPP,
and SPROX, as referenced in Cabrera et &

Protein . . .
Tealre PETTEE Protein Known protein (peptide) False
(peptide) hits targets detected as hits positive rate
coverage
PP 866 (6435) 7 (24) CypA (17); CypC (1) 0.09%
CPP 1217 (NA?) 3 (NA9) CypA (NA 2); CypC (NA?) 0.08%>
TPP 1095 (NA?) 3 (NA?9) CypA (NA 2); CypC (NA?) 0.09%
SPROX | 1403 (4955) 5 (9) CypA (2) c;(/g)c (2); CypD 0.04%
total 1949 12 CypA, CypC; CypD
b 400
~=CPP
2 %0 PP
© 300 SPROX
5 250 PP
a "é 200
SPROX 3w
47 464 3 100
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Figure 6. Summary of proteomic coverage observed in PP analysis compared to
previously reported, CPP, and TPP analyses. 2 (a) Venn diagram showing overlap of
the assayal proteins in each technique. (b) Distribution of protein expression levels

observed for all the proteins assayed in the PP, SPROX, CPP, and TPP techniques. (c)
Distribution of protein expression levels observed for the unique protein s detected in the
PP, SPROXCPP, and TPP techniques. The protein expresen level data in parts b and ¢

are from ref 69.

34



2.3.3 Hit identification

Shown in Figure 7 is a volcano plot of the p-values and Favg+)/Favg) rati 0s generated
for the one-pot STEPRPP technique. Pulse proteolysis experiments utilize a peptide-
centered readout, which requires the detection and quantitation of semitryptic peptides.
The semitryptic peptides detected in the peptide readout report on the stability of the
protein folding domains to which they map. Because different protein folding domains
within the same protein can have different protein folding and ligand binding properties
different semitryptic peptides from the same protein can display different behaviors.
Accordingly, the Fag/Favg) ratios used to generatethe PP data were calculated using the

TMT reporter ion intensities generated for each identified peptide in the LC-MS/MS
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Figure 7. Volcano plots of the average log 2(Fawg/Fe v1 Jowalues and p-values generated
usingatwo-UE D O1 E w2 &l 6 br@lre theuPP data generated in this work.
Vertical and horizontal dotted lines mark the hit selection criteria cut-off values for the
average log(Fag+/Fevi &v Y E O U1 Udpiaues)y Nepériively. Green data points
indicate true positives (i.e., known CsA binding protein s selected as hits), and the blue
data points indicate false negatives (i.e.,known CsA binding proteins or peptides that
were not selected as hits).

35



readout. In total, the Favg/Favg() ratios for 6435 semtryptic peptides were quantified and
considered for hit selection.
37T 1T wUI 01 EUDPOOWOl wxUOUI BOw? (i) fhe pvalueferal EE U1 E w
two-UE D Ol E w 2 tgd) \iaks 843 th&hud.001, and (i) the averagéavgeyFavg) ratio was
either greater or smaller than 3 standard deviations from the mean of all the average
Favg+ Favg) ratios. The protein hits selected for the PP, as well as the CPP, TPP, and SPROX
techniques, using these criteria are summarizedin Table 2. Thehit selection criteria used
in this work were selected to maximize the detection of known CsA binding proteins and
minimize the selection of false positives. For example, relaxing the p-value constraint to p
< 0.01 and the standard deviation from the mean to 2 resultedin no further selection of
000pPOw" U wEPOEDOT wxUOUI POUOwWPT DPOkwd.OwEOUEOI EwU
Table 2. Summary of the protein hits and known CsA binding proteinsi  dentified in

the PP experiments performed in this w orka? and comparison to the CPP, TPP, SPROX
data reported in reference 29.

Protein (Accession

S PP CPP TPP SPROX
cyclophilin A (P14832) H H H H
cyclophilin C (P25719y H H H H
cyclophilin D (P35176) NH NH NH H

CPR®E NH NH NH NA
GTP blndér;%gggga)ln SAR1 NH H NA NH
glyceraldehyde -3-
phosphate dehydrogenase H NH NH NH
3 (P00359)
40S ribosomal protein SZA
e 67% N H NH NH NA
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60S ribosomal protein L12-

B (POCX54) : NH NH NA

40S rlbo;(zggénggt)em S19 H NH NH NH
pyruvat(ipdoe(iclaél;;)xylase H NH NH NH
e MW
40S rlbo?grgféggtem S15 NH NH NH H
cleavage factor IB (Q99383) NH NH NH H

D' > WPDOEPEEUI UwUT EVWEwWxUOU]I POWPEUWEwW! PUd w? - "' 2 wE
OOUwWPE!I OUPI Pl EWEUWE wl PUS w? - 2 wb&EmeEesd UwUT EVwU
binding protein.

2.3.4 Sensitivity of PP to protein-ligand binding detection

PP expeiments conducted using conventional protocols in which complete
denaturation curves are recorded in the presence and in the absence of ligand typically
require transition midpoint shifts (i.e., nCu2 values) of > 0.3 M GdmCI or 0.6 M urea to be
measurable (i.e., outside of the experimental error). The relationship between binding free
energy (n )&r) and the nCu2 value is given by eq. 1,

y¥O a Yo | (eq. 1)
where m is defined as the| YOI 'OQ¢& o 0,1 atdk Yo 1 represents the transition
midpoint shift of the denaturation data. Based on the size of a typical protein folding
domain (~100 amino acids) anm-value of 2.6 kcal mol*M-! (in GdmCI) or 1.3 kcal mol-* M-

1 (in urea) can be estimated based on empirically derived correlation between the number
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Ol WEOPOOWEEDPE wUI Upb Ervalieui®ERUE, th® ihimum b Gding Brédz U w
energy measurable by PP would be ~0.8 kcal/mol.
The correlation between Y¥"'O and the dissociation constant (0 is given by eq. 2,

0 oj Q¥ i p (eq. 2)
where 0 represents the concentration of free ligand, & represents the number of
independent binding sites, Yis the ideal gas constant,”Yis the temperature in Kelvin, and
Y¥'O represents the change in binding free energy. Thus, given the free ligand
concentration in the PP experiment (i.e., 120 uM) and assuming one binding site, the
minimum binding affinity that can be detected by PP can be estimated to be that expected

for a protein -ligand complex with a 0 value of ~40 uM.

2.4 Discussion
2.4.1 Proteomic coverage

This work reports on the first protei n target discovery experiment utilizing the
one-pot STEPRPP technique, as well as compares its proteomic coverage with onepot
adaptations of other stability -based proteomics methods previously reported (CPP, TPP,
and SPROX)? This comparison was possible due to the identical natures in sample
preparation, LC-MS/MS conditions (e.g., the same instrumental parameters as well as the
same number of LC-MS/MS runs), and data analysis strategies. It was found that across
all techniques, the unique proteins assayed were those of lesser abundance (Figure 6c).

However, the numbers of unique proteins detected in the PP, CPP, and TPP techniques
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were relatively small (73, 108, 45 respectively) compared to the over 450 unique proteins

detected in the SPROX experiments.

2.4.2 False positives and negatives

Summarized in Table 2 are all the protein hits and known CsA binding proteins
identified in the one -pot STEPRPP experiment along with the hits previously reported in
the one-pot SPROX, TPP, and CPP experiments. Seven protein hits were identified in PP,
with the five protein hits that are not cyclophilins most likely being false positives.
Consistent with this conclusion is the observation that none of the five proteins are
identified as a hit in more than one technique, despite each of the five proteins being
assayed in at least three of the four technigues. If these five proteins are classified as false
positives, the false positive rate for the PP technique is closer to 0.1%, and similar to the
false positives rates reported for the other techniques as shown in Table 1. This false
positive rate, calculated from the ratio of the total number of peptide hits selected to the
total number of peptides covered, are consistent with the p-value of 0.001 that was used
in the hit selection criteria. In this study with CsA, which has well -known protein targets,
just over two -third s of the hits selected were classified as false potives.

The differentiation of false positives and true positives in the application of these
techniques to ligands with less well -understood protein targets is a significant challenge.
Our results suggest that the frequency of false positives in the hits selected using the

STEPRPP technique with the one-pot strategy, as well as the onepot adaptation s of the
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other techniques, ranges from 30-70%. Comparing our PP results with those of the other
techniques further suggests that the use of multiple techniques can be especially useful
for differentiating true positives from false positives. For example, requiring hit proteins
to appear in more than one technique brings the false positive rates of the four techniques
to zero.®

False negatives in protein target discovery experiments using stability proteomics
techniques can be divided into two categories. In the first category are potential protein
hits that are not included in the assay because they are not successfully detected and
guantified in the LC -MS/MS readout. A second category of false negatives includes
potential protein hits that do not meet the selection criteria, even though the protein was
successfully assayed. The number of false negatives in the first category is impacted by
the proteomic coverage. Our results suggest that the use of multiple techniques
significantly increases the total proteomic coverage (see Table 1), which reduces the
number of false negatives in the first category. The number of false negatives in the second
category is impacted by analytical measures such as the accuracy and precision with
which Favgs/Favge) ratios can be determined as well as the relative magnitude of the
Favg+/ Favg( ratios observed for potential protein hits. Interestingly, the mean and standard
deviation of the average loga(Favo+/Favg)) values measured for all the proteins and
peptides across the four techniques were similar (close to 0 and 0.1 respectively).

However, the magnitudes of the average logz(Fav+/Favg) values for the same hits varied
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acrosstechnigues (Table 3). The average log(Favg/Favgry) Values for the protein hits in the
PP technique were generally 2 to 3-fold larger than those for the protein precipitation
techniques (CPP, TPP), and on par with the fold changes of hits in the SPROX technique.
This trend held true with one exception (i.e., the average logz(Favg+/Favg)) Value for CypD
in PP) that is discussed in more detail below. The larger average log(Favg+/Favg)) values
observed for the hit proteins in PP and SPROX make these techniques more sensitive,
enabling the selection of protein hits that would not be found in CPP or TPP.

Table 3. Summary of average logz(Fave+/Fe v1 )psalues for hit p roteins with known CsA
binding interactions that were identified in PP and reported for other techniques in

reference 2%b,
Protein (Accession #) PP CPP TPP SPROX
cyclophilin A (P14832) -1.52 0.75 0.7 1.37
cyclophilin C (P25719) -1.3% 0.43 0.36 0.92
cyclophilin D (P35176) NH (-0.03p  NH (0.28) NH (0.20) 0.65

aReported value is the average value obtained from all peptide hits. PReported value is
the average value obtained from the two nonhit peptides detected for CypD.

The peptide-centered readouts in PP can generate false negatives. This is because
the peptides detected in PP only report on the folding properties and ligand binding
behavior of the domains to which they map. Thus, in the case of a large, multidomain
protein, only peptides from the ligand binding domain will display hit behavior. If such
peptides from the ligand bindi ng domain are not detected in the LC-MS/MS readout, but
peptides from other regions of the protein are detected, the protein can appear as a false

positive. Itis also possible that the detected semitryptic peptide does not map to a globally
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protected region of protein structure (e.g., the peptide maps to a solvent exposed region
of protein structure). In such cases there will not be a chemical denaturant dependence to
the thermolysin digestion. Thus, the abundance of the peptide will not change as a
functi on of denaturant concentration, and it is not likely to be altered with ligand. Peptides
with such behavior are easily identified and removed from analysis in conventional PP
experiments where the entire denaturation curve is recorded. However, in the one -pot
experiment, peptides that do not map to globally protected regions of protein structure
will not generally display hit behavior, even if a ligand binding interaction occurs with
the protein. This is likely the reason why the two semitryptic peptides fr om CypD in the

PP experiment appeared as false negatives.

2.4.3 Qualitative vs. quantitative protein-ligand binding detection

The results reported here demonstrate that a onepot protocol can be applied to
protein target discovery applications of PP (and CPP, TPP, and SPROX as previously
reported?). In each case, the ongyot protocol enabled the detection of known protein
targets of CsA. One advantage of PP over the thermostability method TPP is that the use
of chemical denaturant enables the evaluation of thermodynamic parameters associated
with protein folding and ligand binding interactions including folding free energies and
the dissociation constants of protein -ligand binding interactions. In theory, the average
Favgy and Fag+) values generated for the PP protein hits using the one-pot protocol

described here can be used to calculate sucmGr and Ka values as described in ref 67.
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Howe ver, these calculations require knowledge of the relative magnitudes of the pre - and
The one-pot strategy can be adapted to include measurements of the pre and
postbaseline signals for the (-) and (+) ligand samples. Indeed, such measurements have
been incorporated in the one-pot strategies previously reported for PP and TPP.6%68
Unfortunately, the incorporation of pre - and postbaseline measurements into the onepot
protocol described here would reduce the number of biological replicates that could be
incorporated into a single TMT10 -plex from five to two. This would undoubtedly reduce
the statistical significance of the selectedhits. The one-pot strategy described here was
designed to maximize the statistical significance of selected hits. Unfortunately, this
comes at the cost of making quantitative determinations of binding affinities. However, a
gualitative analysis of the relative binding affinities of different protein hits can be
accomplished using the one-pot strategy described here if the relative magnitudes of the
pre- and post-transition baselines for the different proteins being compared are similar.
Provided this is a good assumption for the three cyclophilin hits detected in this work, the
logz(Fave+/Favg()) values measured for the cyclophilin proteins across all four technigues
(Table 3) are consistent with CypD, CypC, and CypA binding CsA with increasing
affinity, respectively. This ranking is consistent with previously measured Kavalues of 90

and 36 nM for CsA binding to CypC and CypA, respectively. * Presumably, the one
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cyclophilin protein, CPR6, that was not selected as a hit in any of the techniques binds
CsA with even weaker affinity than CypD.

Unfortunately, the minimum binding affinity that can be detected using the one -
pot strategy outlined here is difficult to calc ulate. As noted above, the Favgr) and Favg)
values generated for the PP protein hits using the one-pot protocol can be used to calculate
such nGr and Ka values provided additional information is known about the structure of
the chemical denaturation curve (e.g., the relative magnitudes of the pre- and post-
is not possible to translate the minimum log 2(Favg+/Favg)) value of 0.3 used for the hit
selection in these experiments into a meaningful chemical denaturation curve shift and
ultimately a Ka value. However, the one-pot protocol is not expected to be any more
sensitive to ligand binding than PP experiments conducted using the conventional
protocols in which complete denaturation curves are recorded in the presence and
absence of ligand. Based on the 120 uM free ligand concentration used in this work, the
PP protocol is expected to detect protein-ligand complex eswith Kaq values up to ~40 puM.
The use of larger free ligand concentrations would enable the detection of even weaker

binding ligands.

2.5 Conclusions

The one-pot STEPRPP workflow developed here was compared to reported one -

pot adaptations of CPP, TPP, and SPROX by performing such experiments under similar
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conditions. 2 The results of this comparative analysis revealed one general feature of the
four techniques: that the precision with which ligand bindi ng measurements can be made
(i.e., logz(Favg+// Favgr Values evaluated) is similar across the four techniques. In the case of
other features observed in this model study (e.g., the increased sensitivity of the SPROX
and PP techniques), it is difficult to know if the differences between methods are general
or UxI EPI PEwUOOwW"U zZUWEDPOEDPOT wxUOxI UUPI UBuw" Ol EU
between the different methodologies (e.qg., utilization of different denaturants and peptide
x UOET UWEUwWPI OOWEUWUT T wi BRxOOPUEUDOOWOI theEDT 11 UI
potential to make one or more of the techniques more or less amenable to specific ligand
interactions.
The most important finding from this work is that there are benefits to utilizing all
four strategies for protein target discovery. The combined use of the PP, CPP, TPP, and
SPROX techniques reduces false negatives in protein target discovery efforts by
maximizing proteomic coverage, since not all techniques sample the same proteins in the
proteome. Using the one-pot strategy described here, the fale positive rates associated
with the PP, CPP, TPP, and SPROX techniques were similar. However, the combined use
of all four strategies in a protein target discovery project can help differentiate true
positives from false positives, which can constitute a significant fraction (30-70% in this

work) of the selected hits identified using one of the four techniques. Our results also

show that the above benefits of using all for strategies can be easily realized using the one
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pot strategy described here, as it sgnificantly reduces the reagent cost and instrument

time required for each technique.
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3. Discovery of the Xenon-Protein Interactome Using
Large-Scale Measurements of Protein Folding and
Stability

The work described in this chapter was performed in collaboration with Professor s
David N. Beratan and Stephen L. Craig with their group sin the Department of Chemistry

at Duke University.

3.1 Introduction

The intermolecular interactions of noble gases (NGs) in biological systems are
assocated with numerous biochemical responses, including apoptosis, inflammation,
anesthesia, analgesia, and neuroprotection. Little is known, however, about either the full
scope of NG-biomolecular interactions or the molecular modes of action by which they
exert a biological response’2 The lack of information about protein -NG interactions is tied
to two intrinsic features of NGs: (1) they cannot be covalently tethered to a solid support
or fluorescent (or other) tag, and (2) their isotropic shape and the absence of charge and
polarity produce relatively weak interactions. The few analytical techniques commonly
applied to protein -gas binding interactions, namely nuclear magnetic resonance NMR)
spectroscopy and X-ray crystallography, provide rich structur al insights but are less
effective in quantifying binding affinities. 7378 They also require relatively large amounts
of purified protein and are not inherently high throughput. We were therefore motivated
to develop methods suitable to the high-throughput discovery and quantification of

protein -noble gas interactions in physiologically relevant conditions.

47



We took inspiration from the recent development of a series of mass spectrometry-
based methods for the detection and quantitation of protein -ligand binding interactions
in solution and on the proteomic scale. These methodswere discussed in detail in Chapter
1. While these mass spectrometry-based techniques have been applied to a number of
different small molecule ligands to date (e.g., small molecule drugs, enzyme cofactors,
and metals), they have not been applied to dissolved gaseous ligands. The thermal shift
assay is not easily adapted to the analysis of such ligands, as gas solubilities are
temperature dependent. The proteolysis- and SPROXbased methods, however, have the
potential to detect protein -gas binding interactions in solution and obtain information
about the relative binding affinities of proteins. We therefore set out to (i) develop a mass
spectrometry-based method for the detection of noble gas binding to proteins in solution
using the proteolysis- and SPROXbased methodologies (Figure 8), and (ii) apply that
method to the discovery of the xenon-interactome.

Extension of the SPROX and LiP methodologiesto the analysis of protein-gas
binding interactions initially required the development of a sam ple preparation pr otocol
that is conducive to protein-gas binding measurements. Such a protocol was developed
as part of this work and validated using the interaction of metmyoglobin and two gases:

a control gas, nitrogen, and the inert noble gas, xenon, which is known to bind
metmyoglobin. 7#8  Ultimately, the sample preparation protocol validated using the

metmyoglobin model system was employed in large -scale, proteomewide SPROX and
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Proteomic Survey of One-pot SPROX
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Figure 8. Overview of the proteome -wide survey of xenon -protein interactions
proposed in this work.

limited proteolysis experiments to identify xenon -interacting proteins in yeast lysates. A
total of 89 unique xenon-interacting proteins with xenon -induced stability or
conformational changes were discovered, greatly enhancing both the number and the
functional diversity of the known interactome. The protein hits identified in these target

discovery experiments help to elucidate the mechanisms behind xenon's biological
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activities, and reveal a subset of ATP-binding and ATPase proteins as molecular targets

of xenon.

3.2 Experimental Section
3.2.1 Materials

The following materials were from Sigma Aldrich (St. Louis, MO): glucose,
guanidine hydrochloride (GdmCI), S -methylmethanethiosulfonate (MMTS), urea,
centrifugal  filter u nits  (Amicon Ultra, 05 mL, 10 kba MWCO),
tris(hydroxymethyl)aminomethane hydrochloride (Tris -HCI), trifluoroacetic acid (TFA),
triethylammonium bicarbonate buffer (TEAB, 1 M, pH 8.5), hydrogen peroxide (H 203)
(30% wi/w), acetic acid, 2mercaptoethanol, myoglobin from e quine heart, proteinase K
from Tritirachium album, and phenylmethylsulfonyl fluoride (PMSF). The following
materials were from Thermo Fisher Scientific (Waltham, MA): acetonitrile (ACN, LC -MS
grade), 4-(2-aminoethyl) -benzenesulfonyl fluoride hydrochloride (AEBSF), bestatin, E64,
leupeptin, pepstatin A, TMT10 -Plex isobaric label reagent set and porcine pancreas
trypsin (proteomics grade). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was
from Santa Cruz Biotechnology (Dallas, TX). Phosphate-buffered saline 10x, Molecular
Biology Grade (PBS, pH 7.4) was from Corning (Corning, NY). Yeast extract and peptone
were from HiMedia (Mumbai, India). Adenine hemisulfate dihydrate was from MP
Biomedicals (Santa Ana, CA). Macrospin columns (silica C18) and P# Methi onine reagent

kit were from Nest Group (Southborough, MA). Research -grade xenon was from Airgas
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(Randor, PA). Screw top GC vials and caps were from Agilent Technologies (Santa Clara,

CA).

3.2.2 Introduction of xenon after freeze-pump-thaw degassing of
samples

To ensure maximum levels of xenon in solution for gas binding analysis, a freeze-
pump -thaw (FPT) sample preparation was used to degas buffers and protein stocks. A
series of denaturant buffers ranging from 0.5-3 M GdmCl in PBS (pH 7.4) and a protein
stock of metmyoglobin (5 mg/mL) were placed in 2 mL GC vials (290 uL each), capped,
parafilmed, and frozen in liquid nitrogen. The vials were placed on a vacuum line setup
with syringe needles piercing each septum to place the vials under an inert atmosphere.
The headspace above each frozen sample in the vial was pumped off under dynamic
vacuum. The samples were then allowed to thaw under static vacuum. After thawing, the
samples were frozen again, and the freezepump -thaw pr ocess was performed a total of
three times to guarantee the samples were properly degassed and under static vacuum.
Xenon was then introduced to each degassed sample vial with a balloon full of pure
xenon. After this freeze-pump -thaw method, it is assumed that each vial will be filled with
1 atm of xenon. The solubility of xenon in water at this pressure and at room temperature
is ~ 5 mM.82
3.2.3 Quantitation of xenon in buffer using GC-MS headspace analysis

To ensure that xenon was present in solution after freeze-pump -thaw degassing

and introduction of gas with balloon, a GC -MS headspace analysis was performed after
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using sample preparation conditions in regular buffer (not containing de naturant). After
300 uL of PBS was degassed and incubated with xenon under the conditions described, it
was incubated for 30 minutes on ice. The vial was then quickly uncapped, and the solution
was transferred from the original GC vial to a new headspace vial with a crimp cap.
Standards were prepared by using a syringe to inject known volumes of pure xenon into
headspace vials containing the same volume of buffer. The standards were then vortexed
to encourage proper mixing and solubilization of the gas. All standards and samples were
sonicated at 3%C for 30 minutes in a water bath. Then, 10 uL of the headspace in each vial
was injected into the GC for the detection and quantitation of xenon.

GC-MS headspace analysis of Xencubated buffers was performed using a
Shimadzu GCMS-QP2010 gas chromatography mass spectrometer. The gas
chromatograph was equipped with a Carboxen ® 1010 PLOT fused silica capillary column
(30 m x 0.32 mm) for separation of inert gases. Instrument temperatures were 75C for the
initial column oven temperature and 210°C for the injection port. The ion source
temperature was 200°C. Helium was used as the carrier gas and injections were conducted
with a split ratio of 20. MS data were acquired from 10-150 m/z. The temperature program
was as follows: 75°C for 1 minute, 30°C/min ramp to 225°C, and a hold at 225C for 2

minutes. The total run time for each sample was 8 minutes.
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3.2.4 Method development with metmyoglobin model system

A UV -Vis analysis of metmyoglobin stability after incubation wi th gas was
employed to detect ligand-induced stability changes upon binding of xenon. The
absorbance of the heme in myoglobin decreases as the protein unfolds and the heme
group is exposed to solvent; therefore, protein unfolding directly correlates with a
reduction in absorbance of each sample. A xenonrcontaining stock solution of
metmyoglobin (5 mg/mL) was distributed across the xenon -containing denaturant buffers
ranging from 0.5-3 M GdmCl (0.17 mg/mL, 10 pM protein final). The same was done with
denaturants and protein stocks that did not undergo the freeze -pump -thaw and xenon
introduction steps and served as control samples. Both control and xenon incubated
samples sat on ice for 1 hr before analyss by UV-Vis spectroscopy. The absorbance of each
sample was scanned from 350 nm to 650 nm. The maximum absorbance of each sample
was plotted vs. [GAmCI] to obtain protein stability curves of metmyoglobin in the
presence and absence of xenon. Each sample as normalized to its pre- and post-
transition baseline points to obtain final normalized protein stability curve s. These curves
were fit to eq. 3to extract midpoint values for Ka estimations. In eq. 3, YO is the estimated
folding free energy of the pro tein, & is the estimated m-value of the protein, "OQ & Oisx
the concentration of denaturant, 'Y is the ideal gas constant and”Yis the temperature in

Kelvin.

—n QY ¥ (eq. 3)
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Midpoint values for each protein unf olding curve were calculated by dividing the
estimated folding free energy (}U"O) by the estimated m-value (& ) determined from the
fitting. This entire process was also performed with metmyoglobin samples in the
presence of nitrogen as a control system n which no ligand -induced stability changes

should occur.

3.2.5 Kq estimation of metmyoglobin-xenon interaction

The U value of metmyoglobin -xenon was determined by first calculating the
binding free energy, Y¥"O, from the midpoint difference between the control and xenon
UV -Vis protein denaturation curves using eq . 4.

Yo  avYéy (eq. 4)

In eq. 4, & is the m-value estimated for metmyoglobin from the steepness of its
denaturation curves (~3.23 kcal/(mol*M)), and ¥6 y was the shift in the & y value upon
xenon binding (Y6 ¢ O7h 07h . The dissociation constant was then

calculated using eq. 5,

0 —y (eq. 5)
where 0 is the concentration of free ligand in the denaturant -containing buffers, 'Yis the
ideal gas constant,Yis the temperature in Kelvin, and YY'Ois the change in folding free

energy determined in eq. 4.
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3.2.6 Cell culture, lysis, & ligand incubation

Yeast strain S288C was obtained from ATCC and cultured in YPAD medium (0.4
g of adenine sulfate, 10 g of yeast extract, 10 g of peptone and 20 g of glucose in 1 L of
deionized (DI) water) according to standard protocols. Briefly, a yeast colony was
incubated in 50 mL of YPAD medium at 30°C. Following an overnight incubation to reach
an ODeooOf ~1.6, a 20 mL portion of the culture was inoculated with the YPAD medium (1
L) to give an ODsoo0f ~ 0.3. The inoculated medium was incubated at 3@C until the OD soo
of the solution was between 1.2 and 2.0. Fractions of the final YPAD medium (250 mL
each) were centrifuged to generate yeast cell pellets.

Yeast cell pellets were lysed in PBS (1%, pH 7.4) containing the following protease
inhibitors: hw O, w  $! 2 %O pepty,unky, WsQlwx I x UVEUDPOwW OwkyYws, w
5, w. Cell lysis was accomplished by mechanical disruption using glass beads (0.5
mm) with 25 s disruption and 1 min intervals on ice for a total of 15 cycles. The lysed cells
were centrifuged at 14,000g for 10 min at 4°C. The initial total protein concentration in
the supernatant from each cell lysate sample was determined by a Bradford assay. To
remove small molecules, cell lysates were denatured in ~8 M urea at 37C for 30 minutes.
Samples were then buffer-exchanged and renatured in 10 kDa molecular weight cutoff
filters with PBS (1x). The final protein concentration of each small molecule depleted
lysate was determined by a Bradford assay and normalized to 2 mg/mL. The normalized

lysates for each redicate were then divided into two equal aliquots; one aliquot
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underwent freeze-pump -thaw and xenon incubation steps to generate the (+) ligand
sample, and the other aliquot underwent freeze -pump -thaw and air incubation steps to
generate the ¢) ligand sample. Lysates were equilibrated with or without the target gas
for 30-45 minutes at #C for the SPROX experiments and 1 hr at RT for the limited

proteolysis experiments.

3.2.7 One-pot SPROX analysis

The (+) and ¢) ligand samples were subjected to a onepot SPROX analysis similar
to that previously described. 2 Aliquots of the (+) and (-) ligand samples were distributed
into a series of 12 GdmClcontaining buffers (PBS, pH 7.4), either xenonincubated buffers
or control buffers respectively, where the final concentrations of GdmCI were equally
spaced at 0.15 M intervals between 0.5 and 2.15 M GdmCI. The expected concentration of
xenon in the xenon incubated samples is ~5 mM based on GCGMS headspace analysis
experiments, and the total amount of protein in each sample was 20 pug. The samples in
the GdmCI-containing buffers were incubated for 1 h at 4°C. Methionine oxidation was
initiated by adding 4 pL of 30% (v/ v) H202, and the oxidation was allowed to proceed for
3 min. The final concentration of H 20zin each reaction was 0.98 M. Methionine oxidation
was quenched by adding 250 pL of 1 M TCEP. Equal aliquots of the (+) ligand sample
solutions were combined, as were equal aliquots of the (-) ligand samples. The above
procedure was performed on 5 separateyeast lysates. This ultimately generated 5 (+) and

(-) ligand sample pairs for a total of 10 samples.
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The resulting 10 samples were subjected to the same iIFASP protocol described
previously. 8 Each sample was transferred into a 10 kDa MWCO centrifugal filter unit.
Buffer exchange was performed by adding 8 M urea in 0.1 M Tris-HCI (pH 8.5) followed
by TCEP reduction, MMTS alkylation, digestion with trypsin, and TMT10 -plex labeling
EEEOQUEDPOT wUOWOEOQUI EEVOUUI UZUwxUOUOEOOBW+EEI Ol E
filters after addition of 0.5 M NaCl. Equal volumes from each TMT10 -plex labeled sample
were combined into one final sample. This sample was enriched for methionine -
containing peptides with the Pi3, 1 U1 DOOP Ol wUl ET 1 OUwOPUWEEEOQOUED
protocol. After enrichment, the sample was transferred to a C18 Macrospin column for

desalting prior to LC -MS/MS analysis.

3.2.8 STEPP-LIiP analysis

The (+) and ¢) ligand samples were also subjected to a limited proteolysis analysis
similar to that previously described. 4 Samples containing 100 ug of protein were reacted
with 1 pg of proteinase K for 5 minutes at RT. Proteinase K digestion was quenched upon
the addition of 5 mM PMSF. Samples were concentrated and desalted using C18 columns
(Nest Group) and dried using a rotary evaporator. Dried samples were reconstituted in
100 pL of UA buffer (0.1 M Tris, ~8 M Urea, pH 8.5) and allowed to incubate for 30
minutes. Samples were then reacted with 1.5 mM TCEP for 1 hr at 30C followed by 2.5
mM MMTS for 10 min at RT. The proteinase K-digested samples were then reacted with

TMT10-plex isobaric mass tag labeling reagents upon addition of 0.5 units of each tag and
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incubation for 1.5 hr at RT. Labeling reactions were quenched with 5% hydroxylamine

and all labeled samples were pooled into one tube. This final sample was dried, dissolved

POwl tw3% OWEOEWEI UEOUI EwUUDPOT w" iWw EOOUOOUWE

Desalted samples were dried, reconstituted in 0.1 M TEAB (pH 8.5) and digested
overnight at 37°C with trypsin at a ratio between 1:20 and 1:100 (w/w). NHS-activated
agarose resin and 50 pL 0.5 M NaCl were added to the trypsin-digested samples, such
that the resin to total peptide ratio was approximately 150:1 (w/w). The peptide mixture

was allowed to react with the resin for 1.5 hr at RT. Samples were then directly acidifi ed
with 2% TFA, and added to C18 desalting columns. The desalted peptides were analyzed

using LC-MS/MS analysis.

3.2.9 Quantitative LC-MS/MS analysis

The LC-MS/MS analyses were performed on a Thermo Easy nanoLC 1200 coupled
to a Thermo Orbitrap Exploris 480 mass spectrometer system. The dried peptide material
generated from the one-pot SPROXand STEPRLIP experiments were reconstituted in 1%
TFA, 2% acetonitrile in H20, respectively. Aliquots of 1-2 pyL (0.51 ug peptide) were
injected in triplicate into the UPLC system. The peptides were first trapped on a Thermo
Acclaim PepMap 100 75 um x 2 cm, nanoViper 2Pk C18, 3 um, 100 A trapping column.
The analytical separation was performed using an PepMap RSLC C18 2 um, 100 A, 75 pm

x 25 cm column (Thermo); the column temperature was set to 45°C.
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Peptide elution was performed using a 95 min linear gradient of 4 -40 %B (80:20
acetonitrile:water, 0.1% formic acid) at a flow rate of 400 nL/min. The MS data was
collected using a top 20 datadependent acquisition (DDA) m ethod which included MS1
at 120k and MS2 at 45k resolution. The MS1 normalized AGC target was set to 300%. For
MS2, the normalized AGC target was set to 300% with a max injection time of 105 ms. The
collision energy was set to 368%, and the scan range was 351500 m/z. The isolation
window was 1.2 and the dynamic exclusion duration was 45 s. The raw MS data generated

in this work has been uploaded to the PRIDE database (accession number PXD029353).

3.2.10 One-pot SPROX proteomic data analysis

Proteome Discoverer 2.3 (Thermo) was used to search the raw LCMS/MS files
against the yeast proteins in the 201710-25 release of the UniProt Knowledgebase. The
raw LC-MS/MS data generated in the SPROX experiments was searched using fixed
MMTS modification on cysteine; TMT10-plex labeling of lysine side chains and peptide
N-termini; variable oxidation of methionine; variable deamidation of asparagine and
glutamine; and variable acetylation of the protein N -terminus. Trypsin (full) was set as
the enzyme, and up to two missed cleavages were allowed. For peptide and protein
guantification, reporter abundance was set as intensity, and normalization mode and
scaling mode were each set as none. All other settings were left as the default values. Only

methionine -containing peptides with prot ein/peptide FDR confidence labeled as "high"
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any of the ten TMT-tag signal intensities equaling zero were removed.
For each condition (TMT-tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used inthe experiment were
the reporter ion intensities from the wild -type (honoxidized) methionine -containing
peptides generated in Proteome Discoverer. For each identified wild -type methionine -
containing peptide in the SPROX experiment a ratio of the observed reporter ion
intensities in the (+) ligand sample to the (-) ligand sample was generated for each
biological replicate. The resulting ratio was divided by the normalization factor for each
of the 5 biological replicates. These final normalized protein stability ratios (fold changes)
were then log-2-base transformed, averaged, and subject E wU O wE w2 Ctailédit®dd z Uwlp O
comparing to a mean of zero. Hit peptides were identified based on three criteria: (i) the
peptide must have a significantly altered log 2pi O OE wE 1 E 02 staddard dedationau g a
(b) from mean log2z(fold change) of all replicates), (ii) the logz(fold change) value must be
significantly different from zero, as determine E wE & wUT 1 w2 Gailkd t té&{JzvalueU b O
AuwYBYKkAOQOWEOEwWwpDDDAWOT I wOEUIT UY E U-§E @nd dbdified D OD OE U u
versions of the same peptide.

3.2.11 STEPP-LIiP proteomic data analysis

Proteome Discoverer 2.3 (Thermo) was used to search the raw LEMS/MS files

against the yeast proteins in the 201710-25 release of the UniProt Knowledgebase. The

60



raw LC-MS/MS data generated in the LiP experiments was searched using fixed MMTS

modification on cysteine; TMT10-plex labeling of lysine side chains and peptide N -

termini; variable oxidation of methionine; variable deamidation of asparagine and

glutamine; and variable acetylation of the protein N -terminus. Trypsin (semi) was set as

the enzyme, and up to three missed cleavages were allowed. For peptide and protein

guantification, reporter abundance was set as intensity, and normalization mode and

scaling mode were each set as none. All other settings were left as the default values. Only

semitryptic peptides with prot ein/peptide FDR confidence labeledas"hDT T EwOU w? 01 EPUC
(i.e., FDR < 1% or %) were used for subsequent analyses. Peptides with any of the ten

TMT -tag signal intensities equaling zero were removed.

For each condition (TMT-tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used inthe experiment were
the reporter ion intensities from the semitryptic peptides generated in Proteome
Discoverer. For each identified semitryptic peptide in the limited proteolysis experiment
a ratio of the observed reporter ion intensities in the (+) ligand sample to the (-) ligand
sample was generated for each biological replicate. The resulting ratio was divided by the
normalization factor for each of the 5 biological replicates. These final normalized protein
stability ratios (fold changes) were then log -2-base transformed, averaged, and subjeted
UOwE w2 U U Hdiled Utestlcaniparifg to a mean of zero. Hit peptides were identified

based on three criteria: (i) the peptide must have a significantly altered log »(fold change)

61



Y E O Ul mnapimean logz(fold change) of all replicates), (ii) the logz(fold change) value

must be significantly different from zero, as determine E wE & w0 T 1 suvdailed 1 €60 7
(P-YEOUT wWAwWYSYKkAOWEOEwWpDPPPAWOT I wOEUI Utyde @l OO wOi wl
modified versions of the same peptide.

3.2.12 Computational methods

For each protein selected, molecular dynamics (MD) simulations were carried out
using the native crystal structure both with and without the native ligand to sample the
protein structure. Proteins were energy minimized and equilibrated using both NVT and
NVP ensembles using the AMBER® force field. The MD simulations were performed at
300 K for 30 ns with an average pressure of 1 atm using a Langevin thermostat. The
SHAKE algorithm 8 was enabled to constrain all carbon-hydrogen bonds, allowing for
longer step-sizes for our MD simulations , which were carried out in water using the TIP3P
solvent model . A snapshot was extracted for every 2 picoseconds from trajectories.

Xenon binding was assayed to all extracted MD snapshots using VMD.¢ For the
case where we included the native ligand bound i n the MD simulations, we removed the
ligand and performed the MD both with and without ligand to explore how the molecule
affected the binding of xenon to the respective pocket. Therefore, in total, there are three
cases where the binding of xenon is invedigated to its target protein. This computational

approach was used on each of the five proteinsmentioned (see Results)
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While there are many tools that can be used to dock ligands to proteins”es, the
AutoDock4 # toolbox was used because it was validated for the assessment of noble gas
computational studies and was used to compute xenon gas binding sites and energetics®
Aut oDock was found to identify Xe -binding sites that are consistent with molecular
dynamics simulations of xenon interactions for the NMDA receptors. ° The AutoDock4
software uses the AutoGrid and AutoDock packages. AutoGrid calculates grid maps of
pairwise interaction energies for different atom types fo r a given ligand or protein
structure. The grid map energies are calculated using only van der Waals and solvent-
related energies.

AutoDock uses search algorithms to calculate the lowest energy terms of the
outputted grid parameter files from AutoGrid. Aut O&UPEz UwET I EUOUwWET OUIT Uy
utilized to select the starting point for grid generation. Additionally, we always kept the
grid size large enough to sample the entire protein for potential docking sites. Force field
parameters for Xe were previously calculated and are as follows: Ri = 4.40A, esp = 0.332
kcal/mol, vol = 12.000 A and solpar =-0.00100%° Here, Ri is the sum of the van der Waals
radii, espii is the van der Waals well depth, vol is the atomic solvation volume, and solpar
is the atomic solvation parameter.

The favored xenon binding positions were studied as a function of distance to the
ATP binding site for each protein. The total number of times x enon was found to dock

was counted for each protein over the distance range of 5 At 20 A from the center of mass
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prior to docking, a cavity was defined by identifyi ng all residues within a 5 A radius from

the center of mass of the site where the ligand was removed from the native structure. The

center of mass of each residue was calculated and averaged to define an origin from which

distances for xenon docking could be defined. The calculated energies were filtered by a

threshold of 4KeT and we plotted the frequency of occurrence of these docked positions

vs. distance for all proteins. It is assumed that xenon will not bind effectively if the binding

energy is smaller than this threshold. Other energy thresholds and explored xenon

binding sites were tested, and it was found that the distance to the ATP binding site is

robust.

3.3 Results
3.3.1 Assessment of sample preparation

Extension of the SPROX and LiP techniques ¢ the study of protein -gas interactions
initially involved the development of a sample preparation protocol that maximized the
concentration of solubilized gas and minimized the amount of gas required for analysis.
Maximizing the gas concentration maximize s the ligand-induced stability changes
expected in the SPROX and LiP eyeriments, and minimizing the amount of gas required
for analysis is important, given the relatively high cost of Xe. Shown in Figure 9 is the
freeze-pump -thaw (FPT) degassing procedure developed here to remove endogenous

gases present in the SPROX and LiP samples and maximize the solution concentration of
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the target gas. The concentration of Xe in our samples after the FPT procedure was
determined using a gas chromatography-mass spectranetry (GC-MS) headspace
analysis. Our analysis revealed that the concentration of Xe in each buffer was close to 5
mM (Figure 10), which is the expected concentration of xenon in water exposed to 1 atm

xenonEEUI EwOOw71 zUwxUI YPOUBOawl UUEEOPUT T EwWUOOUED
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Figure 9. Schematic of the freeze -pump -thaw degassing technique followed by xenon

saturation of samples used in this work.
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b
Sample Peak Area Xenon Concentration (mM)
1 1.36 x 107 4.97
2 1.42 x 107 5.19
3+ 1.37 x 107 5.01
4+ 1.21 x 107 4.48

Figure 10. Quantitation of xenon in buffers using GC -MS headspace analysis. (a)
Standard curve for xenon quantitation by GC-MS headspace analysis and (b) estimated
concentration of xenon in buffer samples after freeze-pump -thaw degassing of buffer
and introduction of 1 atm xenon. On average, xenon-incubated samples contained ~5
mM Xe (4.9 = 0.3 mM), which is close to the pralicted solubility of 1 atm of Xe in water
at room temperature. **I ndicates samples were incubated with xenon overnight instead
of for 30 minutes.

The sample preparation protocol above was assessed in the context of protein
binding using metmyoglobin, a kno wn xenon-binding protein, and a UV -vis
spectroscopy-based readout to probe the chemical denaturantinduced equilibrium
unfolding properties of the protein and the protein -Xe complex. The method exploited the
the heme group is exposed to solvent (Figure 11a). Chemical denaturation curves were
collected for metmyoglobin in the absence and in the presence of xenonand nitrogen.

Xenon binding to metmyoglobin was successfully detected by a shift in the transition
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Figure 11 Detectio n and quantitation of MetMb  -Xe interaction . (a) Workflow for

obtaining protein stability curves of metmyoglobin from UV -Vis data; (b) representative

protein stability curve from a single replicate of metmyoglobin after nitrogen purging

shows no significant shift in stability (< 0.05 M GdmCI) and (c) representative protein

stability curve from a single replicate of metmyoglobin after exposure to 1 atm xenon

shows shift of 0.3 M GdmCI, consistent with known binding affinity of xenon to
metmyoglobin.

midpoint of its denaturation curve P 6 1 16 value) that averaged 0.24 + 0.07 M in 3
replicates (Figure 11b), whereas the shift was essentially zero for the metmyoglobin -
nitrogen control sample (i.e., averaged 0.03 +/0.03 M in 3 replicates)(Figure 110). The Cui2
difference measured between the metmyoglobin and metmyoglobin -Xe samples wasused
to calculate a Ka value of 1.9 + 1.3 mM for the Xemetmyoglobin interaction, whic h is

within a factor of three of the reported literature value of 5 mM for the highest affinity

xenon binding pocket in metmyoglobin at room temperature. 8!
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3.3.2 Large-scale analysis of xenon-protein interactions in yeast-
lysates using SPROX and LiP

The above sample preparation protocol above was used in proteomic-scale
surveys of xenon-protein binding in a yeast cell lysate using both SPROX and LiP.Prior
to the SPROX and LiP analysesthe yeast cell lysate samples underwent a filtration step,
performed under denaturing conditions (i.e., 8 M ure a), to remove small molecule
cofactors and metals, thereby eliminating comp etition of these ligands for potential Xe
binding sites (Figure 12a). This protocol has been used previously to remove NAD from

NAD -binding proteins. 2 The SPROX analysis exploited a previously established onepot,
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Figure 12. Experimental workflows used in this work.

(a) the sample preparation steps

for incubation of yeast lysates with x enon; (b) onepot SPROX protocol to assay Xe
induced protein stability changes in proteins; (¢) STEPP-LIP protocol to assay Xe-
induced conformational changes in proteins; and (d) schematic representation of
expected behavior of nonhit and hit proteins assayed in this work.
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bottom-up proteomics workflow, and the LiP analysis utilized a previously reported
semitryptic peptide enrichment strategy for proteolysis procedures (STEPPY® 40 The
highly multiplexed workflows enabled the 5 biological replicates of each treatment
condition to be analyzed in a single LC-MS/MS run per technique (seeFigure 12b-c). The
SPROX and LiP techniques provide complementary information about the ligand -
induced changes in conformational states of proteins as discussed in Chapter 1

A key advantage of both the SPROX and LiP protocols enployed here over more
conventional techniques for protein -ligand binding analysis is that they are amenableto
the analysis of relatively small amounts of unpur ified proteins on the prote omic scale.
However, unlike some experimental approaches for the characterization of protein -ligand
binding interactions (e.g., X-ray crystallography, NMR spectroscopy) , SPROXand LiP do
not provide specific information about the location or stoichiometry of ligand binding.
Like NMR spectroscopy, the SPROX and LiP experiments also probe the xenonrbinding
properties of proteins in the solution phase. This contrasts with X -ray crystallographic
studies where xenon-protein complexes are typically formed by subjecting protein

crystals to high pressures of xenon.

3.3.2.10ne-pot SPROX

In SPROX, he change in extent of oxidation of methionine -containing peptides is
typically used to construct denaturation curves similar to the metmyoglobin denaturation

curves generated above geeFigure 11). The presence of a binding ligand (e.g., xenon) will
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unfolding curve to a higher denaturant concentration. In the one -pot SPROX approach,
however, the denaturant containing samples are pooled into a single sample, which
precludes the ability to generate denaturation curves for each treatment condition. As
discussed in Chapter 2, theresulting measurement instead produces the average signal
from all the denaturation points (i.e., an Fayg value). Direct (and indirect) ligand -binding
POUI UEEUPOOUWEEOQWET wbEI OUPI Pl EwEa wOrRLarRdl wi OUL
between control (Fawg) and ligand -treated (Favg+)) Samples.
The one-pot SPROX workflow outlined in Figure 12b was applied to the proteins
in a yeast cell lysate subject to the FPT protocol outlined above Figure 9), using xenon as
the binding ligand in one sample and air as a non-binding control in the other. A total of
5,187 wild-type methionine -containing peptides mapping to 1,505 yeast proteins were
successfully identified and quantified in the one -pot SPROX analysis. From these assayed
proteins, 36 peptide hits that mapped to 31 different proteins were identified with Xe -
induced changes to their chemical denaturation behavior (Tables 4 & 5 Figure 13). Of the
36 hit peptides, 12 of them were stabilized (logz(Fav ratio) > 0), and 24 of them were
destabilized (logz(Favgratio) < 0) (Figure 15a).
The few protein-gas binding affinities that are known suggest that prot ein-gas

binding interactions are relatively weak compared to other protein ligands such as small

molecule drugs, enzyme cofactors, and other proteins. In turn, the low affinities for gas
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Table 4. Proteomic coverage and hit rate for each LC-MS/MS sample analyzed in this

study.
Experiment Assayed Peptides Hit Peptides Hit Rate Peptide %
P (Proteins) (Proteins) (Protein %)
Yeast + Xe 0.69
5187 (1505 36 (31
One-pot SPROX ( ) G1) (2.06)
Yeast + Xe 1.34
STEPRLIP 5116 (947) 69 (60) (6.34)

binding to proteins make the expected magnitude of the protein stability shifts relatively
small. Although an absolute binding affinity of xenon to proteins cannot be obtained
using the one-pot SPROX approach, the relative magnitude of the binding affinity can be
ascertained by the log-2-transformed reporter ion ratio of the (-) and (+) Xe samples.These
log-2-ratios ranged from 0.15-0.85 for the methionine-containing peptide hits in SPROX
and averaged 0.42. This average ratio of 0.42 is close to the rati@f 0.34 that can be
calculated from the metmyoglobin denaturation curves collected in this work (see Figure
11c). Therefore, it is likely that most of the protein hits identified here have protein -Xe
dissociation constants in the 1-2 mM range, similar to that calculated for the model
metmyoglobin -Xe interaction. While protein -Xe binding interactions with tighter binding
affinities would be readily detected in the SPROX experiment, those with much lower
affinities (i.e., Ka values > ~10 mM) would not be detected in the experiment, as the
expected shift in the denaturation curves and resulting log 2(Fag ratio) values would be

small and within the experimental error.
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Table 5. Peptide hits from the yeast proteome selected as having significant ligand -
induced stability changes in the presence of xenon using one -pot SPROX. The
direction of the stability change is indicated as destabilized (-) or stabilized (+). Protein
hits overlapping with LiP technique are indicated in bold. For pep tide probe sequences,
lowercase letters indicate deamidation on glutamine (q) or asparagine (n) and

methylthiolation on cysteine (c).

Protein Peptide probe Stability
accession sequence Protein name change Z-score
[RI.ETDPLVYNMTSFEQGEITFD ~ 26S proteasome
P53549 GIGGLTEQIR.[F] subunit RPT4 ) .99
26S proteasome
P33297 [RI.TMLELLNQLDGFSSDDR.[V]  regulatory subunit - -5.46
6A
A h -rel
Q07528 | [RIMLTEFLNKL] utophagy -related -4.82
protein 20
PO7259 | olveermiemp o Protein URA2 . -3.96
V-type proton
P17255 | g oo NRNE T ATPage catalytic - -3.58
subunit A
[K].LQQQFYPVQPVLMAINNIA  RNA-binding
P25567 : - -3.22
556 R.[Q] protein SRO9 3
[K].SIEKMQSDTQEANDIVTLAn  Transposon Tyl-PR1
POC2I . - -3.21
OC 9 LQYNGSTPADAFETK.M Gag_Pol polyproteln 3
26S proteasome
Q01939 [R]. TMLELLNQLDGFETSK.[N] regulatory subunit8 - -3.10
homolog
ABC transporter
PA0024 | poxpn oD VAMATESEGS  ATPpinding - -3.03
protein ARB1
R Import motor
R].DKATNKDSSITVAGSSGLSE .
POCS90 nEIEQMVNDAEKFK.[S] subunit, - -2.95
mitochondrial
Bifunctional purine
P38009 [KF?%I']M SSFGDWIALSNIVDVPTA biosynthesis protein - -2.82
ADE17
Endoplasmic
P16474 [ARS]'I'}‘J[%E FIDRMVEEAEKFASED reticulum chaperone - -2.77
BiP
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P08566
P07259

P20449

P00817

P60010

P12709

P53600

P17255

Q05931

P19882

P19146

Q12363

P38701

P07284

P07342

P23615

P22855
P50263

[R].VVQVPTSLLAMVDSSIGGK.[
T]

[K].TIMVNYNPETVSTDYDEAD
RLYFETINLER.[V]

[K].IFVLDEADNMLDQqGLGDq
clR.[V]

[K].ALGIMALLDEGETDWK.[V]

[K].EKLCYVALDFEGEMQTAAQS
SSIEK.[S]

[K].ITDVVNIGIGGSDLGPVM
VTEALK.[H]

[R]. GALDLILNSGMDKK.[N]

[R].MKEILSnAEELEQVVQLVG
K.[S]

[K].QALKDADIEPEDIDEVILVG
GMTR.[M]

[K].SIVLKDKFENMGAK.[L]

[R].ILMVGLDGAGK.[T]

[K.MAYLDKTGETTLLSMSK.[N
]

[K.TPNGEGSKTWETYEMR.[I]

[K].MGDREK.[K]

[K.EYPYAYMEETPGSK.[I]

[R].AGITDYGNMSSEDQELER.[
N]

[K].APDAHADMGTHEIK.[Y]
[R]. GIANDWKTYENMK.[K]

Pentafunctional
AROM polypeptide
Protein URA2

ATP-dependent
RNA helicase DBP5
Inorganic
pyrophosphatase

Actin

Glucose-6-
phosphate
isomerase
Coatomer subunit
zeta

V-type proton
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subunit A
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mitochondrial
Heat shock protein
60, mitochondrial
ADP-ribosylation
factor 2
Transcriptional
modulator WTM1
40S ribosomal
protein S20
Serine--tRNA ligase,
cytoplasmic
Acetolactate
synthase catalytic
subunit,
mitochondrial
Transcription
elongation factor
SPT6

Alpha -mannosidase
Protein SIP18
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Q08446 [K]. TSPPEGMEPK.[H] Protein SGT1 + 2.94

P50263 [KI.TYENMK.[K] Protein SIP18 + 3.35

P50263 [R].GIANDWKTYENMKK.[ -] Protein SIP18 + 3.54
Vacuole

Q06708 [K].AVSEEDEYSSDMIR.[L] .morp.hology and . 3.69
inheritance protein
14

P32316 [K].GTMKVDSWEPVD.[ -] ACELYIFCOR + 4.20
hydrolase

P50263 [R].GIANDWKTYENMKK.[ -] Protein SIP18 + 4.60

Stabilized Proteins Destabilized Proteins

| ATP-Binding Proteins
I ATPases

[ Glycolytic Proteins
(generation of ATP from ADP)

Figure 13. STRING network map of one -pot SPROX hits split into clusters of
stabilized and destabilized proteins . Proteins involved in ATP-driven processes are
labeled according to legend.

3.32.2 STEPRLIP

LiP was used here to probethe more local ligand -induced conformational changes
POWE wx UOUI b OdinknsiorallsBuytirauds ia tebult of interaction with a target
ligand. When proteolysis is performed in the presence and absence of the target ligand
(e.g., xenon) proteins whose native conformations are significantly perturbed can be

identified by measuring ligand -induced differences in proteolytic cleavage of the
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hereafter as protection or exposure.

The LiP workflow shown in Figure 12c was used to analyzethe proteins in yeast
cell lysates prepared with xenon and air using the FPT protocol in Figure 9. The LiP
experiment yielded a total of 5,116 semiryptic peptide probes mapping to 947 yeast
proteins. A total of 69 peptide hits mapping to 60 unique proteins with Xe -induced
conformational changes were identified ( Tables 4 & 6, Figure 14) using hit selection
criteria identical to those used in SPROX. Of the 69 peptide hits, 34eptides mapping to
30 proteins showed Xe-induced protection and 35 peptides mapping to 33 proteins
showed Xe-induced exposure (Figure 15b). There were 2 overlapping protein hits, PGI1
and HSP6Q in the one-pot SPROX and STEPFLIP experiments (Figure 15c).

Table 6. Peptide hits from the yeast proteome selected as having significant ligand -
induced conformational changes in the presence of xenon determined by STEPP -LiP.
The type of change is indicated as protected (P) or exposed (ERrotein hits overlapping

with the SPROX technique are indicated in bold. For peptide probe sequences, lowercase
letters indicate methionine -loss at the N-terminus (m) and methylthiolation on cysteine

(c).
Protein Conform.
accession Peptide probe sequence Protein name Change Z-score
P00925 [LI.TVTNPAR.[I] Enolase 2 P -6.38
Acetyl -CoA
Q00955 [S]. TDDKEKLLKTLK.[ -] y P -5.63

carboxylase

Glyceraldehyde -3-

P00359 [V].VDLVEHVAKA.[ -] phosphate p 5.44
dehydrogenase 3

Glyceraldehyde -3-

P00360 [VI.VDLIEYVAKA] -] phosphate P -4.86
dehydrogenase 1
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P21538

P16140

P32457

P00560

P12709

POC2H6
P09232
P41338

P19414

P10664

P19882

P34167
P00549

P00359

POC2H6

P00950

P10963

P39935
P15891

P00331

[Y]. TLSKNNNNNNSIANDSNSR.

LN

[Q].DFEENGSLER.[T]

[K].QDPEQEER.[Q]

[K].VKASKEDVQKFR.[H]

[S].HNPIENKLHQK.[M]

[F].LKAGKVAVVVR [G]

[L].YDDDAGR.[G]

[S.ANLGQAPAR.[Q]

[A.GENTYQAPPADR.[S]

[V].FTSVNKNKR.[Q]

[I.IDPFKVVR.[S]

[F].QSSSRPPR.[R]

[K].AKEFGILKKGDTYVSIQ.[G]

[W].YDNEYGYSTR.[V]

[A].LKFLKAGKVAVVVR [G]

[L].SAKGQQEAAR.[A]

[S.GTGKTTLSADPHR.[L]

[Q].ESAALKQTGDDQQESQQQ
R.[G]

[S].SAAPPPPPR.[R]

[V].SEAAIEASTR.[Y]

DNA -binding protein
REB1

V-type proton ATPase
subunit B

Cell division control
protein 3
Phosphoglycerate
kinase
Glucose-6-phosphate
isomerase

60S ribosomal protein
L27-A

Cerevisin

Acetyl-CoA
acetyltransferase
Aconitate hydratase,
mitochondrial

60S ribosomal protein
L4-A

Heat shock protein 60,
mitochondrial
Eukaryotic translation
initiation factor 4B
Pyruvate kinase 1
Glyceraldehyde -3-
phosphate
dehydrogenase 3
60Sribosomal protein
L27-A
Phosphoglycerate
mutase 1
Phosphoenolpyruvate
carboxykinase (ATP)
Eukaryaotic initiation
factor 4F subunit p150
Actin -binding protein
Alcohol
dehydrogenase 2
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-4.52

-4.43

-4.19

-4.14

-4.09

-3.97
-3.90

-3.76

-3.72

-3.55

-3.46

-3.37

-2.75

-2.66

-2.64

-2.57

-2.53

-2.46
-2.46

-2.45



P40150

P0O0331

P37291

Q06146

Q01080

P05743

Q07653
P00924

P19882
P17891

POCX42

P13130

014455

P47019

P04456

P0O5755

P16965

Q12344

[K].NQAALNPR.[N]

[G].ENVKGWKIGDYAGIK.[W]

[R].YYGGNEHIDR.[M]

[Q].FNEESEASR.[L]

[SI.IQLYKAPVLVSK.[V]

[S].LDVSSDRR.[K]

[Y].TDTSSKSADRR.[K]
[G].ENFHHGDKL[ ]

[G].IDPFKVVR.[S]

[A.NQSTESVKEDRSEVVDQWK

QR.[R]

[S].AITGPVGKECADLWPR.[V]

[Q].VTSSSELQQIFPVSQQ]

[-].MAVKTGIAIGL.[N]

[Q].NASSSPASITTR.[T]

[R].LTADYDAL.[D]

[Y].SKTYSTPKRPYESSR.[L]

[H].EQKFENVQKE.[ -]

[E].NLSSETAR.[K]

Ribosome-associated
molecular chaperone
SSB2

Alcohol
dehydrogenase 2
Serine
hydroxymethyltransfe
rase, cytosolic
Uncharacterized
protein YLR257W
DNA -directed RNA
polymerase | subunit
RPA49

60S ribosomal protein
L26-A

Protein HBT1
Enolase 1

Heat shock protein 60,
mitochondrial

Clathrin light chain

60S ribosomal protein
L23-B

Sporulation -specific
wall maturation
protein

60S ribosomal protein
L36-B

Ribosome biogenesis
protein ALB1

60S ribosomal protein
L25

40S ribosomal protein
S9B
ATPase-stabilizing
factor 15 kDa protein
GTPaseactivating
protein GYP5
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-2.42

-2.40

-2.37

-2.23

-2.19

-2.17

-2.10
-2.08

-2.04

-2.01

2.01

2.05

2.08

2.10

2.13

2.19

2.22

2.33



Q03667

P38061

Q03558

P00560

Q12123

P38821

Q07914

P07256

P05030

P25694

P07251

P54838

POCX52

Q08438

P47035
P40463

[QI. TDQQLGR.[T]

[K.VTNPKGR.[L]

[S].IWKGPIIR.[A]

[K].ALENPTRPFLAIL.[G]

[T).AEKTHFIFDETVR.[R]

[K].LFKEFFER.[Y]

[T].KINEAKDFLEKR.[G]

[T].KKSVLKQVQDFEENDHPNR

M

[G].SIVDELKKTLANTAWVIR.[D]

[F].LDELDSIAKAR.[G]

[L].AVGDGIAR.[V]

[T].ATFEAKFGR.[A]

[V].AHVKAGKGLIK.[V]

[L1.RSDVEQTPPNQVAR.[Q]

[A.TVDPDKTKQQR.[L]

[T].STSSTANPLR.[R]

Mitochondrial
intermembrane space
cysteine motif-
containing protein
MIX17

60S ribosomal protein
L32

NADPH
dehydrogenase 2
Phosphoglycerate
kinase

Inactive
diphosphatase DCS2
Aspartyl
aminopeptidase 4
Mitochondrial import
inner membrane
translocase subunit
TIM14

Cytochrome b-cl
complex subunit 1,
mitochondrial

Plasma membrane
ATPase 1

Cell division control
protein 48

ATP synthase subunit
alpha, mitochondrial
Dihydroxyacetone
kinase 1

40S ribosomal protein
S16B
Phosphopantothenoyl
cysteine decarboxylase
subunit VHS3
Nucleolar protein
NET1

Protein VHS2
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2.35

2.37

2.45

2.46

2.47

2.47

2.56

2.62

2.76

2.81

2.85

2.89

3.00

3.02

3.04

3.05



P10080

P16521
P32590
P30952
P10664

POCX47
Q05050
P0O5755

P09624

POC2H6

P05030

[F]. TSDSANR.[G]

[L]. TGELLPTSGEVYTHENCR.[I]

[CI.AIHSPTLR.[V]

[T].LLYDEIVSTK.[A]

[A].HSDLLKVLKSK.[K]

[S].AAAGKANKQFAKF.[ ]

[Y1.QTTGEPLSR.[E]

[E].AAEEAEDEE.[ -]

[N].GSFEDETKIR.[V]

[Q].WFFSKLR.[F]

[L]. TGDAVGIAKETCR.[Q]

Single-stranded
nucleic acid-binding
protein

Elongation factor 3A
Heat shock protein
homolog SSE2
Malate synthase 1
60S ribosomal protein
L4-A

40S ribosomal protein
S1tA

Eisosome protein 1
40S ribosomal protein
S9B

Dihydrolipoyl
dehydrogenase,
mitochondrial

60S ribosomal protein
L27-A

Plasma membrane
ATPase 1
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3.20

3.54
3.69
4.46

454

4.55
4.79

4.91

4.92

7.00

12.14



Exposed Proteins

Protected Proteins
REDBTA

@

@

[ ATP-Binding Proteins
B ATPases

M Glycolytic Proteins
(generation of ATP from ADP)

Figure 14. STRING network map of STEPP -LiP hits split into clusters of exposed and
protected proteins . Proteins involved in ATP-driven processes are labeéd according to
legend.
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Figure 15. Analysis of protein stability and conformational changes in the presence of
Xe using (a) one-pot SPROXand of protein conformational changes in the presence of Xe
using (b) STEPRLIP. Gray lines represent criteria used for the selection of differentially
stabilized proteins or differentially cleaved proteins (Jpeptide log 2pi OOE WwET EOT | A wa
from average logz(fold change), pAwyY 8 Yk Ad w1l EWEOEWEOUI wEOUUwWUIT x
passed the selection criteria for destabilization and stabilization in SPROX, or protection
and exposure in LiP. (c) Venn diagram showing number of overlapping protein hits for
SPROXand LiP techniques and (d) GO Biological Process and Molecular Function
analysis of protein hits in SPROX and LiP experiments reveals the Xeinteractome is
enriched in proteins with ATP -dependent activities.
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3.3.3 Bioinformatic analysis of protein hits from SPROX and LiP
experiments

The peptide hit rates of 0.69% and 1.34% observed in our SPROX and LiP
experiments (respectively) were relatively low and only slightly higher than the expected
false positive rates. False positive rates of 0.04% and 0.09% ka been previously reported
for SPROX and proteolysis experiments in a model protein-target discovery study using
cyclosporine A (CsA) and the proteins in a yeast cell lysate 2 However, in order to enable
the identification of more proteins with weaker binding affinities, our xenon binding
study employed less stringent hit selection criteria than those utilized in reference 29.
Application of the same hit selection criteria used in our xenon binding study to the
SPROX and proteolysis model yeast data setsn reference 29 yields false positive rates of
0.69 and 0.48%, which match or are only slightly below the hit rates observed in our
SPROX and LiP experiments.

The overlap in proteins detected with signi ficant stability or conformational
changesin the SPROX and LiP experiments was relatively low, and only included 2
proteins. This is perhaps not surprising given that the two techniques probe different
conformational properties of proteins (e.g., more gl obal unfolding/refolding properties in
SPROX and more local fluctuations in secondary structure in LiP). They also rely on
different readouts (e.g., the detection and quantitation of methionine -containing trypti c

peptides in SPROX and of semtryptic pepti des in LiP).
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To better understand the nature of the hit proteins, the 31 proteins with Xe-
induced stability changes identified in the SPROX experiment and the 60 proteins with
Xe-induced conformational changes identified in the LiP experiment were subject to a
bioinformatics analysis to identify what biological pathways might be influenced by the
xenon-interactome and what biophysical properties might drive noble gas binding to
proteins. A GO-term analysis®9 of molecular functions and biological processes of the
protein hits identified in each technique revealed that the SPROX protein hits are enriched
in both ATP binding proteins and proteins with ATPase or ATP hydrolysis activity, and
the LiP protein hits are enriched in proteins involved in oxidation -reduction processes
and glycolytic processest more specifically, proteins that generate ATP from ADP ( Figure
15d). Combining the data from both techniques resulted in enrichment of glycolytic
proteins and ATP-binding proteins, suggesting these are specific classes of proteins that
interact with xenon.

A total of 15 of the 31 xenon binding proteins identified in the SPROX experiments
here are known ATP-binding proteins, and 6 of these 15 known ATP-binding proteins
were identified as ATP -binding proteins in previously published studies using the SPROX
methodology to identify the ATP -interactome in yeast.#2 45 One of the 31 xenon binding
proteins in this work, inorganic pyrophosphatase ( IPP1), is not formally annotated as an
ATP binding protein, but it was identified to have ATP -binding properties in our previous

study using the SPROX methodology to identify the ATP -interactome in yeast.*2 Also
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interesting is that IPP1and all but one of the 15 xenon binding protein s identified in this
work with previously annotated ATP -binding properties were destabil ized in the
presence of xenon. This xenon-induced destabilization is similar to the ATP -induced
destabilizations we detected for a large number of the ATP-binding proteins identified in
our SPROX experiments to characterize the ATRinteractome in yeast.2 45Indeed, all but
one of the shared targets betweenthe ATP- and Xe-interactome studies are destabilized.
This suggests that ATP and Xe may interact with their protein targets by similar

mechanisms (see Discussion).

3.3.4 Exploration of xenon-binding to hit proteins using molecular
dynamics simulations and xenon docking analysis?

Because of the strong correlation observed between proteinXe interactions and
protein -ATP interactions, a molecular modeling strategy was used to explore potential
Xe-binding interactions with annotated ATP -binding protein s in our SPROX and LiP
experiments. These studies were performed by collaborators from the Beratan group at
Duke University. Four annotated ATP-binding protein sand one GTP-binding protein, all
with known nucleotide -bound crystal structures, were subjected to molecular dynamics
(MD) simulations and docking analysis. The four ATP -binding protein s included: two

proteins, actin and endoplasmic reticulum chaperone BiP, that were identified as

1 Molecular dynamics simulations and xenon docking analyses were developed and performed by Niven
Singh in the Beratan group with guidance from Dr. Peng Zhang.
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(destabilized) hits in SPROX (PDB IDs: 1YAG and 3QFU);one protein, phosphoglycerate
kinase (PDB ID: 3PGK) that was identified as having a xenon-induced exposure in LiP,
and ATP-dependent RNA helicase EIF4A (PDB ID: 2VSO), that was not identified as a hit
in either SPROX or LiP but was co-crystallized with a LiP hit, eukaryatic ini tiation factor

4F subunit p150, with a xenon-induced protection. The non-hit GTP-binding protein was

elongation factor 1-alpha (PDB ID: 11JE).

MD simulations were carried out on each of the above five proteins using x -ray
crystallographic data obtained for each protein both with and without a nucleotide ligand
(e.g., ATP, ADP, AMP, or GDP). Xenon binding was assayed in all extracted MD
shapshots using visual molecular dynamics (VMD) followed by docking analysis with
Autodock4. 86.89Docking was performed under three protocols for each protein: (i) docking
to extracted MD snapshots of the holo-protein, (ii) docking to extract ed MD snhapshots of
the holo-protein with its nucleotide ligand removed prior to docking (to resemble an apo -
structure), and (iii) docking to extracted MD snapshots of the apo -protein. Favored xenon
binding sites were studied as a function of distance from the nucleotide binding site for
each protein. The total number of times xenon was found to dock on each protein was
nucleotide ligand. The data from these simulations are shown in Figure 16.

In all four ATP-, ADP, or AMP - bound proteins studied, the frequency of xenon

binding near the nucleotide was significantly higher in at least one of the apo -structures
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Figure 16. Xenon docking calculation s with select ATP-binding proteins and a GTP-
binding protein. (a) actin (LYAG), (b) endoplasmic reticulum chaperone BiP (3QFU), (c)
phosphoglycerate kinase (3PGK), (d) ATP-dependent RNA helicase EIF4A (2VSO), and
(e) elongation factor 1-alpha (11JE). Eachcurve represents one of the 3 cases in which
binding of xenon to a protein was investigated. The blue curve represents the case
where the nucleotide ligand was present, the green line represents the case where the
MD simulations were done with the nucleot ide ligand but removed before docking, and
the red curve shows the case where the nucleotide ligand was not present. Distances art
UEOI Owi UOOwWUT 1T wEl OUT UwlOi wOEUUwWOT wOT 1T wx
sampled in the range of 5 A to 20 A. They-axis shows the log frequency of the number
of times xenon was found at that distance.

compared to the holo-structure, which is consistent with xenon binding in the nucleotide

site of these proteins. The MD simulations on the GDP bound protein revealed the
frequency of xenon binding was unchanged by the presence of nucleotide, consistent with
the absence of a xenon binding interaction at thenucleotide site in this protein. In the case
of the two SPROX hits (Figures 16-b) higher dockin g frequencies were obtained with
both the apo-structure and the holo-structure with the nucleotide removed. This contrasts

with observations f rom the one LiP hit (Figure 16¢) and the protein co-crystallized with a
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LiP hit (Figure 16d), where only the MD simulations performed on the apo-crystal
structure indicated a higher frequency of xenon binding.

The MD simulations and xenon docking experiments on the four ATP -binding
proteins above support the hypothesis that xenon binds to the nucleotide binding site in
these proteins. Previous results indicate that xenon has a computed binding free energy
of -5.1 to -6.4 kcal/mol in sperm whale myoglobin D122N mutant (PDB ID: 1J52).%
Experimental xenon binding free energy values were determined in those studies to be
5.9+ 0.2 kcal/mol, similar to their theoretical values, and to a previously calculated binding
free energy of ATP to glutamyl -tRNA synthetase, which was predicted to be 7 kcal/mol. ¢7
These previous findings indicate that xenon and ATP have nearly equal binding free
energies, suggesting that xenon and ATP may have similar binding preferences for

cavities in proteins, as found in our study.

3.4 Discussion
3.4.1 Biological activity

There are currently many biological hypotheses developed to explain the
mechanisms behind inert gas activities, with much focus on xenon due to its strikingly
potent effects. These hypotheses fall into two broader categories that are defined as
biochemical or biophysical hypotheses and consist of a wide range of phenomena
including: hypoxia, depression of metabolism, cell membrane stabilization, decreased ion

permeability, and interference with ATP production. ° From this list, the biochemical
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hypotheses support the notion that xenon interacts with specific proteins, such as
respiratory enzymes, while biophysical hypotheses imply that xenon interacts specifically
with part of the cell, such as the cell membrane.?® The xenorrinteractome revealed in the
current study provides a rich data set to evaluate such hypotheses in the context of prior
findingsd w71 OO0z UWEDOOOT PEEOwI 1 I 1 EOUwWI EYT wET T Owx Ul
models (rat, dog, rabbit etc.),100104 hbacterial®s, cancer cellg%, kidney cellsio?, neuronso810s,
and human volunteers. 110111 Although in a different model system, our studies find
protein targets that overlap with previously established modes of action for xenon,
Uxl EPI PEEOOCawR]I OOOzZUWEEPOPUAWUOWDOT PEPUwWOU w B
dependent activity. 105 112115
The most notable therapeutic effects of xenon are its strong organopraective
properties, specifically on the brain 104 116118 gnd the heart.1°0103 One hypothesis for how
xenon mediates its cardioprotective effects is through direct interplay with kinase
signaling pathways that lead to downstream cytoskeletal remodeling, as shown in
myocardial cells.119120 Xenon has also been shown to influence kinase signalingin other
contexts.12t The results of our proteomic studies provide additional support for B81 O OOz Uw
effects on similar pathways, albeit in a different model system. We find a number of hit
proteins from the kinase protein class (CDC19/PYK1, PGK1, PCK1, DAK]), as well as heat
shock proteins that are readily phosphorylated by kinases (HSP60Q. Furthermore, we see

significant changes in the stability of actin and in the conformational dynamics of an actin -
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associated protein (ABP1) from the yeast proteome. Actin is known to polymerize in
Ul UxOOUT wOOwRT 6006z UwbOI OUI OET wOOWOPOEUT wUDT OE (
myocardial cells.122123
Other experiments that study 31 OO0z UwOOET woOi wEEUDPOOwWI EYI w
direct interaction with, and influence over , the activity of multiple proteins with ATP -
dependent activity, including Enterococcus hiraeCopB ATPase® and adenosine
triphosphate -sensitive potassium (Kate) channels present in the brain112115 |n our work,
we see significant Xe-induced stability changes, or conformational changes, in multiple
ATPase pumps including plasma membrane ATPase 1 PMAL), a hydrogen ion pump;
multiple subunits of the V -type ATPase (VMAL, VMA2), a proton pump present in
vacuolar membrane vesicles; and the alpha subunit of ATP synthase @ATP1), a proton
pump present in the mitochondrial membrane. PMA1 showed the strongest
conformational changes of all the limited proteolysis protein hits, having one peptide with
a fold change 12 zscores from the average. Other ATPase pumps, particularly those
identified as hits in SPROX, exhibited potent destabilizations (i.e., 3+ zscores away from
average) compared to other protein hits. These changes in stability have precedent, as
xenon has been shown to decrease the sensitivity of similar proton pumps to ATP in a
concentration-dependent manner.112 Electrolyte imbalance resulting from the changed
activities of ion flow over the membrane has also been proposed as an anesthetic

mechanism of action for xenon.'2* Such past ob&rvations suggest that xenon may be able
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to interact allosterically or directly with the ATP sites of ion pumps and thus alter their

functions, leading to changes in ion flow.

3.4.2 Intermolecular interactions

We next consider the xenortinteractome identified by the SPROX and LiP
techniques in the context of long-standing hypotheses that xenon and other anesthetic
gases typically occupy small hydrophobic cavities in proteins, locking them in specific
active or inactive conformations.? A computational study supporting this hypothesis
analyzed 348 xenon binding sites from 131 xenon-protein crystal structures available in
the Protein Data Bank (PDB) and used them to predict noble gas binding sites in proteins.®
The most favorable binding sites for Xe were found to be hydrophobic channels or small
cavities with an average diameter of 4 A. A more recent in silico reverse docking study
involving 127,854 protein structures and five nonradioactive noble gases also revealed
significant trends in the hydrophobic nature of noble gas binding sites across a wide range
of protein structures. 125> There is some evidence in our work that xenon is attracted to hit
proteins containing exposed hydrophobic cavities.

One key piece of evidence br xenon binding in such cavities originates from th e
most stabilized hit in SPROX, SIP18 This protein contains a phospholipid binding site
that may be an attractive hydrophobic cavity for Xe. SIP18was shown to be stabilized by

Xe in the SPROX experiments as inferred by a decrease in methionine oxidation of
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multiple methionine -containing peptide probes (Table 5, suggesting that xenon may
interact directly with this protein.

Other evidence for xenonED OED OT wbOwl aEUOxT OEPEWEEYDUDI Ul
attraction to ATP -binding proteins. ATP -binding sites often include non -polar and
hydrophobic residues such as valine and leucine that favor protein-ATP binding. 126t has
also been shownin both biophysical and theoretical studies that ATP molecules asciate
with lipid bilayers (primarily through their adenine ring), sharing a mechanism proposed
i OUwRT 060z UwEW®WGRahinhds BeBrushowih tb éx&itbidphysical changes on
lipid bilayers, potentially effecting the function of membrane -bound proteins.12® In
addition to the attraction of both Xe and ATP to hydrophobic sites in proteins, both
ligands have intrinsically high polarizabilities 75 139 which could help explain their
preference for similar binding sites in proteins.

Another commonality between the protein -ATP interactions previously identified
and protein-Xe interactions discovered in this work, is the apparent and consistent
destabilization of protein targets. Approximately half of the xenon protein targets
identified by SPROX in this work were annotated ATP -binding proteins, with the majority
of those targets (93%)being destabilized in the presence of xenon §igure 13). Such
destabilization was also frequently seen in previously reported ATP -interactome studies
in yeast, where a large fraction of protein targets was destabilized by ATP.4245The direct
EDOEDOT wOi wEwWODIT E O E wldifensional sirdrtuie §ebardlywaStdibay | wOT Ul
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ligand -induced stabilization in SPROX. However, the binding of ligands to non -native
protein structures (e.g., protein folding intermediates) can produce ligand -induced
destabilizations in energetics-based assays of proteirligand bind ing interactions. In fact,
this was shown to be the case with ATP and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) from E. coli in which ATP stabilized a partially unfolded intermediate of the
x UOUI DOz UwUOI OOE b Gd4itid pbsSiseRHMONT RuandEXgriot ioth Hind
xUl 11Ul OUPEOOawWUOWUUEUT UwOUT 1 tHimerisi&nd studtureD UwUEUT |
The significant overlap of ATP and xenon targets, and similarities in the types of stability
changes induced upon ligand binding, suggest that these two ligands target protein
structures through similar mechanisms, and possibly similar binding pockets.

The observation that our protein hits are enriched with those that also bind ATP
(e.g., kinases) or have ATPase dependent catalytic activities (e.g., proton pumps,
molecular chaperones, heat shock proteins) adds to the evidence that there may be
parallels in the molecular nature of protein -ATP and protein -Xe interactions. To further
explore this hypothesis on a broader scale, our computational studies analyzed xenon
localization in the presence or absence of ATP(and related ligands) across four ATP-
binding proteins (three protein hits, and one protein associated with a hit) from our
experiments. The results of these studies suggest that the presence ohucleotides has

significant effects in the frequency of xenon docking to their pockets in hit proteins, but

not in a non-hit protein which had no xenon -induced stability changes (Figure 16). It is
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worth noting that there are multiple reasons the ATP -dependent helicase EIF4A was not

a hit in SPROX or LiP even though it was assayed in both techniques. The location of the

assayed methionine-containing peptides within the protein structure (e.g., solvent -

exposed vs. buried) could impact the denaturant-dependent methionine oxidation that is

used to probe stability changes in SPROX, with solvent-exposed methionine residues not

being able to report on changes in stability. In LiP, if a semitryptic peptide is not assayed

f UOOWEwWxOUUDPOOwWOT wiOT 1 wx UO (a sHifigadtucdnforohdtiégh®l U UT w U1 E
change, it will not display hit behavior . Lastly, there were a couple hundred annotated

ATP-binding yeast proteins assayed for xenorinteracting activity using SPROXin this

work with only 15 showing significant stability chan ges. Thismay be because of the wide

range of affinities of xenon for ATP sites, with weaker binding interactions exhibiting

changes falling within the experimental error associated with this technique. Despite this,

the increased localization of xenon to adenine nucleotide sites may be explained by the

high polarizabilities of ATP and xenon pE OUT OUT T w71 z0Uwx OOEUPAEEDPODPUA
EOQOEw 3/ zUwxOOEUDPA&EEDODUA wWE U bnrd therefoesibiilaitiésanwi UOOwo
the types of pockets that attract their binding. s 32 Our observations provide further

evidence for the likelihood of xenon to interact competitively with suc h sites in ATP-

binding proteins, conceivably influencing the activity of the protei n hits identified in this

work.
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The Protein Data Bank (PDB currently includes X -ray crystallographic data on
~140 protein crystals from ~100 unique proteins in the presenceof xenon. Only 2 of the
131 xenonprotein complexes with X -ray crystallographic data in the PDB are yeast
proteins. Neither one of these proteins were assayed in the LiP experiment (i.e.,
semitryptic peptides from these proteins were not detected). Howev er, both proteins
(MTF1 and POP2) were assayed in the SPROX experiment (i.e., methionineontaining
peptides mapping to these proteins were detected). The detected peptides did not map
to the xenon-binding domain of these proteins, which may explain why t hese proteins
were not identified as hitsin SPROX.

Currently, there are 7 crystal structures of ATP-binding pro teins complexed with
xenon in the PDB. Direct comparisons of our SPROX and LiP results to the X-ray
crystallographic data on these 7 ATP-bindi ng proteins complexed with xenon is difficult
for several reasons. Not only are these ATRbinding proteins from s pecies other than
yeast, but most of the protein crystals used in these studies include a bound nucleotide or
cofactor. Our SPROX and LiP experiments were performed on cell lysates with these
nucleotides and cofactors removed. Additionally, xenon -containing protein crystals for X -
ray crystallographic analyses are prepared by pressurizing protein crystals with xenon
gas. Thus, the resulting xenon binding interactions may be different from those detect ed

in our solution phase experiments.
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Another major finding gleaned from our bioinformatic analyses of proteins with
Xe-induced conformational changes was the statistical overrepresentation of proteins
involved in glycolytic processes (Figure 14, Figure 15d). Such metabolic enzymesrely on
conformational changes induced by substrate binding to perform their functions. If xenon
is able to interact directly with the hydrophobic cavities present in the se proteins, it is
possible that it may lock them into specific nonnative conformations that inhibit
enzymatic activity, thus leading to unigue biological outcomes. Assaying such glycolytic
proteins for xenon-induced functional changes is an area of future study, as the influence

of xenon on protein function likely mediates its activity.

3.5 Conclusions

This study introduces a novel analytical methodology that can be used generally
for the large-scale analysis of protein-gas binding interactions. There are few analytical
techniques that can detect and quantify the binding constants of such interactions, both in
solution and on the proteomic scale. The hit proteins identified in this study of inert gas
binding properties are a first step toward understanding the biological activities and
therapeutic effects of the noble gases.

The identification of the xenon -protein interactome in this work provides direct
evidence that xenon interacts with specific proteins to affect their stabilities and
conformations, and possibly their activities. Monitoring such stability changes revealed
BT OO0z Uwl I 11 EUU WO O wxddv@rdandgtoiytid @oced€ey. Hdvwdendhw
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mediates its biological effects through these pathways and protein classes is still under
investigation ; however, our protein hits add to the arsenal of information used to

UOEI UUUEOGEwWRIT 600607 Uwb O x Caddfudrudiedte) Gelug&teliokuE EUD Y D
significant xenon-induced stability and conformational changes to changes in function of

key protein hits found in this work. Further studies u sing this methodology could explore

xenon protein targets in clinically relevant samples, such as lysates from myocardial cells

or neurons. Such studies could also be expanded to other inert gases with known

biological activities (e.g., argon). Furthermore, it is possible that the protein targets

identified in this study may be used to motivate the synthesis of protein-like molecules

for the detection, collection, and sensing of gases.
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4. Protein Folding Stability Changes Across the
Proteome Reveal Targets of Cu Toxicity in E. coli?

The work described in this chapter comes largely from a research paper titled

2/ U0UI DPOWWHOOEDODT w2UEEDPOPUawW" T E

TT Uw EUOUUWOT T w

E.colp wUT EUwb E Uwx Uik A ChemiEaumodgioly16(h), p. 214224)%

4.1 Introduction

The conformational properties of proteins are closely tied to their function. A
x UOUI POz Uwi OOEDPOT WUUEEPOPUAOWEOEWEOOUI gUI OU0auw
a ligand, be it a cofactor, substrae, inhibitor, another protein, or metal ion. Metal -protein
interactions in particular are known both to stabilize and destabilize protein folded states,
with stark ramifications for function. 132134To avoid malfunction due to insufficient, excess,
or misplaced metals, cells regulate protein metalation by concerted metal trafficking and
homeostasis processes. Among the dblock biometals, Cu is the most stringently
regulated, with labile levels kept in check at attomolar levels. 135 Such extremely tight
Ul TUOEUPOOWEOOUET UwUOWEOwWHOT 1 Ul OUWESGEWUOPBUI w>

for cells that fail to maintain Cu homeostasis.

1Reproduced in part with permission fro m Wiebelhaus, N.; Zaengle-Barone, J. M.; Hwang, K. K.; Franz, K. J.;
Fitzgerald, M. C., Protein Folding Stability Changes Across the Proteome Reveal Targets of Cu Toxicity in E.
coli. ACS Chem. Biol202Q 16 (1), 214224, Copyright © 2021 American Chemical Society. The work described
in this chapter is highly collaborative and individual contributions are acknowledged in footnotes throughout.
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While cytotoxicity associated with Cu has long been recognized for its
antimicrobial benefits 136137, the mechanisms and targets through which Cu elicits damage
are not fully understood. 138139 A widespread presumption has long held that oxidative
stress promoted by Cu*2* redox cycling is to blame, although evidence to support these
claims is often circumstantial. 138 140Cu is toxic even in anaerobic conditions!4l, and has
been shown to occur without inducing a stron g cellular antioxidant response 42 indicating
that production of reactive oxygen species cannot be the sole mechanism of its toxicity.
The ability of Cu ions to displace metals such as Zr¢* and Fe?* from metal loenzymes and
generally impair protein folding are prevailing mechanisms that have garnered
compelling experimental support. 135. 141146

The exquisite sensitivity of cells to excess Cu has generated interest in developing
compounds to leverage its antimicrobial and cytotoxic activity in a targeted way. 139 147
Metal ionophores that form neutral, lipophilic, and kinetically labile metal complexes can
hyperaccumulate and redistribute cellular metal ions in ways that distingui sh them from
conventional chelating agents that sequester metals in high-affinity or kinetically trapped
complexes8\We and others have shown that ionophores provide chemical pathways that
bypass cellular Cu homeostasis processes to effect diseaseeclated outcomes 149153
However, the cellular t argets of excess Cu and the small molecule ionophores have yet to
be identified, which is an important step in understanding the mechanisms that ultimately

lead to cellular malfunction induced by Cu.
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The kinetic lability of metal -ionophore complexes allows both the metal and the
ionophore to interact with different biological targets via metal -ligand exchange reactions.
The released metal could bind proteins in productive or destructive ways, while the
released ionophore could bind and redistribute other me tal ions, react with biomolecules,
or inhibit metalloenzymes by scavenging metal cofactors or blocking active sites. As
protein stability measurements are a general probe potentially sensitive to all of these
outcomes, we sought to identify the protein tar gets of metals and metalionophore
complexes by measuring protein stability changes on the proteomic scale as a function of
Cu delivered pharmacologically by small molecule ionophores.

As described in Chapter 1 of this dissertation, asuite of mass spectranetry -based
proteomics techniques hasbeen developed to identify the protein targets of ligands such
as small molecule drugs and enzyme cofactors. Here, we describe the application ofthe
pulse proteolysis protocol developed in Chapter 2 of this dissertati on, termed one-pot
STEPRPP (semitryptic peptide enrichment strategy for proteolysis procedures with pulse
proteolysis),?® 4°to the identification of bacterial protein targets of Cu by exposing E. coli
to Cu in the absence and presence of one of two small molecules, the antimicrobial
POOOxT OUIl wxauUbUI DOOT wep/ 3 AwWEOE WE wx U Olactatddsen Ol wx a U
PcephPT (Schemes 1 and 2). We have shown previously that both compounds lead to
increased levels of cellular Cu in E. colit* The STEPRPP gproach is especially

advantageous for this study with Cu as it involves neither a protein precipitation step (as
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in thermal proteome profiling and chemical denaturation and protein precipitation) or a
chemical reagent (as in SPROX). The presence of Cu haseen shown to impact protein
precipitation in unpredictable ways, '42and the hydrogen peroxide used in SPROX is likely

to perturb the oxidation state of Cu.
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Scheme 1. PcephPT cleavage releases PTAs a prodrug that releases a metaibinding
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enzymes and a masked leaving group (blue) that prevents metal binding by the
prochelator form. When cleaved, PcephPT releases the antimicrobialpyrithione (PT,
blue), a bidentate metal-binding compound that forms a lipophilic 2:1 complex with
Cuz.

As part of this work, we identified protein targets of Cu in E. coliby analyzing
changes in both protein folding stability and protein expression lev els. While protein
expression level studies can provide some information about global cellular adaptations
induced in response to a stressor, the functional significance of a protein's altered
expression level can be dubious. Functionally relevant proteins with expression levels that
are unchanged by treatment can also go undiscovered in conventional protein expression
level studies.t55Indeed, in this study we observed relatively few expression level changes

under the treatment conditions investigated, whereas the one-pot STEPRPP

methodology identified over 150 proteins with treatment -induced stabilit y changes. These
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proteins spanned many biological processes including metal detoxification, iron -sulfur
cluster biogenesis, metabolism (glycolysis and the tricarboxylic acid cycle), and
translation (the ribosome). Further analysis of the data revealed distinct drivers of these
stability changes and separated the consequences of increased Cu levels from those of the
small molecule ionophores. Enzyme activity assays on two of the protein hits,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and isocitrate dehydrogenase
(IDH), revealed that the ligand -induced stability changes indeed correlated with ligand -
induced functional changes in these enzymes. This work describes the first utilization of
mass spectrometry-based proteomics methods for protein folding and stability

measurements to interrogate metal-protein interactions on the proteomic scale.

Targets of Cu Toxicity

Protease susceptibility
High4¢ — — — — low

Quantitative

Pulse ~

proteolysis bottom-up
proteomics

Scheme 2. Proteomics approach to uncover targets of Cu toxicity in  E. coli.
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4.2 Experimental Section
4.2.1 Materials

The following material s were obtained from Sigma Aldrich (St. Louis, MO):
dimethyl sulfoxide (DMSO), phenylmethanesulfonyl fluoride (PMSF), S -
methylmethanethiosulfonate (MMTS), sodium chloride, ethylenediaminetetraacetic acid
(EDTA), urea, centrifugal filter units ( Amicon Ultra, 0.5 mL, 10 kDa MWCO),
tris(hydroxymethyl)aminomethane hydrochloride (Tris -HCI), thermolysin from
Geobacillus stearothermophilus, trifluoroacetic acid (TFA), triethylammonium
bicarbonate buffer (TEAB, 1 M, pH 8.5), LB medium (Lennox), glyceraldehyde-3-
phosphate dehydrogenase from rabbit muscle, isocitrate dehydrogenase (NADP) from
porcine heart, dl-glyceraldehyde-3-phosphate, dl-isocitric acid trisodium salt hydrate,
E O E-nioptinamide adenine dinucleotide phosphate sodium salt hydrate. The following
materials were obtained from Thermo Fisher Scientific (Waltham, MA): acetonitrile (ACN,
LC-MS grade), trace metatgrade nitric acid, TMT10-Plex isobaric label reagent set, NHS
activated agarose dry resin (Pierce), Coomassie Plus Bradford Reagent (Pierce), and
porcine pancreas trypsin  (proteomics grade). Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) was obtained from Santa Cruz Biotechnology (Dallas, TX).
Phosphate-buffered saline (PBS, without calcium or magnesium, pH 7.4) and
ethylenediaminetetraacetic acid (EDTA) solution (0.5 M, pH 8.0) were obtained from

Corning (Corning, NY). Macrospin columns (silica C18) were obtained from Nest Group
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@2 OUUIT E OU O iNicbtidamjde afléhinspdinucleotide and pyrithione were obtained
from Chem-Ilmpex International. Copper chloride was obtained from Merck.
( OE OU x O U HadtBria€euChXMulpinto E. colistrain K-12 MG1655 and synthesis of

PcephPTwere described previously. 154

4.2.2 Protein expression workflow

Lysates generated from the E. colitreatment condition s previously described were
first subjected to a traditional protein expression analysis. Aliquots of each lysate
containing ~80 pg of protein were diluted in PBS (without calcium or magnesium, pH 7.4)
and transferred to 10k molecular weight cutoff centrifugal filter unit s, where a filter-aided
bottom -up proteomic sample preparation with isobaric mass tag labeling was employed.
This involved buffer exchanging proteins into UA (0.1 M T ris, 8 M urea, pH 8.0) and
reacting each sample with 100 pL of 5 mM TCEP in UA for 1 h at room temperature and
subsequently with 100 pL of 20 mM MMTS in UA for 10 min at room temperature.
Samples were then buffer exchanged into 0.1 M TEAB (pH 8.5) and digested with trypsin
overnight at 37 °C. The ratio of trypsin to total peptide was between 1:20 and 1:100 (w/w).
The digested samples were labeled with a TMT10-plex reagent kit according to the
manufacturer protocol. Labeled samples were washed with 0.5 M NaCl (3x) and
centrifuged through the 10k filters. Equal volumes of each TMT10-plex labeled sample
were combined into one tube. This protein expression experiment was performed on five

conditions with four biological replicates each, resulting in two separate TMT10-plex
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labeled samples. The final combined, labeled samples were desalted using C18 Macrospin

columns prior to LC -MS/MS analysis.

4.2.3 One-pot STEPP-PP workflow

Lysates generated from the E. colitreatment conditions described above were also
subjected to a "onepot" pulse proteolysi s analysis that included a semitryptic peptide
enrichment strategy for proteolysis procedures (STEPP)® 40 The onepot analysis
employed here allowed the incorporation of two biological replicates per condition in the
experiment (5 unique conditions per replicate for 10 total channels in the TMT readout).
Aliquots of each lysate were distributed into a series of 12 urea-containing buffers (PBS,
pH 7.4) where the final concentrations of urea were equally spaced at 0.4 M intervals
between 1.0 and 5.4 M. The total amount of protein in each sample was 80 pug. The samples
in the urea-containing buffers were incubated for 2 h at room temperature before 10 ug of
thermolysin was added to each of the (+) and (-) ligand samples in the denaturant-
containing buffers. The thermolysin proteolysis reactions proceeded for 1 min at room
temperature before they were quenched upon addition of 60 uL of a urea/EDTA solution
(~0.2 M EDTA, 8 M urea, pH 8.0). Equal aliquots of denaturant containing buffers from
each condition in a given biological replicate were combined into a single sample,
resulting in 5 combined samples representing untreated, Cu-treated, PT-treated, Cu + PT-
treated, and Cu + PcephPTFtreated for each replicate. This ultimately generated a total of

10 samples. Aliquots containing ~90 ug of total protein from each of the 10 samples were

104



subjected to the STEPP potocol we recently reported.* Before the STEPP protocol, an
additional 20 uL of a urea/EDTA solution (~0.2 M EDTA, 8 M urea, pH 8.0) was added to
each sample to ensure proper unfolding for labeling with isobaric mass tags. As part of
the STEPP protocol, samples were reacted with 1.5 mM TCEP for 1 h at 30 °C and tbn
with 2.5 mM MMTS for 10 min at room temperature. The protein material in the 10
different samples was labeled with a TMT -10plex reagent kit according to the
single protein sample that was lyophilized, re -dissolved in 2% v/iv TFA, and desalted
UUDPOT w" WWWEOOUOOUWEEEOUEDOT wUOwWUT T wOEOUI EEUUUI
lyophilized, redissolved in 0.1 M TEAB solution (pH 8.5), and digest ed with trypsin
overnight at 37°C. The ratio of trypsin to total peptide was between 1:20 and 1:100 (w/w).
NHS-activated agarose resin and 50 pL 0.5 M NaCl was added to the digested sample,
such that the NHS-activated agarose resin to total peptide ratio was approximately 150:1
(w/w). Samples were reacted for 1.5 h at room temperature, acidified with 2% v/v TFA,
and transferred to C18 columns for desalting prior to LC -MS/MS analysis. This pulse
proteolysis experiment was performed on five conditions with four biological replicates

each, resulting in two separate TMT10-plex labeled samples for LC-MS/MS analysis.

4.2.4 Quantitative LC-MS/MS analysis

The LC-MS/MS analyses were performed using a nanoAcquity UPLC system

(Waters) coupled to a Thermo Orbitrap Fusion Lumos mass spectrometer system. The
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dried peptide material generated from the first and second pulse proteolysis experiments
were reconstituted in 12 yL and 10 pL of 1% TFA, 2% acetonitrile in H20, respectively.
Aliquots of 1 pL and 2 pL for each experiment were injected in tripli cate into the UPLC
system. The dried peptide material generated from the first and second protein expression
analysis were reconstituted in 30 pL and 25 pL of 1% TFA, 2% acetonitrile in H20,
respectively. Aliquots of 1 puL and 2 L for each sample were inje cted in triplicate into the
UPLC system. The peptides were first trapped on a Symmetry C18 20 mm x 180 um
trapping column (5 pL/min at 99.9/0.1 water/acetonitrile, v/v). The analytical separation
was performed using an Acquity 75 um x 250 mm high strength silica T3 C18 column with
a 1.8 um particle size (Waters); the column temperature was set to 55 °C.

Peptide elution was performed using a 90 min linear gradient of 3 +30 % ACN at a
flow rate of 400 nL/min. The MS data was collected using a top 20 datadependent
acquisition method which included MS1 at 120k and MS2 at 50k resolution. The MS1 AGC
target was 4.0 x 16 ions with a max injection time of 50 ms. For MS2, the AGC target was
1.0 x 1@ ions with a max injection time of 105 ms. The collision energy was set to 38%, and
the scan range was 3751500 m/z. The isolation window was 0.7 and the dynamic
exclusion duration was 60 s. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium®¢ via the PRIDE’ partner repository with the

dataset identifier PXD021198.
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4.2.5 Protein expression proteomic data analysis

Proteome Discoverer 2.2 (Thermo) was used to search the raw LEMS/MS files
against the E. coliMG1655 (Proteome ID: UP000000625proteins in the 2019-09-24 release
of the UniProt Knowledgebase. The raw LC-MS/MS data generated in the protein
expression experiments was searched using fixed MMTS modification on cysteine;
TMT10-plex labeling of lysine side chains and peptide N -termini; variable oxidation of
methionine; vari able deamidation of asparagine and glutamine; and variable acetylation
of the protein N -terminus. Trypsin (full) was set as the enzyme, and up to two missed
cleavages were allowed. For peptide and protein quantification, reporter abundance was
set as intersity, and normalization mode and scaling mode were each set as none. All
other settings were left as the default values. Only tryptic peptides with protein false
discovery rate (FDR) confidence labded as "D 1 I EwOU w? O]FEMUIO0nouEG# )5 | 6
and wit h at least two peptides assayed were used for subsequent analyses.

For each condition (TMT tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used in the protein
expression experiments were the reporter ion intensities from all the tryptic peptides for
a given protein generated in Proteome Discoverer. For each identified protein in the
protein expression experiment a ratio of the observed reporter ion intensities in the (+)
ligand samples (Cu, PT, PT + Cu, and PcephPT + Cu treated) to the-J ligand sample

(untreated) was generated for each biological replicate. The resulting ratio was divided
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by the normalization factor for each of the 4 biological replicates. These normalized ratios
(fold change) were then log-2-base transformed, averaged, and tested by twotailed
2 U U E It ©dDpriparing with a mean of 0. The logz(fold change) values of all the proteins
for each comparison were used to calculate the mean log(fold change) and standard
EIl YPEUDPOOwpbAwOi wPhUUWEPUUUPEUUDPOOS W DPUwxUOUI BC
protein must have a significantly altered log 2pif OOE wET EOT | AwY E O Ufoldigpa wl b wi
change)), and (ii) the logz(fold change) value must be significantly different from zero, as
El U1 UOPOI E wE a whiledtiestplY EOP0 wb @ 8 Y k A6
4.2.6 One-pot STEPP-PP proteomic data analysis
The raw LC-MS/MS data generated in the pulse proteolysis experiments was
searched using the same allowed modifications as te protein expression data. Trypsin
(semi) was set as the enzyme, and up to three missed cleavages were allowed. For peptide
and protein quantification, reporter abundance was set as intensity, and normalization
mode and scaling mode were each set as noneAll other settings were left a s the default
values. Only semitryptic peptides with prot ein/peptide FDR confidence labeled as "high"
OUw? Ol E b,FOR ulepdréB%d were used for subsequent analyses.
For each condition (TMT tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used in the pulse proteolysis

experiments were the reporter ion intensities from the semi tryptic peptides generated in

Proteome Discoverer. For each identified semitryptic peptide in the pulse proteolysis
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experiment a ratio of the observed reporter ion intensities in the (+) ligand samples (Cu,

PT, PT + Cu, and PcephPT + Cu treated) to the-J ligand sample (untreated) was generated

for each biological replicate. The resulting ratio was divided by the normalization factor

for each of the four biological replicates. Due to the nature of the experiment and the

possibility of expression level changes during cell treatment, changes in the levels of

semitryptic peptides could be falsely identified as changes due to protein stability when

they are in fact due to changes in protein expression. Therefore, the semiryptic peptide

ratios generated above were divided by the protein expression ratio generated for that

protein under the corresponding conditions. These final pro tein expression-normalized

semitryptic peptide stability ratios (fold change) were then log -2-base transformed,

averaged, and subjected to a twoU E D O1 E w 2 t8st) ddinp@rihg withua mean of zero.

The logz(fold change) values of all the semiryptic peptides for each comparison were used

to calculate the mean logepi OOE WET EOT 1| AWEOEWUUEOEEUEWE] YPDEUD(
peptides were identified based on two criteria, (i) the peptide must have a sig nificantly

altered logzqpil OOEWET EOT I AwY E O U Kfoldoshange))y antl ()3hd log(fold O w O O1
ETEOT T AWYEOUI wOUUUWET wupi OPi PEEOUOGa wWEDI F1 Ul 60w
tailed ttest(p-YEOUT wAwyd Yk AB

4.2.7 Fuzzy c-means cluster analysis

Fuzzy c-means clustering is a soft clustering method first reported by Dunn in

1974158 |t is commonly used in pattern recognition, in which clusters are found based on
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the distance or similarity of points to each other. In soft clustering methods, a data point
can be a member of all the clusters or patterns identified from a data set by attributing
each data point with a membership score ranging from 0 to 1. The points closer to the
center of a specific cluster will have a higher membership score of belonging to that
cluster. Fuzzy c-means clustering was performed in R Studio (3.6.0 (201904-26) %
of the 407 peptide stability hits were scaled from 0 to 1 across thefour treatment conditions
compared to untreated. This scaling enabled the clustering method to search for trends
across treatment conditions and not group peptides based on the magnitudes of their
stability changes, which could be misleading. FCM was setup using the function fcmwith
4 initial cluster centers (centers = 4) and allowed to start and iterate to a final solution ten
times (nstart = 10). The output of the most optimal solution was used to group protein hits
into the four clusters. Membership scores (ranging from 0 to 1), indicating how well a
peptide fits into each cluster, were exported for each peptide stability hit, and peptides
PPUT WUEOUI UwawyYdAwbl Ul uEOOUPEIT Ul EWEUWEIT BDOT wEC
clusters. Using this cutoff, ~70% of protein hits were classified into the four clusters.

4.2.8 Enzyme activity assays

For assays evaluating enzyme activity in treated bacteria, E. coli MG1655
expressing CTX-M-1 was grown to an ODsoo of 0.14 0.2, treated for 15 min, pelleted, and

washed twice with 5 mL of water. The resulting pellets (100 mL cell suspension per pellet)
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were frozen at -20 °C for later use. Each treated pellet was lysed within 30 min of starting
the activity assay in order to prevent loss of activity due to exposure to air. Pellets were
lysed on ice by sonication (six cycles, 10 sc pulse at 30% amplitude with 50 secrest) in
200 pL buffer (for GAPDH, 50 mM sodium phosphate buffer, pH 7.5; for IDH, 50 mM Tris

buffer, pH 7.4) and centrifuged at 14,000 g for 10 min. The reslting supernatant was
diluted in the appropriate buffer to make a lysate working solution (for GAPDH, 1:50 in

sodium phosphate buffer; for IDH, 1:10 in Tris buffer), which was then added to a quartz

cuvette containing the appropriate assay mix. The GAPDH assay mix contained 50 mM
sodium phosphate buffer (pH 7.5), 5 mM EDTA, 40 mM triethanolamine, and 2 mM

NAD *. The IDH assay mix contained 50 mM Tris buffer (pH 7.4) and 0.2 mM NADP -,
Lysate working solution (25 yL) was added to the cuvette, vortexed, and us ed to blank
the UV-vis. Activity was assessed by monitoring the appearance of NADH or NADPH at

340 nm every 2 min for 30 min following addition of the appropriate substrate. Spectra
were collected in a quartz cuvette with 1 cm pathlength using a Varian Car y 50 UV-visible
spectrophotometer. The final concentration of substrate was 2 mM dl-glyceraldehyde -3-
phosphate for the GAPDH assay and 10 mM isocitrate for the IDH assay. Total reaction
volume in the cuvette was 250 pL. For all enzyme activity experiments, treated data were
normalized to protein concentration and the A s 0f the untreated condition at 30 min. At

least two biological replicates were performed.
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For purified GAPDH, 0.254 uM purified GAPDH was incubated for 20 min with
various concentrations of Cu in 50 mM sodium phosphate buffer (pH 7.5). A 25 -uL aliquot
of treated enzyme was added to a quartz cuvette containing GAPDH assay mix as
described above, vortexed, and used to blank the UV-vis. Then 2 mM dl-glyceraldehyde-
3-phosphate was added (250 pLtotal reaction volume) and the absorbance at 340 nm was
measured every 2 min for 30 min. For purified IDH, 31.8 uM purified IDH was incubated
for 20 min with various concentrations of Cu in 50 mM Tris buffer (pH 7.4). A 25 -uL
aliquot of treated enzyme was added to a quartz cuvette containing IDH assay mix as
described above, vortexed, and used to blank the UV-vis. Then 10 mM isocitrate was
added (250 pL total reaction volume) and the absorbance at 340 nm was measured every
2 min for 30 min. At least three replicates from different days were performed for purified

enzyme activity assays.

4.2.9 Circular dichroism spectroscopy

Circular dichroism spectra were obtained on an Aviv model 435 circular dichroism
spectrometer equipped with a Hamilton automated titrato r. The purified GAPDH CD
denaturation curves were monitored at 217 nm. The CD denaturation points were set up
and recorded using the automatic titration system connected to the CD instrument. In
each titration, different amounts of 0 and 89 M urea solutions containing purified
GAPDH (~0.1 mg/mL, 2.8t 3.1 uM) with and without CuCl 2 (100 pM) in phosphate buffer

(pH 7.4) were mixed in different ratios to obtain the final desired urea concentration for
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each point. The mixing time was 1 min, CD signals were collected over the course of 5 s,
and the signals were averaged. The averaged CD signals were plotted and normalized to
pre- and post-transition baselines to obtain final normalized denaturation curves ( Fapp) Of
GAPDH in the presence and absence of C@". The normalized denaturation curves were
fit to a simple four point sigmoidal equation to estimate midpoint values. The purified
IDH CD spectra were obtained over a wavelength range of 215t 240 nm. A solution of IDH
(0.1 mg/mL, 2.2 uM) was incubated with and without CuCl 2 (100 uM) in phosphate buffer
(pH 7.4). The solutions were allowed to sit overnight before taking the measurements. The
CD signal was converted from ellipticity (in millidegrees) to molar ellipticity using the

following equation:
- — (eq.6)
Where m° is ellipticity in millidegrees, M is the average molecular weight of the

protein (36,000 g/mol for GAPDH, 58,000 g/mol for IDH), C is the concentration of the

sample in mg/mL, and | is the pathlength in cm.

4.3 Results
4.3.1 E. coli accumulates Cu* after cotreatment of Cu with PT2

Previous studies performed by members of the Franz lab utilized inductively

coupled plasma mass spectrometry (ICP-MS) to measure and compare the cellular Cu

2|CP-MS and EPR data were collected and analyzed by Dr. J. M. ZaengleBarone.
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content of E.coliafter treatment with copper alone, the small molecules PT or PcephPT
alone, or copper in combination with the small molecules. ¢ Quantification of Cu levels
after treatment was important in correlating protein stability changes with cellular Cu
concentrations later in this work. E. colistrain K-12 MG1655 expressing the CTXM-1 ¢-
lactamase were grown with various combinations of CuClz, PT, or PcephPT at
concentrations below their minimum inhibitory concentrations (MICs) after which cell -
associated Cu levels were determined by ICRMS. These studies revealed that cotreatment
of Cu with PT or PcephPT resulted in 10-fold to 5-fold incre ases (respectively) in cellular
Cu compared to Cu alone, while treatment of PT or PcephPT alone resulted in much lower
increases in cellular Cu compared to Cu treatment alone (e.g., 2fold or less) (Figure 17a).
Intracellular Cu is generally assumed to be in its reduced Cu* state. Previous
studies performed by members of the Franz lab utilized electron paramagnetic resonance
(EPR)spectroscopyto assess the oxidation state of Cu that hyperaccumulates in cells upon
cotreatment of Cu with PT. No Cu -associatel EPR signal was observed in any cell samples
initially, indicating either an undetectable amount of Cu or that the Cu was in an EPR-
silent form (e.g., Cu*). After addition of a large excess of hydrogen peroxide to force the
oxidation of any Cu present, a prominent signal (g = 2.28, &J = 2.06)with a hyperfine
splitting pattern attributable to Cu 2*appeared (Figure 17b). This signal was distinctly

different from the control spectra of Cu?* coordinated by PT (published in the supporting
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Figure 17. PT and PcephPT increase cellular Cu*levels. (a) ICP-MS data comparing
cellular Cu content of E. coliMG1655 CTX-M-1 grown to ODsoo0f 0.1 0.2 and treated for
15 min. * indicatesp < 0.05 using aoneU E D O1 E w 2 test) (b) WhdlezctlllEPR spectra
of E. coliMG1655 CTX-M-1 grown to OD oo 0f 0.8t 1 and treated for 15 min with Cu and
PT as indicated. Treated cell pellets subsequently oxidized with H 202 (1 M) plus catalase

inhibitor hydroxylamine (1 mM) displayed a 4 -line signal (g = 2.28,gy = 2.06)
attributable to Cu 2+, Spectra obtained at 77 K.

information of reference 48). These results confirmed that PT mediates
hyperaccumulation of Cu and verifies that the Cu delivered to cells in this artificial

manner exists in an EPRsilent speciation most likely arising from reduced Cu * species.
These data also indicate that Cu(PT) complexes dissociate inside the cell, leaving the

individual Cu and PT components free to interact with intracell ular targets.

4.3.2 Stability reveals more treatment effects than expression3

Based on results from the Cu accumulation studies (Figure 17a), five treatment
conditions that yielded a range of cellular Cu levels (35¢450 uM/cell) were selected for
proteomics experiments (no treatment, 10 uM Cu, 4 uM PT, 10 uM Cu + 4 uM PcephPT,

and 10 uM Cu + 4uM PT). Such experiments were designed to reveal changes in protein

3Dr. J. M. Zaengle-Barone prepared treated E. coli cells for protein stability and expression experiments.
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expression level and folding stability as a function of Cu and PT or PcephPT (Figures 18

20). The one-pot STEPRPP protocol employed here enables the relative stability of the

assayed proteins to be assessed across the treatment conditios The resulting proteomics

measurement produces the average signal from all the data points (i.e., the Fayg value as

defined in Chapter 2 and displayed in Figure 1848 w6 | | OWE wU x IF&gBdu®iE wx UOUI

unchanged across treatment conditions, its stabiity is revealed to be unchanged.

However, if the Favg value is significantly different across treatment conditions, it indicates

Ul EQwxUO0I POzZUwWUUEEDPOPUaAwWI EVUWET T Owxi UUDUUET EB
The proteomic data search output for each protein expression level sample and

protein stability sample from Proteome Discoverer can be found in reference 48.

Summarized in Table 7 are the proteomic coverages, which were close to 900 and 600

proteins in the expression level and stability analyses, respedively, and the numbers of

protein "hits", which ranged from 8 to 84 depending on the type of analysis and the

experimental condition. Volcano plots of the data from these analyses are shown in Figure

22,
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Table 7. Proteomic coverage from protein expression level and protein stability
analyses. Number of proteins and peptides assayed in the expression and stability
analyses, respectively, along with the number of hit proteins and peptides under each
condition (i.e., those wit h significant changes in their expression or stability according to
the hit criteria).

Protein Expression

Protein Stability

Treatment . : .
. : . : Assayed peptides  Hit peptides
Condition Assayed proteins  Hit proteins . .
(proteins) (proteins)
Cu 898 8 4605 (584) 55 (37)
PT 898 36 4605 (584) 167 (69)
Cu + PcephPT 898 20 4605 (584) 170 (84)
Cu+PT 898 24 4605 (584) 144 (74)
r—-——-----—"——-—_———-—-—_= - = - - = |
I Treated I
cells
| |
| 10 uM Cu 10uMCu |
Untreated 10 pM Cu 4 UM PT + + x 2 Biological
I 4uMPcephPT  4uMPT | replicates
: Cell lysates l % % % l :
I v v [
L (— — e e e e e e e e e .|
o ‘
Protein expression level analysis Protein stability analysis
(Quantitative bottom-up proteomics with isobaric mass tags) (One-pot pulse proteclysis with STEPP)
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1. Reduce & alkylate 3. React w/ isobaric 4.LC-MS/MS urea-containing buffers. ¢/ | 2 Digestw/ thermolysin 5. Digest w/ trypsin.
disulfide bonds mass tags and combine. analysis » '\ W M EualateF,,
| 4 > _’ Pmmir:-(w:and ] 4 r 3. Combine tubes for 4 \ /‘ 6. Enrich fcrsemi{ryp:e
\ // 2. Digest w trypsin \ / |4 | / quantiiation Vi || each condition & replicate. peptides
- Y Y x5 treatments. T 4. Reactw/ isobaric 7.LC-MS/MS analysis.
x 5 treatments x 5 treatments % 2 replicates ! || mass tags and combine
X 2 replicates x 2 replicates 5'4 M Urea
x § treatments
x 2 replicates
Hit selection Hit selection
I 5 N Intensity(+) H i
3| Nomhit — ., % Ht — s> | - e VORI 2 eaes HIt
o Intensity(-) - Intensity(-) iy o s .
£ 2 z Fowr _ z 0 5y
é @ § Favg(,) ?, avg(-)
6 E!. E | Untreated E
& Untreated Treated & Untreated  Treated 2 o & o
) () ) *+) ] —
Condition Condition [Urea] [Urea]

Figure 18. Experimental workflows for protein expression level (left box) and protein

stability (right box) analyses.

For each workflow, a total of two biological replicates per

treatment condition were analyzed in one LC -MS/MS sample using the isobaric mass
tagging strategy employed here. Each workflow was performed twice, resulting in four
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biological replicates per treatment condition. See Figures 19 and 20for detailed
descriptions of the isobaric mass tagging schemes.

E. coli treated as described, then lysed (2 biological replicates)

Treated cells

10 uM Cu 10 M Cu
Untreated 10 pM Cu 4 UM PT + +

I |
I |
| |
| 4 pM PcephPT  4pMPT |
I N N |
| [
I I

Cell lysates

1. Reduce/alkylate disulfide bonds
2. Trypsin digestion

]
[
T 3
]
l

_—
_—

3. React amine groups with isobaric mass |
tags and combine |

c1 cT1 cP1 P2
L T T T T T T L
U I
vV -,V, \ \ {
) - » ) © N ® > K
P R S B B P

f
~

4. Desalt with C18 columns
5. LC-MS/MS identification and quantitation
of tryptic peptides remaining in solution

Figure 19. Experimental workflow and isobaric mass tagging
scheme for protein expression analysis.
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E. coli treated as described, then lysed (2 biological replicates)

Treated cells

10 UM Cu 10 UM Cu
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[ |
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I |
I |
I |

l l l I |
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EEROEERRED:
| | | ] | |
I I"t. ‘.‘"‘ K:jl YU'JI | ! i JII K/ﬂ (U"J I"‘,I I‘-"I I
~ o ) \d “ A N > .§
I @ & & & & l{"q’ & &P P I
\ J
| Y |
| | |
I I
| 3. Digest with trypsin |
4. Immobilize tryptic peptides
| . e - e |
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Figure 20. Experimental workflow and isobaric mass tagging scheme for
protein stability analysis.
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The protein expression level analysis identified a relatively small number of hits
across all conditions (<4% of the proteins assaye{l (Table 7, Table 8. Notably, most of the
protein expression hits involved an increase, not decrease, in protein expression level.
Under the Cu-only treatment condition, only eight proteins had significant changes in
protein expression (Figure 21 and Figure 22, left sidg. Overexpressed proteins in this
condition included metal detoxification and homeostasis proteins ( copA cueQ fiu), and a
number of proteins involved in metabolic and biosynthetic processes. The treatment of PT
alone resulted in the most protein hits, with 14 of its 36 hits also being identified in the Cu
+ PT treatment. In addition to three metal detoxification proteins ( copA cueQ and zntA),
these shared hits included iron-sulfur cluster biogenesis proteins (iscR, iscSiscU), heat
shock proteins (ibpA, ibpB dnaK groS and luciferase-like monooxygenase yhbw. The 22
hits identified exclusively for PT alone included amino acid biosynthesis proteins (e.g. ,
serA, cysK, lipid A biosynthesis protein IpxC, tricarboxylic acid (TCA) cycle protein fumC,
and chaperone protein htpG. The three metal detoxification proteins and iron -sulfur
cluster biogenesis proteins found as hits in the PT-containing conditions were also

identified as hits for the Cu + PcephPT treatment condition.
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Table 8. Cumulative list of protein hits with significant treatment

level changes.

-induced expression

Accession Protein Name Gene Code
Number

P25516 Aconitate hydratase A achA
POA9Q9 Aspartate-semialdehyde dehydrogenase asd
POABH9 ATP-dependent Clp protease ATP-binding subunit CIpA ClpA
P63284 Chaperone protein ClpB clpB
Q59385 Copper-exporting P-type ATPase COpA
P24251 Sigma factor-binding protein Crl crl
P36649 Blue copper oxidase CueO cueO
POABJ1 Cytochrome bo(3) ubiquinol oxidase subunit 2 CYyoA
POABK5 Cysteine synthase A cysK
P16703 Cysteine synthase B cysM
POABK3 Peptide deformylase def
POAGYS8 Chaperone protein DnaK dnak
POADI4 Enterobactin synthase component B entB
POAEJ2 Isochorismate synthase EntC entC
P11454 Enterobactin synthase component F entF
P75780 Catecholate siderophore receptor Fiu fiu
P05042 Fumarate hydratase class I fumC
P09148 Galactose 1-phosphate uridylyltransferase galT
P33195 Glycine dehydrogenase (decarboxylating) gcvP
P27248 Aminomethyltransferase gevT
P68066 Autonomous glycyl radical cofactor grcA
POAGF9 10 kDa chaperonin groS
P68688 Glutaredoxin 1 grxA
P04425 Glutathione synthetase gshB
P60560 GMP reductase guaC
POA6Z3 Chaperone protein HtpG htpG
POC054 Small heat shock protein IbpA ibpA
POCO058 Small heat shock protein IbpB ibpB
P27294 Protein InaA inaA
POAACS8 Iron-binding protein IscA iISCA
POAGKS HTH -type transcriptional regulator IscR isCR
POAGB7 Cysteine desulfurase IscS iscS
POACDA4 Iron-sulfur cluster assembly scaffold protein IscU iscU
P13029 Catalaseperoxidase katG
POA725 UDP-3-O-acyl-N-acetylglucosamine deacetylase IpxC
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POAEY5
POAF18
P77258
P17117
P38489
P52697
POA9J8
POCO037
P36999
POA7P5
POA9TO
P27306
POA9T4
POA877
P33030
POADV5
P76116
P37617

Modulator of drug activity B

N -acetylglucosamine-6-phosphate deacetylase
N -ethylmaleimide reductase

Oxygen-insensitive NADPH nitroreductase
Oxygen-insensitive NAD(P)H nitroreductase
6-phosphogluconolactonase

Bifunctional chorismate mutase/prephenate dehydratase
Pyrimidine/purine nucleoside phosphorylase
23S rRNA (guanine(745)1-methyltransferase
50S ribosomal protein L34
D-3-phosphoglycerate dehydrogenase

Soluble pyridine nucleotide transhydrogenase
Protein tas

Tryptophan synthase alpha chain

Zinc-binding GTPase YeiR

Luciferase-like monooxygenase
Uncharacterized protein YncE
Zinc/cadmium/lead -transporting P -type ATPase

122

mdaB
nagA
nemA
nfsA
nfsB

pgl
pheA
ppnP
rimA
rpmH
serA
sthA
tas
trpA
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Figure 21. Heat map visualizing magnitude of expression changes for hit proteins
grouped by biological process.
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The protein stability analysis included a slightly smaller set of assayed proteins
(Table 7, Table 9. However, it is remarkable that the protein folding stability analysis
generated significantly more (~3x) hit proteins than the protein expression level a nalysis
(a total of 159 unique proteins compared to 53 unique proteins). The hit proteins in the
protein folding stability analysis spanned many biological processes including but not
limited to metal detoxification proteins ( copA cueQ zntA), iron-sulfur cluster proteins or
those involved in iron -sulfur cluster biogenesis and its transcriptional activation (e.qg.,
iscR isc9, metabolic enzymes including enzymes involved in glycolysis and the TCA
cycle (e.g, gapA acnB icd), enzymes involved in biosynthe sis, protein chaperones or
proteases (e.g.dnakK hslV, hslU, grol), and ribosomal proteins or other proteins involved
in translation (Table 10). Nearly half of the protein expression level hits also had protein
folding stability changes. However, it is no teworthy that most (86%) of the protein
stability changes detected here were not identified as protein expression level hits, even
though all the stability hits were assayed in the expression experiment. This finding
illustrates the unique molecular level information protein stability measurements can
provide compared to conventional protein expression level analysis in the context of drug

mode of action studies.
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Table 9. Cumulative list of protein hits with significant treatment

-induced stability

changes.

Accession .

Protein Name Gene Code
Number
POABDS8 Biotin carboxyl carrier protein of acetyl -CoA carboxylase accB
P08997 Malate synthase A aceB
POAFG8 Pyruvate dehydrogenase E1 component acek
POG959 Dihydrolipoyllysine -residue acetyltransferase aceF

component of pyruvate dehydrogenase complex
POAGA3 Acetate kinase ackA
P25516 Aconitate hydratase A achA
P36683 Aconitate hydratase B acnB
POABAS Acyl carrier protein acpP
POAEOS Alkyl hydroperoxide reductase C ahpC
P35340 Alkyl hydroperoxide reductase subunit F ahpF
POAGD7 Shikimate kinase 1 arokK
POA9Q9 Aspartate-semialdehyde dehydrogenase asd
POA8BMO Asparagine--tRNA ligase asnS
POABB4 ATP synthase subunit beta atpD
P17445 NAD/NADP -dependent betaine aldehyde betB

dehydrogenase
P63284 Chaperone protein ClpB clpB
Q59385 Copper-exporting P-type ATPase COpA
POA9X9 Cold shock protein CspA CSpA
POA972 Cold shock-like protein CspE cspE
P36649 Blue copper oxidase CueO cueO
POABK5 Cysteine synthase A cysK
POAEB2 D-alanyl-D-alanine carboxypeptidase DacA dacA
POAGBK3 Peptide deformylase def
POAGYS8 Chaperone protein DnaK dnak
POA953 3-oxoacyl-[acyl-carrier-protein] synthase 1 fabB
POAEKA4 Enoyl-[acyl-carrier-protein] reductase [NADH] Fabl fabl
POA805 Ribosome-recycling factor frr
POAABG UTP--glucose-1-phosphate uridylyltransferase galF
POA9B2 Glyceraldehyde -3-phosphate dehydrogenase A gapA
P00960 Glycine--tRNA ligase alpha subunit glyQ
PE2707 2,3-bisphosphoglycerate-dependent phosphoglycerate gpmA

mutase
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P37689

P68066
POAGF5
POAGF9
P09372
P68688
POAC62
POACG69
P04425
P60560
POACB2
P67910
POACFS8
POA9M2
POAGZ1
POAGHS
POA7BS8
POAG6Z3
POACFO
POC054
POCO058
P08200
P27294
POA705
POAGKS
POAGB7
P60716
POASMO
POABN3
P26616
POAE18
P61889
POA817
P09424
POAFF6
P31663
P22259
P37095
P15288

2,3-bisphosphoglycerate-independent phosphoglycerate

mutase

Autonomous glycyl radical cofactor

60 kDa chaperonin

10 kDa chaperonin

Protein GrpE

Glutaredoxin 1

Glutaredoxin 3

Glutaredoxin 4

Glutathione synthetase

GMP reductase

Delta-aminolevulinic acid dehydratase
ADP-L-glycero-D-manno-heptose-6-epimerase
DNA -binding protein H -NS

Hypoxanthine phosphoribosyltransferase
Chaperone protein HscA

ATP-dependent protease ATPase subunit HslU
ATP-dependent protease subunit HslV
Chaperone protein HtpG

DNA -binding protein HU -alpha

Small heat shock protein IbpA

Small heat shock protein lbpB

Isocitrate dehydrogenase [NADP]

Protein InaA

Translation initiation factor IF -2

HTH -type transcriptional regulator IscR
Cysteine desulfurase IscS

Lipoyl synthase

Lon protease

Lysine--tRNA ligase

NAD -dependent malic enzyme

Methionine aminopeptidase

Malate dehydrogenase
S-adenosylmethionine synthase

Mannitol -1-phosphate 5-dehydrogenase
Transcription termination/antitermination protein NusA
Pantothenate synthetase
Phosphoenolpyruvate carboxykinase (ATP)
Peptidase B

Cytosol non-specific dipeptidase
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gpmi

grcA
groL
groS
grpE
grxA
grxC
grxD
gshB
guaC
hemB
hidD
hns
hpt
hscA
hslU
hslv
htpG
hupA
ibpA
ibpB
icd
inaA
infB
iscR
iscS
lipA
lon
lysS
maeA
map
mdh
metK
mtlD
nusA
panC
pckA
pepB
pepD



P04825
P09373
P05055
P00864
POA714
PA5577

POAFM2

POA9OMS8
P08839
POA7D4
POADG61
POAG30
POA7J0O
POAFUS
P61714
POAEI4
POCOR7
POA7LO
P60422
P60438
P60723
P62399
POAGS55
POA7R1
POA7J3
POA7J7
POADY3
P02413
POAG44
POC0O18
POA7K6
POA7L3
P61175
POADZO
P60624
P68919
POA7L8
POA7M2
POAG51

Aminopeptidase N
Formate acetyltransferase

Polyribonucleotide nucleotidyltransferase
Phosphoenolpyruvate carboxylase
Peptide chain release factor RF3

RNA chaperone ProQ

Glycine betaine/proline betaine -binding periplasmic

protein

1

Phosphate acetyltransferase

Phosphoenolpyruvate -protein phosphotransferase

Adenylosuccinate synthetase

Pyruvate kinase |

Transcription termination factor Rho
3,4-dihydroxy -2-butanone 4-phosphate synthase

Riboflavin synthase

6,7-dimethyl -8-ribityllumazine synthase
Ribosomal protein S12 methylthiotransferase RimO
Ribosomal RNA large subunit methyltransferase E

50S ribosomal protein L1
50S ribosomal protein L2
50S ribosomal protein L3
50Sribosomal protein L4
50S ribosomal protein L5
50S ribosomal protein L6
50S ribosomal protein L9
50S ribosomal protein L10
50S ribosomal protein L11
50S ribosomal protein L14
50S ribosomal protein L15
50S ribosomal protein L17
50S ribosomal protein L18
50S ribosomal protein L19
50S ribosomal protein L20
50S ribosomal protein L22
50S ribosomalprotein L23
50S ribosomal protein L24
50S ribosomal protein L25
50S ribosomal protein L27
50S ribosomal protein L28
50S ribosomal protein L30
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pepN
pfiB
pnp
ppc
prfC
proQ

proX

pta
ptsl
purA
pykF
rho
ribB
ribC
ribE
rmoO
rime
rplA
rplB
rplC
rplD
rplE
rplF
rpll
rpld
rplK
rpIN
rplO
rplQ
rpIR
rplS
rplT
rplv
rplw
rplXx
rplyY
rpmA
romB
romD



POA7M9
POA7N9
POA7P5
POA7Z4
POA8V2
POAS8T7
POAG67
POA7VO
POA7V3
POA7V8
POA7W1
P02358
P02359
POA7W7
POAT7X3
POA7R5
POA7R9
POA7S3
POA7S9
POAGS59
POADZ4
POAG63
POA7U7
P68679
POAC41
POAG86
P16456
POASL1
POA9K9
POACG1
POAFG3

POAFG6

P69428
POA8SM3
POA850
POA853
POA862
POAGP1
POA890

50S ribosomal protein L31
50S ribosomal protein L33
50S ribosomal protein L34

DNA -directed RNA polymerase subunit alpha
DNA -directed RNA polymerase subunit beta
DNA -directed RNA polymerase subunit beta'

30Sribosomal protein S1
30S ribosomal protein S2
30S ribosomal protein S3
30S ribosomal protein S4
30S ribosomal protein S5
30S ribosomal protein S6
30S ribosomal protein S7
30S ribosomal protein S8
30S ribosomal protein S9
30S ribosomal protein S10
30S ribosomal protein S11
30S ribosomal protein S12
30S ribosomal protein S13
30S ribosomalprotein S14
30S ribosomal protein S15
30S ribosomal protein S17
30S ribosomal protein S20
30S ribosomal protein S21

Succinate dehydrogenase flavoprotein subunit
Protein-export protein SecB

Selenide, water dikinase
Serine--tRNA ligase

FKBP-type peptidyl -prolyl cis -trans isomerase SlyD»°

DNA -binding protein StpA

2-oxoglutarate dehydrogenase E1 component
Dihydrolipoyllysine -residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex
Secindependent protein translocase protein TatA

Threonine--tRNA ligase
Trigger factor
Tryptophanase

Thiol peroxidase
Elongation factor Ts
Sulfur carrier protein TusA

rome
romG
rpmH
rpoA
rpoB
rpoC
rpsA
rpsB
rpsC
rpsD
rpsk
rpsk
rpsG
rpsH
rpsl
rpsJ
rpsk
rpsL
rpsM
rpsN
rpsO
rpsQ
rpsT
rpsuy
sdhA
secB
selD
serS
slyD
StpA
SUcA

sucB

tatA
thrS
tig
tnaA
tpx
tsf
tusA



P07118 Valine--tRNA ligase

POA8J4 UPF0250 protein YbeD

POA9SU3 Un.characterized ABC transporter ATP -binding protein
YbiT

P29217 UPF0502protein YceH

POABU2 Ribosome-binding ATPase YchF

POA8BM6 UPF0265 protein YeeX

POAGNS8 Elongation factor P-like protein

POADV5 Luciferase-like monooxygenase

P76116 Uncharacterized protein YncE

Q46856 Alcohol dehydrogenase YghD

P37617 Zinc/cadmium/lead -transporting P -type ATPase

Table 10. Biological process classification of protein stability hits.

valS
ybeD

ybiT

yceH
ychF
yeeX
yeiP
yhbwW
ynckE
yghD
ZntA

# of hit peptides (proteins)

Category Cu PT ICD:i:Je:)hPT Cu+PT Total
Metal detoxification 5(2) 5() 4(2) 7 (3) 8 (3)
Fe-S cluster synthesis 1(2) 3(1) 3 2D 5(2)
Glycolysis and TCA cycle 4 (4) 10 (7) 8 (7) 15 (8) 28 (15)
Biosynthetic processes 33 15 (9) 6 (5) 12 (11) 31 (23)
Metabolic processes (other) 3 (3) 4(3) 4 (4) 7 (5) 14 (12)
Transcription 14 (6) 18 (5) 15 (7) 14 (6) 36 (11)
Translation (ribosome) 18 (11) 49 (21) 114 (36) 58 (21) 170 (44)
Translation (other) 2(2) 1(2) 11 (9) 5 (4) 16 (13)
Unfolded protein response 1 (1) 55 (6) 33 10 (5) 60 (10)
Peptide degradation 0 (0) 8 (4) 3(2) 7 (3) 9(4)
Cell redox homeostasis 1(0) 4(3) 3(2) 8 (5) 13 (8)
Stress response 2(2) 51) 1(2) 1(2) 8 (5)
Other/unknown 1(2) 3(3) 5 (5) 1(2) 9(9)
classification

Total hits 55(37) 180(69) 180 (84) 147(74) 407 (159)
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Figure 22 Protein expression level analysis (left) and protein stability analysis (right)
of E. coli cells treated under different conditions. Gray lines represent criteria used for
selection of differentially expressed and differentially stabilized proteins (|protein or
peptide log-cpi OOE wE T Effdom hvérfigaildguffolthabange), pAwyY 6 Yk A8 w! OUT wE (
orange dots represent hit proteins that passed the selection criteria for overexpression
and underexpression, respectively. Green (stabilized) or red (destabilized) dots
represent hit peptides that passed the selection criteria for significantly altered stability
changes. Known metal detoxification proteins are labeled in the pr otein expression
volcano plots.
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4.3.3 Cluster analysis reveals drivers of stability changes

A fuzzy c-means cluster analysis®® was employed to identify common hit
behaviors across all 407 peptide stability hits. Using this analysis, four main clusters of hit
behaviors were identified including those showing trends in: a) Cu -driven stabilization,
b) PcephPT-driven destabilization, c¢) PT-driven stabilization, and d) PT -driven
destabilization ( Figure 23). Membership scores for each of these clusters were assigned to
all peptide hits, and lower confidence classifications (scores < 0.7) were ignored in
subsequent analyses. Peptides that had low membership scores most likelyhave complex
stability changes that cannot be explained by the four main clusters identified. Hits with
high confidence classifications in the four clusters above (~60% peptide hits mapping to
~100 proteins)were considered as targets of Cu, PT-, or PcephPT-related activities.

The peptide hits in each cluster were sorted into groups based on the biological
process GO terms associated with the proteins to which they mapped to better understand
what cellular processes were impacted by the different treatment types (Table 11). The
cluster with the most hits (91 peptides) was composed of peptides exhibiting PcephPT-
driven destabilization. A PANTHER bioinformatic analysis 15¢160 of this cluster revealed
that it is significantly enriched (4 -fold) in peptides mapping to ribosomal proteins and
other proteins involved in translation (e.g., tig, tsf, frr). The second largest cluster contains
peptides exhibiting PT -driven stabilization. Many peptides in this cluster map ped to

chaperone proteins (e.g.,dnak, groL) as well as iron-sulfur cluster transcript ion regulator
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iscRand zinc export protein zntA. Another similar cluster included peptides that had PT -
driven effects that led to destabilization. Peptides from many ribosomal proteins as well
as peptides from proteins involv ed in metabolic processes (e.g.pflB, aceF, ppavere found
in this category. The final cluster includes peptides exhibiting Cu -driven stabilization, a
behavior independent of the small molecule chelators and purely a consequence of the
increasing Cu concentrations imparted by the treatment conditions. Peptides in this
category include those mapping to copper detoxification protein CueO, to key enzymes
in glycolysis and the TCA cycle (e.g., gapA, icd, sdhA)to proteins involved in translation
(e.g, ribosomal proteins, serS, prfC)to proteins involved in cell redox homeostasis (e.g.,
tpx, ahpC, ychl; and to proteins containing iron -sulfur clusters (lipA, acnB. The breadth
of this list shows that Cu disrupts a multitude of cellular pathways when it is delivered

artificially by met al ionophores such as PT.
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Figure 23. Hit peptides clustered according to their stability change trends.  Fuzzy c-
means clustering identified four clusters that described the behavior of D60% of peptide
hits mapping to D100 proteins. For each cluster, a graph indicating the relative protease

susceptibility of member peptides is shown above a heatmap displaying the raw
logz(fold change) of member peptides. Gene codes corresponding to member proteins
are shown to the left of eachheatmap. (a) Peptides in cluster A exhibit decreased
protease susceptibility (indicating protein stabilization) as a consequence of increased
cellular Cu. (b) Peptides in cluster B exhibit increased protease susceptibility (protein
destabilization) under t he treatment condition that includes PcephPT. (c) Peptides in
cluster C exhibit decreased protease susceptibility (protein stabilization) most
significantly under the PT alone condition, and partially under conditions containing PT
and PcephPT in the presence of Cu. (d) Peptides in cluster D exhibit increased protease
susceptibility (protein destabilization) most significantly under the PT alone condition,
and partially under conditions containing PT and PcephPT in the presence of Cu. Within
each heatmap, peptides are grouped according to their biological process GO terms (see
also Table 11).
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Table 11 Biological process classification of protein stability hits within each cluster.

# of hit peptides (proteins)

Cluster Cluster 1 Cluster 2 Cluster 3 Cluster 4 Total
(Cu-Driven, (PcephPT- (PT-Driven, (PT- classified
Stab.) Driven, Stab.) Driven,
Destab.) Destab.)
Metal detoxification 2D 0(0) 1(2) 0 (0) 3(2)
Fe-S cluster synthesis 0 (0) 0 (0) 0(0) 1(1) 1(2)
Glycolysis and TCA 10 (6) 33 1(1) 2(2) 16 (11)
cycle
Biosynthetic processes 2 (2) 33 4(3) 6 (5) 15 (13)
Metabolic processes 0 (0) 2(2) 0 (0) 2(2) 4 (4)
(other)
Transcription 2(2) 7 (6) 7(1) 2(2) 18 (9)
Unfolded protein 2(2) 2(2) 36 (3) 1(1) 41 (7)
response
Peptide degradation 1(2) 0 (0) 4(3) 0 (0) 5(3)
Translation (ribosome) 28 (10) 61 (18) 2 (2) 23 (13) 114 (34)
Translation (other) 4 (3) 8 (6) 0 (0) 1(2) 13 (10)
Cell redox homeostasis 5 (4) 1(2) 3(2) 0 (0) 9(7)
Stress response 0(0) 1(2) 2(1) 2(2) 5(3)
Other/unknown 0 (0) 3(3) 1(2) 1(1) 5(5)
classification
Total hits 56 (31) 91 (46) 61 (18) 41 (30) 249 (109)
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4.3.4 Protein stability changes correlate with protein function*

As part of this work we correlated the Cu -induced stability changes observed for
two enzymes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, gene code gapA
and isocitrate dehydrogenase (IDH, gene codeicd), with changes in function. These assays
were performed by collaborators in the Franz lab using both unpurified cell lysates and
purified protein sam ples and are reported in reference 48.

Treating cells with the concentrations of Cu and PT used in the STEPRPP
experiment did not induce measurable changes in GAPDH activity. However, doubling
these concentrations to 20 uM Cu + 8 uM PT resulted in 85% inhibition, with more PT
resulting in furt her inhibition (Figure 24a). Treating with 20 uM Cu alone had no effect on
GAPDH activity, whereas treatment of cells with 2 mM Cu led to significant inhibition. It
is also noteworthy that treating the cells with just PT (up to 20 uM) produced no
significant change in GAPDH activity ( Figure 25a). This differential response of GAPDH
activity to the level of supplemental Cu is an indicator that E. coly &u-resistance
mechanisms are sufficient to safely handle low micromolar amounts of Cu but can be
broached by elevated concentrations in its growth environment. Inclusion of the
ionophore clearly lowers that threshold, as shown by the similar inhibition of GAPDH

activity by 2 mM Cu vs. 20 uM Cu + 8 uM PT.

4 Enzyme assays were designed with Dr. Jacqueline M. ZaengleBarone. J. M. ZB prepared treated cells and
lysates as well as performed the enzyme activity assays for GAPDH and IDH. Kevin Hwang assisted with
enzyme activity experiments.
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In order to test the hypothesis that the GAPDH inhibitio n observed in whole cell
lysates is the result of direct inhibition of the enzyme by Cu, we measured the catalytic
activity of purified GAPDH and indeed found it to be inhibited by Cu ( Figure 24c). To
gain further insight into the effect of Cu on the stabi lity of this enzyme, we determined
the chemical denaturant-induced equilibrium unfolding properties of the protein both in
the presence and absence of Cu using circular dichroism (CD) spectroscopy Figure 24e).
The shift of the unfolding curve to higher ur ea concentrations indicates that the presence
of Cu stabilizes this protein against denaturation, a result that is consistent with the Cu -
induced stabilization detected in the STEPP-PP experiment.

IDH activity in treated cells was evaluated under the same treatment conditions
described for GAPDH ( Figure 24b). According to the STEPP-PP results, IDH exhibited
significant ligand -induced stability changes in all four treatment conditions. In the cell
lysate assay, IDH activity was 85% inhibited by cotreatment of 20 uM Cu and 20 uM PT.
IDH activity was also ~50% inhibited in the 2 mM Cu condition, although the error
associated with the replicate measurements was relatively large (Figure 24b). As with
GAPDH, treating the cells with just PT (up to 20 uM) produced n o significant change in

IDH activity ( Figure 25b).
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A purified IDH sample was also inhibited by Cu ( Figure 24d). However, CD
spectra collected on IDH in the absence and presence of Cu were not similar. Notably, the
molar ellipticity values were significant ly reduced at a range of different wavelengths in
the Cu-treated sample (Figure 24f). While the differences in spectra precluded the ability
to obtain meaningful protein denaturation curves, this result provides evidence that Cu

interacts directly with the purified protein and alters its secondary structure.
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Figure 24. GAPDH and IDH activity changes correlate with stability and
conformational changes. Activity of GAPDH and IDH as monitored by absorbance at
340 nm for the conversion of their cofactors NAD *and NADP *to NADH and NADPH,

respectively. (a) Activity of GAPDH measured in cell lysates of E. colitreated for 15 min
as indicated; (b) activity of IDH measured in cell lysates of E. colitreated for 15 min as
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indicated,; (c) activity of 0.25 pM purified GAPDH exposed to increasing [Cu] as
indicated; (d) activity of 32 uM purified IDH exposed to increasing [Cu] as indicated; (e)
CD denaturation curves of 2.8 uM GAPDH showing stabilization in the presence of Cu
to urea-induced unfol ding. (f) CD spectra of 2.2 uM IDH showing significant change in
molar ellipticity and decreased alpha helicity (222 nm).
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Figure 25. GAPDH and IDH activity in cells treated with PT.
4.4 Discussion

E. colirelies on multiple systems to maintain metal homeostasis, including copper
resistance.lt is notable that only a small number of protein expression changes occurred
in the 10 uM Cu condition ( Figure 22), as it indicates that the Cu resistance and
detoxifi cation systems do not need to be upregulated to the same degree as in the
ionophore -containing conditions to cope with exposure to low micromolar Cu during
growth. This result is not surprising considering this low concentration of supplemental
Cu has little consequence on total cellular Cu levels compared to untreated controls
(Figure 17a). However, it is striking that the presence of the small molecule ionophores,
PT and PcephPT, when paired with only 10 pM Cu, caused similar cellular Cu
accumulation as treatment with 2 mM Cu. Predictably, the common protein expression

hits across treatment conditions that include PT or PcephPT are proteins involved in metal
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resistance:copA cueQ and zntA. CopA, a P-type ATPase that transports Cu(l) from the
cytoplasm into the periplasm, and CueO, a periplasmic copper oxidase, compose the
primary aerobic system for copper detoxification in E. coli'®* Similarly, ZntA is a P -type
ATPase that transports Znz.162 These resuts, combined with the small changes in
expression observed for the Cu-only treatment, indicate that these small molecules induce
E. coli to significantly upregulate metal resistance proteins in response to otherwise
inconsequential levels of Cu, an outcome that is consistent with the recognized ionophore
activity of PT. The observation that PcephPT treatment caused significant upregulation of
the same metal detoxification proteins is a strong indicator that these treated cells
experience metakinduced stress as a primary mode of action when PT is releasedin situ
upon cleavage of its prochelator version PcephPT. One key observation from the
expression level analysis is that cells do not need to hyperaccumulate Cu to sense Cu
induced stress. This is clearly illustrated in the PT -alone treatment condition in which
CopA, CueO, and ZntA are significantly overexpressed, despite the absence of Cu
hyperaccumulation as measured by ICP-MS (Figure 17a). One hypothesis for this
behavior is that cells experience less stess when Cu hyperaccumulation is managed by
the Cu homeostasis system; however, when this system is bypassed by metal ionophores
that artificially deliver Cu, the cells experience uncontrollable levels of metal -induced

stress. Future studies will be aimed at comparing the targets of artificially -delivered Cu
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vs. Cu overload from high Cu content in the media to better understand why cells are
experiencing Cu stress, even if the measurable levels are not elevated.

The identification of proteins involved in i ron-sulfur cluster biogenesis as protein
expression level hits for the PT-containing conditions is in line with previous work
showing that iron -sulfur clusters are targets of excess Cu and that the ionophore activity
of PT may help mediate this effect.1631% In fungi, PT has been shown toact as a Cu
ionophore to import Cu into the cell, leading to Cu toxicity and damage to iron -sulfur
clusters in metabolic enzymesi¢ In addition, PT was observed to impact the iron -sulfur
cluster assembly system, particularly the transfer of the cluster from its scaffold to the
target protein, as well as proteins involved in metabolic processes such as the citric acid
cycle and amino acid synthesis163166 The unique upregulation of several proteins in the
PT-alone condition suggests that this treatment may influence other pathways in the cell
aside from iron -sulfur cluster maturation and may elicit distinct responses in biological
processes such as amino acid and lipid biosynthesis.

Although the protein expression level analysis provided some i nsight into the E.
coliresponse to pharmacologically induced Cu stress, it identified relatively few hits (<1 4
4% of the assayed proteins). In contrast, a significantly larger fraction (6t 15%) of the
assayed proteins in the folding stability analysis were identified as hits. The stability
changes observed for the protein hits identified in the pulse proteolysis analysis could in

principle result from direct protein -ligand binding interactions, where the ligand in these
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cases could be Cu, PT, a CtPT complex, or PcephPT. Alternatively, a hit could come from
a protein that was indirectly stabilized or destabilized by a partner protein that was
directly impacted by binding to one of the treatment components. We aimed to better
understand the underlying effects driving the peptide hit behaviors by looking for
consistent trends. We reasoned that protein stability hits resulting from direct Cu -protein
interactions are likely to correlate with the cellular Cu concentration, which our ICP -MS
results showed covers a range based on treatment conditions. However, we could not rule
out the impact of PT or PcephPT on protein stability, which would be independent of Cu
concentration. The deconvolution of the separate effects of Cu and small molecules was
facilitated by the cluster analysis that revealed four main clusters of hit behaviors driving
stability changes for different groups of proteins.

Our data provide evidence that unregulated Cu may target central carbon
metabolism in E. coli similar to the findings of recent work exploring the response to
copper stress in Staphylococcus aure&8 Of the 31 proteins in the Cu-driven category, Six
are involved in glycolysis or the TCA cycle. We showed that two of these enzymes,
GAPDH and IDH, had catalytic activities directly inhibited by Cu in purified form and by
the combination of extracellular Cu and PT in whole cell lysates. GAPDH was also found
to be a target of silver toxicity in E. coli®® A striking number of peptides from ribosomal
proteins (28 peptides, ten proteins) and tRNA ligases (two peptides, two proteins) were

also found in the Cu-driven category, suggesting the peril of increasing intracellular Cu
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may target the ribosome and protein biosynthesis.167. 162 Predictably, peptides from

proteins involved in cell redox homeostasis were shown to have Cu-driven stability
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incite oxidative stress may contribute to its mode of action, in addition to its other

discovered effects on metabolism and translation. By separating the effects of Cu from the

effects of its small molecule carriers, this analysis reveals both established and novel
mechanisms of action for Cu-induced cell death. Moreover, we now have evidence that

these effects can be amplified by the presence of a small molecule ionophore with the

ability to functionally overwhelm Cu homeostasis.

Proteins not classified as having stability changes driven by Cu were classified as
being driven by either PT or PcephPT. Such stability changes were independent of Cu
concentration and suggest unique modes of action mediated by the presence of the small
molecule chelator and prochelator. Of the 61 peptides classified in the PT-driven
stabilization cluster, 36 (59%) are from proteins involved in the unfolded protein response,
although most of these peptides correspond to two main proteins, dnaKand groL, and
many other peptides are from protein chaperones or proteases. These results implcate
PT-driven activities in having a direct effect on protein quality control. Interestingly, iron -
sulfur cluster biogenesis transcriptional regulator iscRis clustered into the PT-driven

cluster and not into the Cu-driven cluster, implying that the pres ence of the small

144



As noted above, past studies have shown that the antifungal effect of PT is due to its
disruption of enzymes containing iron -sulfur clusters,163164 while other studies have
shown that excess Cu could be the primary interactor.143144. 176171 Qur results suggest PT
alone has a strong effect on inducing the transaiptional regulation of iron -sulfur cluster
biogenesis, while Cu and PT each may directly target iron-sulfur cluster containing
enzymes.
#1 UxDUIl wUT 1 DUWEDI 11 Ul OUWOUUEOOI hudmadeEUEDOT L
expressing E. coli PcephPT and PT we&e shown in previous work to have similar
minimum inhibitory concentrations (MICs) against E. coliUT EU wl R x UdctanhbeE w E w ¢
enzyme capable of cleaving PcephPTt54 Since PcephPT functions by releasing PT, it is
reasonable to expect the two molecules to share some aspects of their modes of action,
while also having distinct targets due to their different structures. Indeed, the cluster
analysis revealed 91 peptides mapping to 49 proteins for which the stability changes were
driven uniquely by PcephPT. This set of proteins was enriched 4-fold in ribosomal
proteins and proteins involved in translation, which is in line with a thermal proteome
profiling study in E. colithat uncovered targets of ampicillin, an antibiotic that shares

that small molecules such as PT and PcephPT have both a metatiriven mode of action

and modes of action independent of the metals they bind.
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One advantage of using protein folding stability measurements to understand the
biological activities of small molecules is that protein folding stability is closely connected
to protein function. However, it can be challenging to connect a detected protein foldin g
stability change to a specific functional change in complex biological systems due to the
limited availability of appropriate functional assays. Fortunately, two of the protein hits
identified in this work, GAPDH and IDH, are enzymes with well -established assays¢7.173
that can be performed on both the purified protein and the protein in unpurified cell
lysates obtained from treated E. coli Our enzyme activity data on these proteins
demonstrated that changes in enzyme stability (GAPDH) or enzyme conformation (IDH)
led to changes in enzyme function in whole cell E. coli Low micromolar concentration s of
PT and Cu were sufficient to reduce GAPDH and IDH activity by at least 85%.
Interestingly, while 2 mM Cu consistently inhibited GAPDH, IDH was not as reliably
inhibited in treated cells. Our ICP -MS results show high variation in the amount of cell -
asociated Cu after treatment with 2 mM Cu ( Figure 17a), which could explain the variable
effects of this treatment on enzyme inhibition for IDH if the amount of Cu imported is
close to its ICso. This result highlights the importance of the small molecule PT as a
delivery vehicle that allows even low concentrations of Cu to consistently affect enzyme
stability and activity. As showcased in our work with these key metabolic enzymes, it is
likely that other proteins exhibiting significant ligand -induced stability changes also

experience changes in their functions.
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In this work, we show that increasing intracellular Cu can affect a wide range of
protein targets. Although protein expression levels alone failed to identify the direct
targets of PT and Cu, measuring changes in protein stability revealed proteins involved
in multiple biological processes that are directly disrupted by treatment with PT, Cu, and
a prodrug of PT. Furthermore, we observed a clear link between changes in protein
stability and changes in protein function, thereby elucidating new insights into long -
standing questions about the specific targets and functional consequences of cellular
toxicity induced by Cu. More generally, these findings point to the utility of protein
stability -based methods such as onepot STEPRPP as powerful tools for interrogating
protein-metal and protein-drug binding interactions on the proteomic scale to gain
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5. Protein Folding Stability Measurements Reveal
Mediators of Fe- and Zn-sensitization to Ferroptotic Cell
Death

The work described in this chapter was performed in collaboration with Professor
JenTsan Ashley Chi and his group in the Department of Molecular Genetics and

Microbiology at Duke University.

5.1 Introduction

The balance of cell proliferation and cell death is important in ensuring tissue
homeostasis and preventing the onset of hyperproliferative diseases such as cancer*
Traditionally, cell death processes have been hought to occur primarily through caspase -
dependent apoptosis. However, recent discoveries have led to knowledge of nonapoptic
forms of regulated cell death with important implications in disease. 17> The concept of
ferroptosis, an iron-dependent form on nonapoptotic cell death, was first proposed by
Dixon in 2012.17¢ Ferroptosis is characterized by iron accumulation leading to lipid
peroxidation, and is morphologically, biochemically, and genetically distinct from other
forms of cell death such as apoptosis, necrosis, and autophagy. Ferroptosis has been
implicated in the pathological cell death associated with neurodegenerative diseases (e.g,

04l 1 POl Uz UwWEOBE W/ E U OB ih @dbcinbhenEsd.Undetsthnding BEhe w b |
multifaceted mechanisms behind the activation of ferroptosis has significant therapeutic
value as triggering ferroptosis can lead to the selective destruction of cancer cells, while

its suppression may offer prote ction from neurodegeneration and other human diseases.
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Ferroptosis was first described as a mechanism by which erastin induced cell
death. The oncogenic RASselective small molecule erastin (see Scheme 3) triggers
ferroptosis by inhibiting cystine uptake via the cystine/glutamate antiporter system
(system X:). The inhibition of cystine uptake creates a void in the antioxidant responses
of the cell and ultimately leads to iron -dependent oxidative cell death.1’¢ Erastin is only
one of the many compounds and agents that induce ferroptosis. Other avenues of
initiatin g ferroptosis include small molecule compounds that inhibit glutathione
peroxidase 4 (GPX4) expression or activity to favor accumulation of lipid peroxides, as
well as small molecules that inhibit glutathione biosynthesis. 177 These molecules target
ferroptosis-related pathways distinct from erastin and promote lipid ROS accumulation.
Implied by its name, another approach to sensitize cells to ferroptosis is to increase levels
of intracellular iron, which can be accomplished by treating cells with supplemental iron
or using metal trafficking agents to load iron into cells, such as iron -loaded
nanoparticles.178

OUT OUT T wUTl DwOEOPW? WPOBPEEUI UwlUT EQwUT T wET OC
iron and not on other transition metals, recent studies have shown that zinc is also
essential for ferroptosis in breast, renal, and lung cancer cells!7¢180 Previously publishe d
work from the Chi lab shows that zinc chelation suppresses ferroptosis while addition of
zinc promotes ferroptosis. ° The implication of zinc in ferroptotic cell death is unexpected,

and the underlying mechanisms behind its role have not been fully elucidated. In
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addition, the study of how zinc regulates ferroptosis may also provide insights into the
ferroptosis-promotion capacity of iron, a process that is poorly understood. 18t

The aims of this work were to discover protein mediators of both Fe- and Zn-
sensitization of cells to ferroptosis. To accomplish this goal, protein folding stability
measurements using the onepot STEPRPP technique introduced in Chapter 2 of this
dissertation are employed to probe protein -metal binding events. Protein targets (e.g.,
those with changed stabilities) resulting from exposure to supplemental iron and zinc are
identified. These proteins are then used to identify pathways targeted by these transition
metals, providing insight into their roles in sensitizing cells to the ferroptotic cell death

induced by erastin.

! + Zn

Erastin Enhanced Ferroptosis

Scheme 3. Fe- and Zn-mediated sensitization of cells to erastin -induced
ferroptotic cell death. *

1 Created with BioRender.com
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5.2 Experimental Section
5.2.1 Materials

The following materials were obtained from Sigma Aldrich (St. Louis, MO): S -
methylmethanethiosulfonate (MMTS), erastin, ferric citrate, zinc chloride, sodium
chloride, ethylenediaminetetraacetic acid (EDTA), urea, centrifugal filter units (Am icon
Ultra, 0.5 mL, 10 kDa MWCO), tris(hydroxymethyl)aminomethane hydrochloride (Tris -
HCI), thermolysin from Geobacillus stearothermophilus, trifluoroacetic acid (TFA), and
triethy lammonium bicarbonate buffer (TEAB, 1 M, pH 8.5). The following materials
were obtained from Thermo Fisher Scientific (Waltham, MA): acetonitrile (ACN, LC -MS
grade), TMT10-plex isobaric label reagent set,NHS-activated agarose dry resin (Pierce),
Coomassie Plus Bradford Reagent (Pierce), and porcine pancreas trypsin (proteomics
grade). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was obtained from Santa
Cruz Biotechnology (Dallas, TX). Phosphate-buffered saline (PBS Dx) and
ethylenediaminetetraacetic acid (EDTA) solution (0.5 M, pH 8.0) were obtained from
Corning (Corning, NY). Macrospin columns (silica C18) were obtained from Nest Group

(Southborough, MA). RCCA4 cells were obtained from the Duke Cell Culture Facility.

5.2.2 Cell culture and lysis

RCC4 cells were grown to /5% confluency in 15 cm dishes (4replicates for erastin
+ Zn, 3 replicates for erastin + Fe, Jeplicates for erastin + Zn) at concentrations of 4 pM

erastin, 200 UM zinc chloride and 25 uM ferric citrate to the respective dishes. The cells
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incubated with metals and drug for 24 hours after which they were harvested and stored
at-80°C.

RCCA4 cell pellets were thawed, then lysedin 50 pL of PBS (1x) supplemented with
the following protease inhibitors: 1 mM AEBSF, 20 uM leupepti n, 10 uM pepstatin A, 500
UM bestatin, and 15 uM E-64. Cell lysis was accomplished using 5 cycles of freezethaw
(30-45 seconds in liquid nitrogen, 5 minutes in RT water bath). The lysed cells were
centrifuged at 14,000 g for 15 minutes at 4C. Total protein concentration from each
generated cell lysate was determined by a Bradford assay and rangedfrom 3-4 mg/mL.
Cell lysates for each condition were normalized to 0.8 mg/mL before protein expression

level and pulse proteolysis analyses.

5.2.3 Protein expression level workflow

The normalized lysates generated from the RCC4 cell treatment conditions
described above were first subjected to a conventional protein expression level analysis.
Aliquots of each lysate containing ~40 ug of protein were diluted in PBS (1x) and
transferred to 10 kDa MWCO centrifugal filter units. A filter -aided bottom-up sample
preparati on with isobaric mass tag labeling was employed as previously described .8 First,
proteins were buffer exchanged into UA (0.1 M Tris, 8 M urea, pH 8.0). They were then
reacted with 100 pL of 5 mM TCEP in UA for 1 h at RT and subsequently with 100 pL of
20 mM MTS in UA for 10 min at RT. Samples were then buffer exchanged into 0.1 M TEAB

(pH 8.5) and digested with trypsin overnight at 37 °C. For the trypsin digestion, the
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enzyme to substrate ratio was between 1:20 and 1:100 (w/w). Digested samfes were
labeled with a TMT10-x O1 Rw Ul ET 1 OUwWwOPUWEEEQOUEDOT wUOwWOEODUI
peptides were washed through the filters with 50 pL of 0.5 M NaCl (3x). The TMT10 -plex

labeled samples were then combined into one final tube. The combined sample was

desalted using C18 Macrospin columns prior to LC -MS/MS analysis.

5.2.4 One-pot STEPP-PP workflow
The normalized lysates generated from the RCC4 cell treatment conditions
described above b1 Ul wEOUOwW UUERNKkBUP it UOUWIEWRW@UI 60aubUu
included a semitryptic peptide enrichment strategy for proteolysis procedures (STEPP)?
©3 7 1T wx@Wi? uEOEOCAUDUWEOOOPT EwlUT | wbOEOUXx OUEUDOOWO
condition (erastin alone) and 3 biological replicates each of the metal cdreatment
conditions (erastin + Fe & eastin + Zn) into the TMT10-plex guantification readout.
Aliquots of each lysate were distributed into a series of 12 urea-containing buffers (PBS
(1x), pH 7.4) spaced at 0.4 M intervals between 1.0 and 5.4 Murea. The total amount of
protein in each denaturant-containing buffer was 8 pg. The samples were incubated for 2
h at RT in the denaturant-containing buffers before 0.8 pg of thermolysin was added to
each tube. The thermolysin digestions were allowed to proceed for 1 min at RT before
they were quenched upon addition of 60 pL of a urea/EDTA solution (~0.2 M EDTA, 8 M
urea, pH 8.0). The quenched samples from each denaturanicontaining buffer for each
EOOCEDPUDPOOWDOWE Wl PYI OWEDOOOT PEEOQwWUxOOD uBEIEIOw Ol D
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resulting in four erastin treatment, three erastin + Fe treatment, and three erastin + Zn

UUI EUOI-90Ww? @QOEOXx Ol Ub-wQUWUE Q@ wd @bl Ul wlOTl T OwEOO

Qu

C18 macrospin columns before they could undergo the chemo-selection protocol and be
further multiplexed and combined into a single L C-MS/MS sample.
After the C18 concentration steps, each sample containing ~50 g of total protein
was subjected to a semitryptic peptide enrichment strategy for proteolysis procedures
(STEPP) that has been previously reported.“ Before the STEPP protocol, samples were
diluted in 100 pL of UA (0.1 M Tris, 8 M urea, pH 8.5) to ensure proper unfolding before
reduction and alkylation of disulfide bonds. The STEPP protocol involved reacting each
sample with 1.5 mM TCEP for 1 h at 30C and then with 2.5 mM MMTS for 10 min at RT.
The protein material (containing bo th intact proteins and thermolys in cleaved peptides)
was labeled with a TMT10-x Ol BwUIl ET 1 OUwOPUWEEEOUEDOT wUOwWOEOD
labeling, the samples were combined into a single protein sample that was lyophilized,
re-dissolved in 2% TFA (v/v), and desalted using C18 Macrospin columns according to
OEOUI EEUUUI Uz UwxUOUOEOOB w31 I w E-tidsdvedlimn EuMI EOx O1 w
TEAB (pH 8.5), and digested overnight at 37°C with trypsin at an enzyme to protein ratio
between 1:20 and 1:100 (w/w).NHS-activated agarose resin and 50 pL of 0.5 M NaCl was
added to the digested sample, such that the resin to total peptide ratio was approximately

150:1 (w/w). Samples reacted with the resin for 1.5 h at RT and were thenacidified with
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2% TFA (v/v). The acidified sample along with the resin was transferred to C18 Macrospin

columns, leaving a final desalted semitryptic peptide sample prior to LC -MS/MS analysis.

5.2.5 Quantitative LC-MS/MS analysis

The LC-MS/MS analyses were performed on a Thermo Easy nanolC 1200 coupled
to a Thermo Orbitrap Exploris 480 mass spectrometer system. The dried peptide material
generated from the expression and stability experiments were reconstituted in 1% TFA,
2% acetonitrile in H20, respectively. Aliquots of 1-2 pL (0.51 ug peptide) were injected in
triplicate into the UPLC system. The peptides were first trapped on a Thermo Acclaim
PepMap 100 75um x 2 cm, nanoViper 2Pk C18, 3 um, 100 A trapping column. The
analytical separation was performed using an PepMap RSLC C18 2 um, 1@ A, 75 um X
25 cm column (Thermo); the column temperature was set to 45°C.

Peptide elution was performed using a 95 min linear gradient of 4 -40 %B (80:20
acetonitrile:water, 0.1% formic acid) at a flow rate of 400 nL/min. The MS data was
collected using a top 20 datadependent acquisition (DDA) method which included MS1
at 120k and MS2 at 45k resolution. The MS1 normalized AGC target was set to 300%. For
MS2, the normalized AGC target was set to 300% with a max injection time of 105 ms. The
collision energy was set to 36%, and the scan range was 378,500 m/z. The isolation

window was 1.2 and the dynam ic exclusion duration was 45 s.
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5.2.6 Protein expression proteomic data analysis

Proteome Discoverer 2.3 (Thermo) was used to search the raw LEMS/MS files
against the human proteins (ProteomelD: UP000005640)n the 201710-25 release of the
UniProt Knowledgebase. The raw LC-MS/MS data generated in the protein expression
experiments was searched using fixed MMTS modification on cysteine; TMT10-plex
labeling of lysine side chains and peptide N-termini; variable oxidation of methionine;
variable deamidation of asparagine and glutamine; and variable acetylation of the protein
N-terminus. Trypsin (full) was set as the enzyme, and up to two missed cleavages were
allowed. For peptide and protein quantification, reporter abundance was set as intensity,
normalization mode and scaling mode were each set as none. All other settings were left
EUWETI Il EUOUWYEOUI Ubw. O0awlUaxUPEwxI| x UDET G uudDW w
?2 Ol E P U O FhRpEL® brés%) and with at least two peptides assayed were used for
subsequent analyses.

For each condition (TMT tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used in the protein
expression experiments were the reporter ion intensities from all the tryptic peptides for
a given protein generated in Proteome Discoverer. Before further analysis, each condition
was divided by the normalization factor for that condition to create N1 -normalized signal
intensities. These final N1-normalized tryptic peptide intensities were carr ied on to the hit

identification steps.
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For hit identification, an ANOVA analysis of the three groups (erastin, erastin +

Fe, erastin + Zn) was performed by manually calculating the total sum of squares, the sum
of squares within, and the sum of squares between the signal intensities of replicates for
each of the three groups in Excel. These values were then used to calculate the mean sum
of squares within and the mean sum of squares between in which an F-statistic for each
protein was derived. Proteins wi th F-statistics greater than the critical Fvalue (alpha =
0.05) of 4.74 were carried further in the analysis for posti OEwUl UUDOT d w w3 UO0I1 az
test was used to determine in which comparison(s) (i.e., erastin vs. erastin + Fe, erastin vs.
erastin +Zn, erastin + Fe vs. erastin + Zn) the significant differences for that specific protein
were present. Expression level hits of interest were proteins that showed significant
differences between the erastin alone treatment condition vs. the erastin and metal co-

treatment conditions.

5.2.7 One-pot STEPP-PP proteomic data analysis

The raw LC-MS/MS data generated in the PP experiment was searched in
Proteome Discoverer 2.3 (Thermo) using the same allowed modifications as the protein
expression data. Trypsin (semi) was set as the enzyme, and up to 3 missed cleavages were
allowed. For peptide and protein quantification, reporter ion abundance was set as
intensity, and normalization mode and scaling mode were each set as none. All other

settings were left as defaut values. Only semitryptic peptides with protein/peptide FDR
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subsequent analyses.

For each condition (TMT tag), a normalization factor was calculated from the
average of all the intensities for that tag. The signal intensities used in the PP experiments
were the reporter ion intensities from the semitryptic peptides generated in Proteome
Discoverer. Before further analysis, each condition was divided by the normalization
factor for that condition to create N1 -normalized signal intensities. Due to the possibility
of expression level changes during cell treatment, changes in the levels of semitryptic
peptides could be mistakenly identified as stability changes when they are in fact
expression level changes. Therefore, the Ninormalized semitryptic peptide signal
intensities were also divided by the N1 -normalized expression level intensities generated
for the corresponding protein. These final protein expression -normalized semitrypt ic
peptide intensities were carried on to the hit identification steps.

For hit identification, an ANOVA analysis of the three groups (erastin, erastin +
Fe, erastin + Zn) was performed by manually calculating the total sum of squares, the sum
of squares within, and the sum of squares between the signal intensities of the replicates
for each of the three groups in Excel. These values were then used to calculate the mean
sum of squares within and the mean sum of squares between in which an F-statistic for
each peptide was derived. Peptides with F-statistics greater than the critical F-value (alpha

= 0.05) of 4.74 were carried further in the analysis for posti OE wUl UUPOT 6 w w3 UOI a:
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test was used to determine in which comparison(s) (i.e., erastin vs. erastin + Fe, erastin vs.
erastin + Zn, erastin + Fe vs. erastin + Zn) tke significant differences for that specific
peptide were present. Stability hits of interest were peptides that showed significant
differences between the erastin alone treatment condition vs. the erastin and metal

cotreatment conditions.

5.3 Results
5.3.1 Experimental design and proteomic coverage?

We utilized the experimenta | strategy outlined in Figure 26 to generate differential
expression and stability profiles for proteins in cell lysates derived from RCC4 cells
exposed to erastin alone, or erastin cetreated with excess Fe or Zn. RCC4 is a renal cell
carcinoma cell line without the tumor suppressor gene VHL. RCC4 was used in this study
because it was shown to be highly sensitive to the cell death induced by cystine
deprivation and ferroptosis. 182183 The treatment conditions were chosen to allow
evaluation of stability changes resulting from the presence of excess metal compared to a
baseline erastin treatment control. Stability changes can indicate direct or indirect ligand
binding events, altered protein -protein interactions, post -translational modifications, and

protein localization. Therefore, the stability changes identified here may reveal protein

2RCCH4 cells were grown and treated by Alexander Mestre.
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Figure 26. One-pot STEPP-PP stability proteomics workflow employed in this
analysis and schematic behaviors of the proteins identified.

targets and corresponding mechanisms that are essential to Fe and Zn-sensitization to
erastin-induced cell death. Our approach enabled differential folding stability
measurements to bemade on approximately 3000 semitryptic peptide probes mapping to
843 mammalian proteins across the conditions studied, revealing a number of
differentially st abilized protein hits (Figure 27, Table 13. Conventional protein expression
level analyses were also performed as a complementary approah in which 2084 proteins
were assayed for changes in expression across the conditions studied, also revealing a

number of differentially e xpressed protein hits (Figure 27, Table 12.

5.3.2 Analysis of Variance (ANOVA) identifies proteins with significant
treatment-induced expression level and stability changes

~

Ow -.5 wEOEOaUDPU wbhitibsumvasusdd @l idertify puotelns) U

with significant treatment -induced expression and stability changes. ANOVA is a
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statistical technique that compares the variance within a treatment group to the variance
between treatment groups to determine if they are significantly different. The calculated
F ratio from the analysis is indicative of how different the groups are, with a higher F ratio
implying the groups hav e significantly different mean values. While the ANOVA analysis
can determine if there are differences between the groups in question (using a critical ~
value), it cannot tell which comparisons the differences arise from if there are more than
two groups. ! 1 EEUUT woOl wUI bl ued is 2ripdyed to datermidé) Which
Ux] EPI PEwT UOUxUzw Ol EOUWEU]T wEBIT1TUI OUwiudOwi |
determined using a critical q-value cutoff of 4.165 that was determined based on the
number of comparison groups, degrees of freedom, and an alpha value of 0.05 (cubff
shown on x-axis in Figure 27). These statistical methods were used to compare the three
treatment groups in this analysis: (i) erastin alone, (ii) erastin cotreated with supplemental
iron, and (iii) erastin cotreated with supplemental zinc. For the purposes of this
dissertation, the focus is on comparisons of the erastin controls versus erastin cetreated
with either iron or zinc. These comparisons tell us what changes lie in the addition o f
supplemental metal on top of the baseline erastin control.

In the expression level analysis, 184 proteins were identified as protein expression
hits under the erastin and iron cotreatment conditions compared to erastin alone. The
addition of supplementa | zinc instead of iron caused more expression level changes,

resulting in 294 proteins identified as expression hits under the erastin and zinc
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cotreatment conditions compared to erastin alone (Figure 27, Table 12. In the stability
analysis, 172 proteinswere identified as protein stability hits under the erastin and iron
cotreatment conditions compared to erastin alone. The addition of supplemental zinc
instead of iron resulted in significantly fewer stability changes, with only 37 proteins
being identifi ed as having significant changes in their stability compared to erastin

treatment alone (Figure 27, Table 13.

Protein Expression Hits Protein Stability Hits
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Figure 27. Proteins or peptides with significant e xpression or stability changes under
erastin and metal cotreatment conditions compared to erastin control. Plot markers
related to proteins of interest are labeled for visualization. Venn diagrams show the
number of overlapping protein targets of iron and zinc from each analysis.

A number of the hits identified in the expression level and stability analyses are
known to be involved in ferroptosis. These include: heme -oxygenase1l, which is an
essential enzyme that promotes iron-dependent lipid peroxidation during ferroptotic cell
death!84 CD44, a transmembrane protein known to stabilize the xCT system and increase

the import of cystine for glutathione synthesis 185187 the transferrin receptor (TFRC), which
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is known to be a specific ferroptosis marker and plays a role in the regulation of the labile
iron levels that lead to ROS!#81%; and HSPA5, which was recently discovered to be a
negative regulator of ferroptosis by protecting the protein GPX4 from degradation 191 The

altered expressions and stabilities of these protein targets are displayed in Figure 28.

Expression Hits of Interest

Overexpressed
HMOX1
cD44 10
ANXA4
ANXA11
ANXAB 0
ANXA2
ANXA5 -10
ANXA7
Fe vs. Er Zn vs. Er Underexpressed

- ; Destabilized
Stability Hits of Interest (Higher Levels of Proteolysis)

cD44 4
TFRC 5
HSPAS5
HSPAS5 0
ANXA4 -2
ANXA11 4

Fe vs. Er Znvs. Er  Stabilized
(Lower Levels of Proteolysis)

Figure 28. Heat map showing magnitude of expression or stability changes of select
ferroptosis -related protein t argets, as well as targets not previously linked to
ferroptosis.
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The data not only revealed protein targets that were previously shown to be
connected to ferroptotic cell death, but also novel targets not experimentally linked to
ferroptosis. For instance, multiple proteins from the annexin family were shown to have
changes in both their stability and expression levels (see Figure 2B8as a result of treatment
with iron and zinc. This family of proteins has not been previously linked to ferropto tic
cell death. Future studies could focus on understanding their role in this process. In
addition, there are some additional iron - and zinc-regulated proteins which may also

regulate ferroptosis, but have not been previously appreciated.
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Table 12. Cumulative list of proteins with

Fe- or Zn-induced expression level changes.

Accession Protein Name Condition
0147761 Transcription elongation regulator 1 Both
P52735 Guanine nucleotide exchange factor VAV2 Both
Q997141 3-hydroxyacyl -CoA dehydrogenase type-2 Both
Q9UERT-1 Death domain-associated protein 6 Both
P49023 Paxillin Both
Q061242 Isoform 2 of Tyr:):(i:r;;g:(i;e;ig EZosphatase non- Both
P484262 Isoform 2 of Phgsphatidylinositol 5 -phosphate 4- Both

kinase type-2 alpha
Q6NZI2-1 caveolae-associated protein 1 Both
000625 Pirin Both
Q15293 Reticulocalbin-1 Both
Q14696 LRP chaperone MESD Both
Q969H8 Myeloid -derived growth factor Both
P14314 Glucosidase 2 subunit beta Both
0001591 Unconventional myosin -Ic Both
pP27797 Calreticulin Both
P14625 Endoplasmin Both
P07237 Protein disulfide -isomerase Both
Q150841 Protein disulfide -isomerase A6 Both
Q96CW1 AP-2 complex subunit mu Both
P13667 Protein disulfide -isomerase A4 Both
Q146971 Neutral alpha -glucosidase AB Both
P11021 78 kDa glucoseregulated protein Both
095881 Thioredoxin domain -containing protein 12 Both
P139291 Betaenolase Both
P30101 Protein disulfide -isomerase A3 Both
P29966 Myristoylated alanine -rich C-kinase substrate Both
Q16186 Proteasomal ubiquitin receptor ADRM1 Both
P35221 Catenin alpha-1 Both
Q12767 Transmembrane protein 94 Both
P333163 Deoxyuridine 5' -triphosphate _nucleotidohydrolase, Both
mitochondrial

Q15185 Prostaglandin E synthase 3 Both
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043852 Calumenin Both
Q96KP4 cytosolic non-specific dipeptidase Both
P60891 ribose-phosphate pyrophosphokinase 1 Both
Q9HB71 Calcyclin-binding protein Both
P339931 DNA replication licensing factor MCM7 Both
P30041 Peroxiredoxin -6 Both
P62191 26S proteasome regulatory subunit 4 Both
P631041 14-3-3 protein zeta/delta Both
Q99497 protein/nucleic acid deglycase DJ-1 Both
P63208 s-phase kinaseassociated protein 1 Both
P54577 Tyrosine--tRNA ligase, cytoplasmic Both
P21333 Filamin -A Both
P119401 Polyadenylate-binding protein 1 Both
P60866 40S ribosomal protein S20 Both
P42285 Superkiller viralicidic activity 2 -like 2 Both
014745 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 Both
P62899 60S ribosomal protein L31 Both
Q00796 Sorbitol dehydrogenase Both
0608691 Endothelial differentiation -related factor 1 Both
P63244 Receptor of activated protein C kinase 1 Both
Q131481 TAR DNA -binding protein 43 Both
P62249 40S ribosomal protein S16 Both
P519911 Heterogeneous nuclear ribonucleoprotein A3 Both
P39019 40S ribosomal protein S19 Both
Q2TAC2 Coiled-coil domain -containing protein 57 Both
075822 Eukaryotic translation initiation factor 3 subunit J Both
P61254 60S ribosomal protein L26 Both
P05783 Keratin, type | cytoskeletal 18 Both
P62888 60S ribosomal protein L30 Both
P62269 40S ribosomal protein S18 Both
P40429 60S ribosomal protein L13a Both
P05388 60S acidic ribosomal protein PO Both
P46781 40S ribosomal protein S9 Both
P19338 Nucleolin Both
P233961 40S ribosomal protein S3 Both
P62851 40S ribosomal protein S25 Both
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Q9Y5B9 FACT complex subunit SPT16 Both
P35268 60S ribosomal protein L22 Both
P62753 40S RIBOSOMAL PROTEIN S6 Both
P46777 60S ribosomal protein L5 Both
P62701 40S ribosomal protein S4, X isoform Both
P18621 60S ribosomal protein L17 Both
P62750 60S ribosomal protein L23a Both
P27635 60S ribosomal protein L10 Both
P62241 40S ribosomal protein S8 Both
015233 Non-POU domain-csrr:tziir:]ing octamer-binding Both
076021 Ribosomal L1 domain-containing protein 1 Both
Q146691 E3 ubiquitin -protein ligase TRIP12 Both
P62993 Growth factor receptor -bound protein 2 Both
Q02878 60S ribosomal protein L6 Both
P263731 60S ribosomal protein L13 Both
P84098 60S ribosomal protein L19 Both
P61247 40S ribosomal protein S3a Both
P62424 60S ribosomal protein L7a Both
P49207 60S ribosomal protein L34 Both
Q9NTZ6 RNA -binding protein 12 Both
P67809 Nuclease-sensitive element-binding protein 1 Both
P62906 60S ribosomal protein L10A Both
P18124 60S ribosomal protein L7 Both
P46783 40S ribosomal protein S10 Both
Q07020 60S ribosomal protein L18 Both
QINPQ8 Synembryn-A Both
P84103 Serine/arginine-rich splicing factor 3 Both
P146781 Small nuclear ribonucleoprotein -associated proteins Both
B and B'
P628474 Isoform 4 of 40S ribosomal protein S24 Both
Q1362061 Isoform 2 of Cullin -4B Both
P39023 60S ribosomal protein L3 Both
P36578 60S ribosomal protein L4 Both
Q13151 Heterogeneous nuclear ribonucleoprotein AO Both
P232461 splicing factor, proline - and glutamine -rich Both
P12268 inosine-5-monophosphate dehydrogenase 2 Both
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P62917 60S ribosomal protein L8 Both
P300501 60S ribosomal protein L12 Both
P63220 40S ribosomal protein S21 Both
Q9Y3U8 60S ribosomal protein L36 Both
P18077 60S ribosomal protein L35a Both
P613131 60S ribosomal protein L15 Both
P46779 60S ribosomal protein L28 Both
P169891 Y-box-binding protein 3 Both
P83731 60S ribosomal protein L24 Both
P83881 60S ribosomal protein L36a Both
P46778 60Sribosomal protein L21 Both
P16402 Histone H1.3 Both
P50914 60S ribosomal protein L14 Both
P46782 40S ribosomal protein S5 Both
0959904 Isoform 4 of Protein FAM107A Both
P47914 60S ribosomal protein L29 Both
Q86V81 THO complex subunit 4 Both
Q8NC51-1 Plasminogen activatgci?(;inbitor 1 RNA -binding Both
P06748 Nucleophosmin Both
Q9NQC3 Reticulon-4 Both
Q6PKGO-1 La-related protein 1 Both
Q9NUWS8 tyrosyl -DNA phosphodiesterase 1 Both
Q144441 Caprin-1 Both
Q96J922 Isoform 2 of Serine/threonine-protein kinase WNK4 Both
P51572 B-cell receptor-associated protein 31 Both
P08758 annexin A5 Both
P200731 Annexin A7 Both
014641 Segment polarity protein d2ishevelled homolog DVL - Both
P35222 Catenin beta-1 Both
0096661 Neuroblast dlfferez\t;ali:zr& associated protein Both
075131 Copine-3 Both
Q151494 Isoform 4 of Plectin Both
PO96512 Isoform Al -A of Heterogeneous nuclear Both

ribonucleoprotein Al
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Q9NUQ3-1 Gamma-taxilin Both
Q6GMV2 SET and MYND domain -containing protein 5 Both
P04083 annexin A1 Both
P58107 epiplakin Both
P09525 annexin A4 Both
P50995 annexin A11 Both
P081331 annexin A6 Both
P07355 Annexin A2 Both
Q15436 protein transport protein Sec23A Iron
P40926 Malate dehydrogenase, mitochondrial Iron
Q969E4 transcription elongation factor A protein -like 3 Iron
P61604 10 kDa heat shock protein, mitochondrial Iron
P04179 Superoxide dismutase [Mn], mitochondrial Iron
Q9BQ39 ATP-dependent RNA helicase DDX50 Iron
P38646 Stress70 protein, mitochondrial Iron
095810 caveolae-associated protein 2 Iron
P80723 Brain acid soluble protein 1 Iron
Q9Y376 Calcium-binding protein 39 Iron
Q07157 Tight junction protein ZO -1 Iron
Q99536 Synaptic vesicle membrane protein VAT -1 homolog Iron
Q9Y2BO Protein canopy homolog 2 Iron
Q8NBS91 Thioredoxin domain -containing protein 5 Iron
Q9Y28L1 Cofilin -2 Iron
P630101 AP-2 complex subunit beta Iron
Q9Y4L1 Hypoxia up -regulated protein 1 Iron
P13797 Plastin-3 Iron
P07954 fumarate hydratase, mitochondrial Iron
P62826 GTP-binding nuclear protein RAN Iron
P35998 26S proteasome regulatory subunit 7 Iron
P29401 Transketolase Iron
075083 WD repeat-containing protein 1 Iron
P611601 Actin -related protein 2 Iron
P0O7900 Heat shock protein HSP 90-alpha Iron
P114131 Glucose-6-phosphate 1-dehydrogenase Iron
P24534 Elongation factor 1-beta Iron
Q5JTHS1 RRP12like protein Iron
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Q9UQ80 proliferation -associated protein 2G4 Iron
095373 Importin -7 Iron
P62277 40S ribosomal protein S13 Iron
P15880 40S ribosomal protein S2 Iron

Q8TB241 Ras and Rab interactor 3 Iron

Q9Y3051 Acyl -coenzyme A thioesterase 9, mitochondrial Iron
P62841 40S ribosomal protein S15 Iron
094855 Protein transport protein Sec24D Iron
P06865 Beta-hexosaminidase subunit alpha Iron
Q960QR8 Transcriptional activator protein Pur -beta Iron
Q9Y5G7 Protocadherin gamma-A6 Iron
P60510 Serine/threonine-protein phosphatase 4 catalytic Iron

subunit

Q167751 Hydroxyacylglutathione hydrolase, mitochondrial Iron
Q9H3S7 Tyrosine-protein phosphatase non-receptor type 23 Zinc
P35237 serpin B6 Zinc
P16070 CD44 antigen Zinc
P07205 Phosphoglycerate kinase 2 Zinc
Q9BY42 protein RTF2 homolog Zinc

Q6NXE6-1 Armadillo repeat -containing protein 6 Zinc
P68133 Actin, alpha skeletal muscle Zinc

Q12834 cell division cycle protein 20 homolog Zinc

Q6ZRF84 Isoform 4 of RING finger protein 207 Zinc
Q9BQE3 Tubulin alpha -1C chain Zinc

Q165761 Histone-binding protein RBBP7 Zinc

0433241 Eukaryotic translation elongation factor 1 epsilon -1 Zinc
P40261 Nicotinamide N -methyltransferase Zinc
P40763 Signal transducer and activator of transcription 3 Zinc
P14618 Pyruvate kinase PKM Zinc
Q13685 angio-associated migratory cell protein Zinc

Q9NRX4 14 kDa phosphohistidine phosphatase Zinc

Q9NW64-1 Pre-mRNA -splicing factor RBM22 Zinc

Q92597 Protein NDRG1 Zinc
Q8IVMO Coiled-coil domain -containing protein 50 Zinc
P68104 Elongation factor 1-alpha 1 Zinc
P52907 F-actin-capping protein subunit alpha -1 Zinc
P36405 ADP -ribosylation factor -like protein 3 Zinc
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P525651 rho GDP-dissociation inhibitor 1 Zinc
P044061 glyceraldehyde -3-phosphate dehydrogenase Zinc
P37802 Transgelin-2 Zinc
Q015181 adenylyl cyclase-associated protein 1 Zinc
P13489 Ribonuclease inhibitor Zinc
P60709 Actin, cytoplasmic 1 Zinc
P61221 ATP-binding cassette sub-family E member 1 Zinc
Q14974 Importin subunit beta -1 Zinc
P003381 L-lactate dehydrogenase A chain Zinc
P04075 fructose-bisphosphate aldolase A Zinc
P15121 aldose reductase Zinc
P27695 DNA -(apurinic or apyrimidinic site) lyase Zinc
P368711 Phosphoglucomutase-1 Zinc
P53004 Biliverdin reductase A Zinc
Q16531 DNA damage -binding protein 1 Zinc
P18669 Phosphoglycerate mutase 1 Zinc
P17980 26S proteasome regulatory subunit 6A Zinc
P632411 Eukaryotic translation initiation factor 5A -1 Zinc
P43487 Ran-specific GTPaseactivating protein Zinc
P04818 thymidylate synthase Zinc
043396 Thioredoxin -like protein 1 Zinc
Q9BTE31 Mini -chromosome mzirr;tttz?:nce complex-binding Zinc
000410 Importin -5 Zinc
AOAVT1-1 Ubiquitin -like modifier -activating enzyme 6 Zinc
0002321 26s proteasome nonatpase regulatory subunit 12 Zinc
P533962 Isoform 2 of ATP-citrate synthase Zinc
P49321 Nuclear autoantigenic sperm protein Zinc
Q9Y3A5 Ribosome maturation protein SBDS Zinc
P13639 Elongation factor 2 Zinc
Q5T6F2 Ubiquitin -associated protein 2 Zinc
000299 chloride intracellular channel protein 1 Zinc
P12081 Histidine --tRNA ligase, cytoplasmic Zinc
Q9UBT2 SUMO-activating enzyme subunit 2 Zinc
P21980 Protein-glutamine gamma -glutamyltransferase 2 Zinc
Q16658 Fascin Zinc
P62158 Calmodulin Zinc
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P34932 Heat shock 70 kDa protein 4 Zinc
P26641 elongation factor 1-gamma Zinc
Q14152 Eukaryotic translation initiation factor 3 subunit A Zinc
Q138381 spliceosome RNA helicase DDX39B Zinc
P36639 7,8-dihydro -8-oxoguanine triphosphatase Zinc
Q71UM5 40S ribosomal protein S27like Zinc
Q7L014 probable ATP-dependent RNA helicase DDX46 Zinc
P05787 Keratin, type Il cytoskeletal 8 Zinc
Q9BQGO Myb -binding protein 1A Zinc
Q0zZGT2 Nexilin Zinc
P091321 Signal recognition particle 19 kDa protein Zinc
Q16695 histone H3.1t Zinc
P82979 SAP domain-containing ribonucleoprotein Zinc
Q16527 Cysteine and glycine-rich protein 2 Zinc
Q96SB43 Isoform 1 of SRSFprotein kinase 1 Zinc
Q00403 Transcription initiation factor 11B Zinc
Q149801 nuclear mitotic apparatus protein 1 Zinc
P08727 Keratin, type | cytoskeletal 19 Zinc
P07384 Calpain-1 catalytic subunit Zinc
Q15029 116 kDa U5 smailorr]:;(ljenaerr:itbonucleoprotein Zinc
P53582 Methionine aminopeptidase 1 Zinc
P62857 40S ribosomal protein S28 Zinc
Q5SSJsL Heterochromatin protein 1 -binding protein 3 Zinc
Q9H074 Polyadenylate-binding protein -interacting protein 1 Zinc
Q10567 AP-1 complex subunit beta-1 Zinc
Q129061 Interleukin enhancer -binding factor 3 Zinc
P356371 RNA -binding protein FUS Zinc
015305 Phosphomannomutase 2 Zinc
Q9P258 Protein RCC2 Zinc
Q92841 Probable ATP-dependent RNA helicase DDX17 Zinc
P55769 NHP2-like protein 1 Zinc
P62913 60S ribosomal protein L11 Zinc
QOY6E2 Basic leucine zippe;ii(;(:ixv: domain-containing Zinc
P26368 Splicing factor U2AF 65 kDa subunit Zinc
Q15382 GTP-binding protein rheb Zinc
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Q92900 Regulator of nonsense transcripts 1 Zinc
Q8NCD3-3 Isoform 3 of Holliday junction recognition protein Zinc
Q13185 chromobox protein homolog 3 Zinc
P31943 Heterogeneous nuclear ribonucleoprotein H Zinc
000479 High mobility grsgri:i:icrllzosrc::;nfinding domain - Zinc
Q9BRX5 DNA replication complex GINS protein PSF3 Zinc
Q7LBC6-1 Lysine-specific demethylase 3B Zinc
Q9BX40 protein LSM14 homolog B Zinc
095801 Tetratricopeptide repeat protein 4 Zinc
P61927 60S ribosomal protein L37 Zinc
Q02543 60S ribosomal protein L18a Zinc
Q9P2ES1 Ribosome-binding protein 1 Zinc
Q5JSzZ51 Protein PRRC2B Zinc
P46087 Probable 28S rRNA (cytosine(4447)C(5))- Zinc
methyltransferase
Q9BXP5 serrate RNA effector molecule homolog Zinc
095336 6-phosphogluconolactonase Zinc
060506 Heterogeneous nuclear ribonucleoprotein Q Zinc
Q9BUQS8 Probable ATP-dependent RNA helicase DDX23 Zinc
Q01130 serine/arginine -rich splicing factor 2 Zinc
P14866 Heterogeneous nuclear ribonucleoprotein L Zinc
P552651 Double-stranded RNA -specific adenosine deaminase Zinc
0605041 Vinexin Zinc
060814 Histone H2B type 1-K Zinc
P17844 probable ATP-dependent RNA helicase DDX5 Zinc
Q9BUJI21 Heterogeneous nuclperirt:i:olnucleoprotein U -like Zinc
060645 exocyst complex component 3 Zinc
Isoform 3 of Heterogeneous nuclear .

Q997293 ribonucleoprc?tein A/B Zine
QINR30-1 Nucleolar RNA helicase 2 Zinc
Q08170 Serine/arginine-rich splicing factor 4 Zinc
075400 pre-mRNA -processing factor 40 homolog A Zinc
Q15050 Ribosome biogenesis regulatory protein homolog Zinc
Q86WRT7-1 Proline and serine-rich protein 2 Zinc
P55042 GTP-binding protein RAD Zinc
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Q99798 Aconitate hydratase, mitochondrial Zinc
P43243 Matrin -3 Zinc
Q9H6F5 Coiled-coil domain -containing protein 86 Zinc
Q9NUQS8 ATP-binding cassette subfamily F member 3 Zinc
P525641 Dual specificity mitoggn -activated protein kinase Zinc
kinase 6

0149791 Heterogeneous nuclear ribonucleoprotein D -like Zinc
P096511 Heterogeneous nuclear ribonucleoprotein A1 Zinc
Q9NW13-1 RNA -binding protein 28 Zinc
Q00839 Heterogeneous nuclear ribonucleoprotein U Zinc
P233681 NAD -dependent malic enzyme, mitochondrial Zinc
P22626 heterogeneous nuclear ribonucleoproteins A2/B1 Zinc
Q079551 Serine/arginine-rich splicing factor 1 Zinc
Q16629 serine/arginine-rich splicing factor 7 Zinc
Q6P1J9 Parafibromin Zinc
Q13247 Serine/arginine-rich splicing factor 6 Zinc
Q995382 Isoform 2 of Legumain Zinc
Q96AE4 Far upstream element-binding protein 1 Zinc
Q9HOL4 cleavage stimulation factor subunit 2 tau variant Zinc
P16403 Histone H1.2 Zinc
Q18701 P hsphodiestrass betad
P10412 Histone H1.4 Zinc
0145263 Isoform 3 of F-BAR domain only protein 1 Zinc
P09601 heme oxygenase 1 Zinc
QB6VF25 Isoform 5 of Immunoglobulin -like and fibronectin Zinc

type 11l domain -containing protein 1
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Table 13. Cumulative list of proteins with  Fe- or Zn-in duced stability changes.

Accession Protein Name Condition
P16070 CD44 antigen Both
Q9Co0C2 182 kDatankyrase-1-binding protein Both
Q096661  Neuroblast differentiation -associated protein AHNAK Both
P09525 annexin A4 Both
P300501 60S ribosomal protein L12 Both
P49327 Fatty acid synthase Both
P46940 Ras GTPaseactivating -like protein IQGAP1 Both
Q15003 Condensin complex subunit 2 Both
P55042 GTP-binding protein RAD Both
P53582 Methionine aminopeptidase 1 Both
015305 Phosphomannomutase 2 Both
Q9UHD8-1 Septin-9 Both
P62750 60S ribosomal protein L23a Both
P14618 Pyruvate kinase PKM Both
Q15293 Reticulocalbin-1 Both
P68104 Elongation factor 1-alpha 1 Both
P139291 Betaenolase Both
P067331 alpha-enolase Both
Q96KP4 cytosolic non-specific dipeptidase Both
P11021 78 kDa glucoseregulated protein Both
P60709 Actin, cytoplasmic 1 Both
P62851 40S ribosomal protein S25 Both
P08670 Vimentin Iron
Q014331 AMP deaminase 2 Iron
P50995 annexin A1l Iron
Q9NTJI31 Structural maintenance of chromosomes protein 4 Iron
Q9NR19-1 Acetyl -coenzyme A synthetase, cytoplasmic Iron
P04792 Heat shock protein beta-1 Iron
P15311 Ezrin Iron
095816 BAG family molecular chaperone regulator 2 Iron
Q9Y266 nuclear migration protein nudC Iron
Q9Y5Y2 Cytosolic Fe-S cluster assembly factor NUBP2 Iron
0434911 band 4.1-like protein 2 Iron
Q86U42-1 polyadenylate -binding protein 2 Iron
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Q9NUQ3-1 Gamma-taxilin Iron

P84098 60S ribosomal protein L19 Iron
Q99426 tubulin -folding cofactor B Iron
Q9ULAO Aspartyl aminopeptidase Iron
QOUI30 Multifunctional meth;llilllazil;(:gise subunit TRM112 - ron
P04083 annexin Al Iron
P62241 40S ribosomal protein S8 Iron
Q68CZ2-1 Tensin-3 Iron
Q92733 proline -rich protein PRCC Iron
060506 Heterogeneous nuclear ribonucleoprotein Q Iron
P63244 Receptor of activated protein C kinase 1 Iron
Q9BRX5 DNA replication complex GINS protein PSF3 Iron
P22626 heterogeneous nuclear ribonucleoproteins A2/B1 Iron
Q9UL46 proteasome activator complex subunit 2 Iron
Q961Z0 PRKC apoptosis WT1 regulator protein Iron
Q162221 UDP-N -acetylhexosamine pyrophosphorylase Iron
0141952 Isoform LCRMP -4 ofp[:i)r;zidnrc;pyrimidinase -related Iron
P13639 Elongation factor 2 Iron
P06748 Nucleophosmin Iron
0002331 26S proteasome nonrATPase regulatory subunit 9 Iron
Q8ww12 PEST proteolytic signal-containing nuclear protein Iron
Q8NC51-1 Plasminogen activatg:oi?er:inbitor 1 RNA -binding Iron
P62917 60S ribosomal protein L8 Iron
P18669 Phosphoglycerate mutase 1 Iron
Q15942 Zyxin Iron
Q8TF74 WAS/WASL -interacting protein family member 2 Iron
Q9Y490 Talin-1 Iron
P52597 Heterogeneous nuclear ribonucleoprotein F Iron
P044061 glyceraldehyde -3-phosphate dehydrogenase Iron
P202901 transcription factor BTF3 Iron
Q15428 splicing factor 3a subunit 2 Iron
Q8W\1NM7_ ataxin-2-like protein Iron
P54105 Methylosome subunit pICin Iron

176




Q14566 DNA replication licensing factor MCM6 Iron
Q9NQC3 Reticulon-4 Iron
Q9Y5U2-1 Protein TSSC4 Iron

Q13200 26S proteasome noRATPase regulatory subunit 2 Iron
Q9UQ35 serine/arginine repetitive matrix protein 2 Iron

P27635 60Sribosomal protein L10 Iron

P11586 C-1-tetrahydrofolate synthase, cytoplasmic Iron
Q9NQW6 Anillin Iron

Pre-mRNA -splicing factor ATP -dependent RNA

292620 ’ hglicase PRP16 ’ Iron
0607631 General vesicular transport factor p115 Iron

Q9BU89 Deoxyhypusine hydroxylase Iron

Q86Vv81 THO complex subunit 4 Iron

Q04637 eukaryotic translation initiation factor 4 gamma 1 Iron
Q9Y4H2 Insulin receptor substrate 2 Iron
Q9H6Z4 Ran-binding protein 3 Iron
P339931 DNA replication licensing factor MCM7 Iron

Q16658 Fascin Iron
0606641 Perilipin -3 Iron

P56192 Methionine --tRNA ligase, cytoplasmic Iron
P355791 Myosin -9 Iron

P51570 galactokinase Iron

Q01081 Splicing factor U2AF 35 kDa subunit Iron

P50991 T-complex protein 1 subunit delta Iron
Q724s61 Kinesin-like protein KIF21A Iron

P07900 Heat shock protein HSP 9C-alpha Iron

094776 Metastasis-associated protein MTA2 Iron

Q92616 elF-2-alpha kinase activator GCN1 Iron

015233 Non-POU domain-csrr(;ttaeiir;ing octamer-binding ron
P533961 ATP-citrate synthase Iron
P610771 Ubiquitin -conjugating enzyme E2 D3 Iron

Q00796 Sorbitol dehydrogenase Iron
Q9Y3D0 Mitotic spindle -aSSOCi?;Tsll\;MXD complex subunit Iron

P17812 CTP synthase 1 Iron

P17980 26S proteasome regulatory subunit 6A Iron
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Q96M27-1 protein PRRC1 Iron
p21281 V-type proton ATPase subunit B, brain isoform Iron
P46821 microtubule -associated protein 1B Iron
075153 Clustered mitochondria protein homolog Iron
015067 Phosphoribosylformylglycinamidine synthase Iron
P30153 serine/threonine-proteil? phosphaFase 2A 65 kDa ron

regulatory subunit A alpha isoform
Q86TB9 Protein PAT1 homolog 1 Iron
P850371 Forkhead box protein K1 Iron
P04075 fructose-bisphosphate aldolase A Iron
Q9H444 Charged multivesicular body protein 4b Iron
P60842 Eukaryotic initiation factor 4A -I Iron
Q86VS8 Protein Hook homolog 3 Iron
P21283 V-type proton ATPase subunit C 1 Iron
Q93052 Lipoma-preferred partner Iron
Q12874 splicing factor 3a subunit 3 Iron
P55072 Transitional endoplasmic reticulum ATPase Iron
000571 ATP-dependent RNA helicase DDX3X Iron
P48507 Glutamate--cysteine ligase regulatory subunit Iron
P208106 Isoform 6 of Calpastatin Iron
Q15365 Poly(RC)-binding protein 1 Iron
Q08378 Golgin subfamily A member 3 Iron
Q92597 Protein NDRG1 Iron
Q15691 Microtubule -associated pritein RP/EB family member ron
P47755 F-actin-capping protein subunit alpha -2 Iron
Q16186 Proteasomal ubiquitin receptor ADRM1 Iron
P003381 L-lactate dehydrogenase A chain Iron
P30101 Protein disulfide -isomerase A3 Iron
Q99832 T-complex protein 1 subunit eta Iron
P10809 60 kDa heat shock protein, mitochondrial Iron
pP37837 Transaldolase Iron
Q92922 SWI/SNF complex subunit SMARCC1 Iron
Q9Y265 RuvB-like 1 Iron
PO7737 profilin -1 Iron
P68036 Ubiquitin -conjugating enzyme E2 L3 Iron
043396 Thioredoxin -like protein 1 Iron
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Q13596 Sorting nexin-1 Iron
Q9BUF5 Tubulin beta-6 chain Iron
P23528 Cofilin -1 Iron
075874 Isocitrate dehydrogenase [NADP] cytoplasmic Iron
P08238 Heat shock protein HSP 90-beta Iron
P62937 peptidyl -prolyl cis -trans isomerase A Iron
P111421 Heat shock cognate 71 kDa protein Iron
P00558 phosphoglycerate kinase 1 Iron
P46060 Ran GTPaseactivating protein 1 Iron
0154601 Prolyl 4-hydroxylase subunit alpha -2 Iron
P68133 Actin, alpha skeletal muscle Iron
P632411 Eukaryotic translation initiation factor 5A -1 Iron
Q9HB71 Calcyclin-binding protein Iron
Q09028 Histone-binding protein RBBP4 Iron
Q14152 Eukaryotic translation initiation factor 3 subunit A Iron
P14174 Macrophage Migration inhibitory factor Iron
P221021 trifunctional purine biosynthetic protein adenosine -3 Iron
P333163 Deoxyuridine 5' —triphosphate _nucleotidohydrolase, Iron
mitochondrial
P40926 Malate dehydrogenase, mitochondrial Iron
P09382 Galectin-1 Iron
0001591 Unconventional myosin -Ic Iron
075083 WD repeat-containing protein 1 Iron
P62263 40S ribosomal protein S14 Iron
P300851 UMP-CMP kinase Iron
P29692 Elongation factor 1-delta Iron
P08708 40S ribosomal protein S17 Iron
Q015181 adenylyl cyclase-associated protein 1 Iron
P00352 Retinal dehydrogenase 1 Iron
P14625 Endoplasmin Iron
Q06830 peroxiredoxin -1 Iron
P83731 60S ribosomal protein L24 Iron
P62753 40S RIBOSOMAL PROTEIN S6 Iron
P50502 Hsc70-interacting protein Iron
P53999 Activated RNA polymerase Il transcriptional Iron
coactivator p15
Q144441 Caprin-1 Iron
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P26583 High mobility group protein B2 Iron
Q13151 Heterogeneous nuclear ribonucleoprotein A0 Zinc
043290 U4/U6.U5 tri -snRNP-associated protein 1 Zinc
P233681 NAD -dependent malic enzyme, mitochondrial Zinc
Q8N163-1 Cell cycle and apoptosis regulator protein 2 Zinc
000299 chloride intracellular channel protein 1 Zinc
043852 Calumenin Zinc
P02786 Transferrin receptor protein 1 Zinc
Q997141 3-hydroxyacyl -CoA dehydrogenase type-2 Zinc
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5.3.3 Comparative analysis of protein hits across techniques and
treatment conditions

Protein hits identified under the expression and stability analyses as well as hits
resulting from treatment of either supplemental iron or zinc were subject to comparative
analyses. These analyses inform us of the relative merits of using expression and stability
measurementsto understand ligand mode of action as well as provide an understanding
of overlapping or unique modes of action of the ligands of interest (e.g., mechanisms of

sensitization by iron vs. zinc).

5.3.31 Comparison of Fe - vs. Zn-induced expression and stability changes

First, protein targets of iron and zinc were compared within the context of both
protein expression and protein stability (Figure 27 , Venn diagrams). Interestingly, both
analyses showed substantial overlap of protein targets with 77% of the iron-induced
changes in expression overlapping with zinc -induced changes in expression and 60% of
the zinc-induced changes in stability overlapping with iron -induced changes in stability.
The expression level analysis revealed a large portion of zincspecific changes in
expression (51% of protein targets were zincspecific), while the stability analysis revealed
more iron -specific changes (87% of protein targets were ironspecific). These results imply
that iron and zinc have both overlapping and unigue protein targets which can only be

revealed by profiling expression and stability simultaneously.
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5.33.2Comparison of protein targets identified by expression level vs. stability

In an attempt to narrow down targets for hit validation studies , the overlapping
protein targets identified in the protein expression level and stability analyses were
identified. Overlapping iron -induced expression level targets and iron-induced stability
targets revealed that 80% of hits identified by either techniqu e are unique. When
overlapping zinc -induced expression level targets with stability targets, it was found that
only 30% of the stability targets are unique (see Figure 29). It is noteworthy that 90% of
the expression level targets did not have changes in gability. Overall, these results suggest
that expression level and stability analyses generally provide unique information about
protein targets that mediate Fe- and Zn-sensitization to ferroptosis. Prioritization of
proteins with metal -induced changes in expression and stability can be used to formulate
testable hypotheses that can be validated in follow-up experiments. For example, the
metal binding capabilities of such proteins can be assayed to determine if iron or zinc
interact directly with their puta tive targets to enhance or reduce their activities.
Furthermore, genetic or chemical inhibition of protein targets can be used in conjunction

with phenotypic assays to determine their roles in ferroptotic cell death.

Fe Zn
Expression Stability Expression Stability

148 (36 136 268 26 11

Figure 29. Comparison of expression and stability hits for each metal.
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5.4 Discussion

The protein expression and stability profiles generated here reveal a wide range
of protein targets for both iron and zinc in the context of erastin -induced ferroptotic cell
death. Proteins were shown to be targets of both transition metals or metal-specific. The
identification of metal-specific targets suggests that zinc may have a unique mode of
action that is different from iron's mode of action. A small subset of the protein targets
identified here have been experimentally linked to ferroptosis. However, a large majority
of the protein targets identified have not been previously connected with this form of cell
death.

It is worth noting that the cell -associated concentrations of iron and zinc under the
conditions analyzed are likely different based on the metal homeostasis mechanisms of
the cell. Zinc is more tightly regulated than iron due to its high affinity for proteins, as
presented by the Irving -Williams series.1?2 Cell-associated metal concentrations are also
impacted by how much metal was used during treatment, which was different for iron
and zinc in this work (100 uM zinc chloride vs. 25 uM ferric citrate). These treatment
concentrations mimicked those in published work from the Chi lab that discovered zinc
was essential for ferroptosis.t” Variations in the intracellular concentrations as well as the
labile pools of each metal may impart differences in the number and magnitude of the
stability changes exhibited under the different treatment conditions. This was indeed

observed for the copper targets in E. coliidentified in Chapter 4. A low intracellular
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concentration of Zn may explain the low hit rate for zinc in the stability analyses; ho wever,

this will need to be confirmed through additional experiments. In future studies, ICP  -MS

can be utilized to determine cell-associated metal concentrations as a function of treatment
for a wide range of metals and these concentrations can be correlaéd with the data

collected here to better understand the mechanisms behind stability changes.

Metal homeostasis is a tightly regulated process across all organisms. Changes in
metal concentrations, such as the changes resulting from treatment with supplemental
iron or zinc in this work, may overstress homeostasis mechanisms and enable
adventitious metals to interact with protein targets. One mechanism by which
unregulated metals target proteins is by displacing native metals essential for protein
function or structure (mismetallation), as seen in microbes (e.g.,E.col).1®3 For example,
fructose-1,6-bisphosphate aldolase was shown to be a target of nickel toxicity in E. colias
the non-catalytic zinc in the protein is displaced by nickel, resulting in loss of enzymatic
activity. 194 Because mismetallation is a potential mechanism of metatinduced functional
changes, the putative protein targets in this work were investigated to see if they
contained native metal binding sites essential for structure and function.

A fraction of the proteins identified here with metal -induced expression level and
stability changes are known to bind metals under normal physio logical conditions. For
example, multiple members of the annexin family were found to have significantly altered

expressions and stabilities in the presence of iron and zinc. Annexins are C&*-dependent
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phospholipid binding proteins that associate with cel | membranes.t?> Other calcium-
binding proteins were also identified as potential targets of iron and zinc and includ e: the
molecular chaperone endoplasmin®%; two EF-hand containing calcium binding proteins ¢
reticulocalbin, a regulator of calcium -dependent activities in the endoplasmic reticulum,
and calumenin971%% and endoplasmic reticulum chaperone BiP (also referred to as
HSPA5)20, Looking solely at Fe- and Zn-induced expression level changes, multiple zinc-
binding proteins were also identified including two zinc -finger proteins ¢ guanine
nucleotide exchange factor VAV2 and histone-lysine N -trimethyltransferase SMYD5.
Lastly, zinc has been previously shown to displace iron in iron -sulfur cluster containing
enzymes, rendering such proteins inactive.1%3 Qur findings provide a few examples of
these protein targets, as the ironsulfur cluster containing protein, aconitate hydratase, is
significantly overexpressed under the zinc treatment conditions, and the cytosolic iron -
sulfur cluster assembly factor NUBP?2 is significantly stabilized under the zinc treatment
conditions. Not all the protein targets identified in this work were previously known to
bind metals, suggesting they could be novel targets of unregulated metals or that they
could be indirectl y influenced by metal -dependent mechanisms. Such proteins could be
further investigated for metal -binding abilities in their purified forms using ITC or metal -

pulldown experiments.
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5.5 Conclusions

The identification of numerous protein targets in this wo rk is a first step in
generating testable hypotheses for the role of iron and zinc in sensitizing cells to
ferroptosis. We found than iron and zinc have both overlapping and unique protein
targets indicating that they may have overlapping and unigue aspect s to their modes of
action. Many of the proteins identified in this work are known to natively bind metals,
and mismetallation is a possible mechanism of functional changes that lead to
sensitization to ferroptosis. Proteins that are not annotated metal binders may be further
investigated for metal binding capabilities or metal -induced changes in activity to better
understand the effects of iron and zinc on their functions. Regulation of protein levels by
iron and zinc is also a potential mechanism that could lead to ferroptosis -related
outcomes. Future directions will be focused on validating the role of select protein hits in
ferroptosis using genetic or chemical inhibition strategies, in combination with linking

changes in their functions to metal-dependent mechanisms.
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6. A Metal-Induced Protein Precipitation (MiPP) Approach
to Identify Cu-Interacting Proteins

The work described in this chapter was performed in collaboration with Professor
Katherine Franz and her group in the Department of Chemistry at Duke University. Part
of the work discussed in this chapter was performed by Dr. J. M. Zaengle-Barone and was
previously reported in her dissertation Copper as an Antibacterial Agent amsruptor of

Protein Stability.201

6.1 Introduction

It is estimated that between one quarter and one third of all proteins have at least
one metal ion bound in vivo , with almost half of all enzymes requiring a metal cofactor
for their activity. 202203 The abundance of metal binding sites in proteins is driven by the
key role of protein-metal interactions in maintaining protein stability and the
contributions of such interactions to the proper folding and function of proteins. To avoid
the deleterious consequences of insufficient, excess, or mislocated metals, cells have
developed complex mechanisms toregulate cellular metal levels, which prevent aberrant
protein -metal interactions and provide a means for correct protein metalation.

Recent work from the Robinson group revealed that Salmonellaensures proteins
are correctly metalated by transcriptionally controlling the concentrations of various
metals in the cytoplasm.35 1t is generally understood that metals bind more tightly across
the Irving -Williams series, with Cu?* being the tightest binder.2°4 In line with this

hypothesis, it was shown that cells maintain concentrations in the same order of this
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series, with the tightest-binding metals being buffered at the lowest concentrations (e.qg.,
Cu# being kept at attomolar levels). By keeping the intracellular levels of the tightest
binding metals low and weaker binding metals high, proper protein metalation is
achieved.135 192,203,205

A fundamental biological question yet to be fully answered is , What are the
protein targets when the cell is overloaded with metal? The disruption of metal
homeostasis results in a myriad of consequences for cells. At the cellular level, metals have
been reported to generate ROS and elicit oxidative stress, to cause DNA damage or impair
DNA repair mechanisms, to interfere with  membrane function and nutrient acquisition,
and to perturb protein function and activity. 3¢ Metals can interfere with the biological
activity of native, folded proteins through diverse modes of action including: binding to
free thiols or functional groups in proteins, mismetalating important enzymes, and
catalyzing oxidation of protein side chains ( Scheme 4.193. 206207 For example, adventitious
zinc and copper have been known to mismetalate Fe-containing enzymes, such as iron
sulfur -cluster containing enzymes.143 208Metals can also act upon folded proteins through
exposed amino acid residues with metal binding abilities , such as histidine residues20®
Additionally, they have the ability to disrupt or form  bonds within protein structures (e.qg.,
ionic bonds and disulfide linkages) through their affi nities for the carboxylate anions in

cysteine residues?21021t
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Scheme 4. Consequencesof aberrant metal -protein interactions. !

While metals have been known to target protein sznative states, the susceptibility
of a protein to metal binding is much higher in the unfolded state. This is driven by the
mobile backbone and side chains only present in the unfolded states of proteins, making
them considerably more likely to form stabl e metal complexes than folded proteins with
a predefined three-dimensional structure. 212Heavy metals in particular have been shown
to inhibit r efolding in vitro, to interfere with protein folding in vivo, and to cause the
aggregation of nascent proteins in living cells 213216 The ability to interfere with the nascent
or non-native states of proteins may have profound effects on protein homeostasis and
broad impacts on cellular function. For instance, misregulated levels of essential metal
ions, such as iron, zinc, and copper, have been linked to the protein misfolding and

aggregation that is exhibited in multiple neuro degenerative diseaseg?1#219

1 Created with BioRender.com
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In this work, the susceptibility of proteins to aggregate in response to metal
overload is examined through the lens of a newly developed metal -induced protein
precipitation technique. This technique exploits the precipitation properties of specific
metals to quantify and compare th e aggregation propensity of a wide range of proteins
within a proteome. After exposing an E. colilysate to millimolar quantities of metals, the
protein precipitation effects of Cu ?* and Zn?* salts can be ascertained using a mass
spectrometry-based proteomic readout. Interestingly, the precipitation of proteins by Cu
can be almost completely reversed by the metal chelator, EDTA. Proteomewide analysis
and quantitation of protein precipitation across a wide range of Cu and Zn concentrations
allowed determin ation of metal precipitation midpoints (e.g., the metal concentration at
which half of a particular protein is precipitated) for hundreds of proteinsin  E. coliand C.
albicansproteomes. Comparison of the proteins highly susceptible to aggregation and
precipitation to those highly tolerant revealed that amino acid composition and secondary
structure characteristics could be molecular determinants in the susceptibility to
precipitation by Cu. Comparison of copper and zinc precipitation data revealed that th e
two metals may have similar mechanisms for precipitating proteins as well as metal -
specific mechanisms. Comparison of precipitation acrossE. coliand C. albicangroteomes
revealed that proteins with similar functions may have similar precipitation
susceptibilities, although this only occurs for a subset of proteins. Future studies aim to

uncover the mechanisms behind the metal-induced precipitation of proteins and to extend
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this approach to identify proteins sensitive to precipitation within other proteomes (e.g.,

mammalian).

6.2 Experimental Section
6.2.1 Materials

The following materials were from Sigma Aldrich (St. Louis, MO): dimethyl
sulfoxide (DMSO0), phenylmethanesulfonyl fluoride (PMSF), S-
methylmethanethiosulfonate (MMTS), sodi um chloride, magnesium chloride, zinc
chloride, ferrous ammonium sulfate, ferr ic ammonium citrate, nickel chloride, copper
sulfate, bathocuproinedisulfonic acid disodium salt hydrate, ethylenediaminetetraacetic
acid (EDTA), urea, centrifugal filter units ( Amicon Ultra, 0.5 mL, 10kDa MWCO),
tris(hydroxymethyl)aminomethane hydrochloride (Tris -HCI), trifluoroacetic acid (TFA),
glutathione, LB medium (Lennox), glyceraldehyde -3-phosphate dehydrogenase from
rabbit muscle, and dl-glyceraldehyde-3-phosphate. The fdlowing materials were from
Thermo Fisher Scientific (Waltham, MA): acetonitrile (ACN, LC -MS grade), trace metat
grade nitric acid, glycerol, YPD medium, pot assium chloride, manganese chloride,
TMT10-Plex isobaric label reagent set, Coomassie Plus BradfordReagent (Pierce), and
porcine pancreas trypsin (proteomics grade). Cobalt chloride, calcium chloride, and
triethanolamine were from Alfa Aesar. Hydrogen peroxide was from Acros Organics.
Tris(2-carboxyethyl)phosphine  hydrochloride (TCEP) was from Santa Cruz

Biotechnology (Dallas, TX). Phosphatebuffered saline (PBS without calcium or
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magnesium, pH 7.4) and ethylenediaminetetraacetic acid (EDTA) solution (0.5 M, pH 8.0)

were from Corning (Corning, NY). Macrospin columns (silica C18) were from Nest Group

(Sauthborough, MA). Glass beads (0.5 mM diameter) were purchased from BioSpec

/ U O E U ENigttidamidle adenine dinucleotide and pyrithione were from Chem -Impex

(OUI UGEUPOOEOS w" Oxx1 UWET OOUDEI dabtdindse CTx®IAw, | UE O
into E. colistrain K-12 MG1655 was described previously.

6.2.2 Cell culture and lysis

E. colicells were grown and pelleted by Dr. J. M. ZaengleBarone from the Franz

lab. E. coli, & hut k kK w I R x {httaimdde GOTXM¢l was streaked onto LB agar
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kanamycin, which was then incubated at 37°C, 200 rpm, for 1618 h. This overnight

culture was diluted 1:100 in LB medium and grown to an OD s00 of 0.8t 1, pelleted, and

washed twice with 5 mL of wat er. The resulting pellets were frozen at -20 °C for later use.

"1 OO0Owx1 001 OUwPkI Ul wUOT EPT EOwUT 1 OwodauUl EwbOw!l YYws
added, pH 7.4) with 1 mM of the protea se inhibitor PMSF. Cell lysis was accomplished by

sonication at 30% amplitude for 10 seconds followed by a 50 second incubation period on

ice. This was performed for a total of six cycles. The lysed cells were centrifuged at 14,000

g for 10 min at 4°C. Thetotal protein concentration in the supernatant from each cell lysate
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sample was determined by a Bradford assay and ranged from 25 35 mg/mL. Lysates were
diluted to 25 mg/mL.
Candida albicansells were grown and pelleted by Dr. J. M. Zaengle-Barone from
the Franz lab. C. albicanswas streaked onto YPD agar. A single colony was used to
inoculate 10 mL YPD medium, which was then incubated at 37°C, 200 rpm, for 16 18 h.
This overnight culture was diluted to an OD 600 0f 0.3 in YPD medium and grown to an
ODsooof 1.2t 1.5, pelleted, and washed twice with 5 mL of water. The resulting pellets were
frozenat-l YwS" wi OUWOEUTI UwUUTI dw" 1 OO0wx1 001 UUwPT Ul wC
(without Ca or Mg, 600 mM KCI added, pH 7.4) with 2 pL of protease inhibitor cocktai |
(100 mM AEBSF, 2 mM leupeptin, 1 mM pepstatin A, 5 mM bestatin, 1.5 mM E-64 in
DMSO). Cell lysis was accomplished by disruption with 0.5 mm diameter glass beads (25
second disruption on Scientific Industries Disruptor Genie cell disruptor followed by a6 0
second rest on ice for 15 cycles). The lysate from the first pellet was used as the suspension
in which to lyse a second pellet by disruption with glass beads. The lysed cells were
centrifu ged at 14,000 g for 10 min at 4C. The total protein concentration in the supernatant
from each cell lysate sample was determined by a Bradford assay and ranged from 25 28
mg/mL. Lysates were diluted to 25 mg/mL.
K562 pellets were cultured according to ATCC guidelines. Cell pellets were
thawed, then lysed in uk Y w4 + wOil w/ ! 2wepb b Ul OUUwW" EwOUw, T OQwt Y Y

1.5 pL of protease inhibitor cocktail (100 mM AEBSF, 2 mM leupeptin, 1 mM pepstatin A,
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5 mM bestatin, 1.5 mM E-64 in DMSO). Cell lysis was accomplished by freezing the pellet
in liquid nitrog en for 10 seconds, then thawing in a room temperature water bath. Four
freeze-thaw cycles were performed. The suspension from the first pellet was used as the
suspension in which to lyse a second pellet, and the resulting suspension was used to lyse
a third pellet and fourth pellet, when required. The lysed cells were centrifuged at 14,000
g for 10 min at 4°C. The total protein concentration in the supernatant from each lysate
sample was determined by a Bradford assay and ranged from 25 31 mg/mL. Lysates were

diluted to 25 mg/mL.

6.2.3 Total protein precipitation curves after exposure to metal salts

Normalized cell lysates were divided into 10 uL aliquots, to which 10 yL  of ametal
salt solution was added and allowed to equilibrate while shaking at RT for 1 h. The
samples were then diluted by addition of 480 pL of water and centrifu ged at 14,000 g for
20 min at 4°C. The dilution step was necessary to create a supernatant with a large enough
volume to draw from for protein quantitation assays. The protein concentration of the
supernatant was then determined by a Bradford assay. In the case of the eukaryotic cell
preliminary data, samples vyielding negative absorbance values in the protein

concentration determination were omitted from the analysis.

6.2.4 Protein solubility rescue experiments

E. colilysate was prepared and normalized to 25 mg/mL and treated with 10 mM

Cu as described above. For the thermal denaturation experiment, 10 pL of water was
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added to 10 pL lysate and heated at 65 °C while shaking for 30min. The samples were
then diluted by addition of 480 uL of water and centrifu ged at 14,000 g for 20 min at 4C.
The protein concentration of the supernatant was then determined by a Bradford assay.
The pellets were then resuspended by vortexing and treated with EDTA (5 mM), BCS (50
mM), glutathione (20 mM), or water for 1 h at RT. The samples were centrifuged at 14,000
g for 10 min at 4 °C to pellet precipitates and the protein concentration of the resulting
supernatant was quantified by a Bradford assay. Protein solubility rescue experiments

were performed in biological triplicate.

6.2.5 Large-scale metal-induced protein precipitation analysis

E. colior C. albicanscell lysates were subjected to a largescale metatinduced
protein precipitation (MiPP) a nalysis using a protocol similar to that performed for the
total protein precipitation curves. The only variation from the previous protocol is that
aliquots of the supernatant (soluble protein) at each concentration of metal underwent
bottom-up proteomics sample preparation and subsequent quantitative LC-MS/MS
analysis instead of quantitation by a Bradford assay. Such analysismade it possible to
obtain precipitation curves for individual protein s identified and quantified in the LC -
MS/MS sample.

The MiPP analysis involved combining 10 pL aliquots of a cell lysate (25 mg/mL)
with 10 pL of a range of copper or zinc stocks of varying concentrations. This resulted in

final concentrations of 12.5 mg/mL lysate and CuClzor ZnClzconcentrations ranging from
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0 mM to 9 mM (copper) or 0 mM to 50 mM (zinc) across 10 samples. Lysates were allowed
to incubate with metals for 1 hr at room temperature. At this point in the protocol
precipitated protein was visible in samples containing the highest concentrations of
metals. Samples were diluted with 480 uL of water, vortexed, and centrifuged at 14,000 g
at 4°C for 20 minutes.

A fixed volume of the resulting sample (containing a maximum of 100 pg protein
for the 0 mM metal treatment condition) was taken from the supernatant of each of the
ten samples for bottom-up proteomics sample preparation using an iFASP protocol
described previously. 8 Each sample was transferred into a 10 kDa MWCO centrifugal
filter unit. Buffer exchange was performed by adding 8 M urea in 0.1 M Tris -HCI pH 8.5
followed by TCEP reduction, MMTS alkylation, digestion with trypsin, and TMT10 -Plex
labeling according to manUi EEUUUI Uz Uw xUOUOEOOB wWw +EET Ol Ew x1
through the filters after addition of 0.5 M NaCl. Equal volumes from each TMT10 -Plex
labeled sample were combined into one final sample. The final sample was transferred to

a C18 Macrospin column for desalting prior to LC -MS/MS analysis.

6.2.6 Quantitative LC-MS/MS analysis

The LC-MS/MS analyses were performed on a Thermo Easy nanoLC 1200 coupled
to a Thermo Orbitrap Exploris 480 mass spectrometer system. The dried peptide material
generated from each MIPP experiment was reconstituted in 1% TFA, 2% acetonitrile in

H20. Aliquots of 2 pL (1 pug peptide) were injected in triplicate into the UPLC system. The

196



peptides were first trapped on a Thermo Acclaim PepMap 100 75 um x 2 cm, nanoViper
2Pk C18, 3um, 100 A trapping column. The analytical separation was performed using
an PepMap RSLC C18 2um, 100 A, 75pum x 25 cm column (Thermo); the column
temperature was set to 45 °C.

Peptide elution was performed using a 95 min linear gradient of 4 -40 %B (80:20
acgonitrile:water, 0.1% formic acid) at a flow rate of 400 nL/min. The MS data was
collected using a top 20 datadependent acquisition (DDA) method which included MS1
at 120k and MS2 at 45k resolution. The MS1 normalized AGC target was set to 300%. For
MS2,the normalized AGC target was set to 300% with a max injection time of 105 ms. The
collision energy was set to 36%, and the scan range was 3734500 m/z. The isolation

window was 1.2 and the dynamic exclusion duration was 45 s.

6.2.7 Proteomic data analysis

Proteome Discoverer 2.3 (Thermo) was used to search the raw LEMS/MS files
against the E. coliMG1655 (Proteome ID: UP000000625proteins in the 201909-24 release
of the UniProt Knowledgebase or against the C. albicans(Proteome ID: UP0O0000055%
proteins in the 2021-05-24 release of the UniProt Knowledgebase The raw LC-MS/MS data
generated in the protein expression experiments was searched using fixed MMTS
modification on cysteine; TMT10-plex labeling of lysine side chains and peptide N -
termini; varia ble oxidation of methionine; variable deamidation of asparagine and

glutamine; and variable acetylation of the protein N -terminus. Trypsin (full) was set as
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the enzyme, and up to two missed cleavages were allowed. For peptide and protein
guantification, re porter abundance was set as intensity, and normalization mode and
scaling mode were each set as none. All other settings were left as the default values. Data
was exported at the protein-level for quantitation . Only pr oteins with FDR confidence
labeledasf 1 BT T FwOU w? 6DRXNY @ Sty @ Usdd for subsequent analyses.
Proteins with any of the first four TMT -tag signal intensities equaling zero were removed
before these analyses.

The data was subject to two normalization s prior to curve fitti ng. First, the
intensities for individual proteins across all metal concentrations were normalized to the
intensities of the 0 mM metal point . This enabled scaling of all the data within the same
range. Second, the intensities of all the proteins within a single metal concentration (TMT -
tag) were averaged and plotted as a function of metal concentration. This data was fit

using Mathematica to a four -point sigmoidal equation to extract a supercurve:

w p — (eq. 7

The differences from the fitted supercurve values to the average value at each
metal concentration were determined to look for systematic errors and deviations from
supercurve behavior. These differences were corrected for across all proteins by adding
the calculated difference in average TMT-tag intensity from the supercurve at each metal

concentration to all individual proteins at that metal concentration.
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The resulting normalized data was imported back into Mathematica to fit
individual protein precip itation curves to the same four point sigmoidal equation (eq. 7).

Metal precipitation midpoint values ( Cm) of protein precipitation curves were exported

for further statistical analyses as well as fitting p-Y EOUT Uwi OU wY E U EPEteids]

with poorly fitted curves (fi tting p-values < 01) were removed before further analysis.

6.2.8 Statistical analysis of protein biophysical characteristics

Amino acid and secondary structure data for each protein were obtained from
Uniprot using scripts developed by Azim Dharani. E. coliproteins present in three of the
five biological replicates that also had Cu midpoint values in the replicates with standard
deviations less than 1 mM Cu were used for analyses.A 6 1 O E tivg-shuople t test was
performed in R Studio (3.6.0 (201904-26)¢ "Planting of a Tree") using default packagesto
determine significant differences in amino acid and secondary structure composition
between sensitive and tolerant protein groups (p-values < 0.05) A Bartlettz Uw U |
homogeneity of variances was used to confirm that the sensitive and tolerant groups had
unequal variances. Simple linear regression analyses were performed using GraphPad
Prism 9.

6.2.9 Gene-ontology (GO) enrichment analysis

Enrichment of specific protein classifications in molecular function, biological

process, or cellular compartment were investigated using a gene ontology (GO)

enrichment analysis (with PANTHER). 94 159The enrichment analyses involved comparing

199

Uw? E>2 u

UOwi OL



proteins within a specific classification (e.g., Cu-sensitive, Zn-sensitive) to all proteins
EUUEal EwPOwUT | wEOEOGaUPUw@UI T wUl i1 Ul OEl wEEUEUI C
test) is used to compae each classification group to a reference list to statistically
determine over- or under -representation of the ontology categories and quantify the fold

enrichment for those categories.

6.3 Results

6.3.1 Cu surpasses other divalent metals in causing protein to
precipitate out of E. coli lysate

Several metals are important in biological systems including Mg, Ca, Mn, Fe, Cu,
and Zn. The proteins in an E. colilysate were treated with a panel of these and other
divalent metals to determine which metals induc ed protein precipitation. Chloride salts
were used for all metal salts other than Fe, for which ferrous ammonium sulfate and ferric
ammonium citrate were used. After 1 hour, 10 mM Cu precipitated all the protein from
solution and Zn and Fe?* caused partial protein precipitation; however, the other metals
did not induce significant precipitation ( Figure 30a). These results did not directly follow
the Irving -Williams series, asdivalent Fe precipitated more protein than Co and Ni. The
precipitation behavior was therefore studied in more detail to closely examine the
behavior of divalent Fe, Co, Ni, Cu, and Zn (Figure 30b). Even at concentrations up to 50
mM, only Cu caused complete protein precipitation. We therefore focused primarily on

Cu for our metal-induced protein precipitation studies.
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d Protein precipitation from E. coli lysate

Protein in supernatant (mg/mL)

Mg Ca Mn Fe® Fe* Co Ni Cu 2Zn
Metal (10 mM)

b E. coli protein precipitation curves
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Figure 30. Metal -induced protein precipitation from E. coli lysate. (a) Cu precipitated
significantly more protein than other metals at 10 mM. n = 3. (b) Precipitation curves
indicated that Fe?*, Co, Ni, and Zn did not induce complete pr ecipitation even at 50 mM.
n = 1for all metals except Zn and Cu, for which are n=2 andn = 3respectively.

6.3.2 Cu-induced precipitation is reversible upon addition of metal
chelators?

Some methods of protein denaturation such as by urea are reversible when the
denaturant is removed, while others such as denaturation by heat are irreversible. In order
to determine whether protein precipitation induced by Cu is reversible, we precipitated

the proteins from E. colilysate with 10 mM CuCl 2 as described above and then treatedthe

2 Protein solubility rescue experiments were performed by Dr. J. M. Zaengle -Barone from the Franz lab.
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Figure 31 EDTA and BCS restored protein solubility after Cu treatment.  (a) EDTA (5
mM), and to a smaller degree BCS (50 mM), allowed protein to return to the supernatant
after treatment of E. colilysate with 10 mM CuCl 2. Glutathione (GSH, 20 mM) and water

did not rescue protein solubility. (b) Structures of EDTA, BCS, and GSH.

suspension for 1 hour with a strong Cu 2+ chelator (EDTA), a strong Cu* chelator (BCS), or
a good Cuz-to-Cu* reducing agent (glutathione). The resulting suspension was
centrifuged to pellet any insoluble proteins and the resolubilized protein concent ration in
the supernatant was quantified. Treatment with 5 mM EDTA, and to a lesser degree 50
mM BCS, significantly restored protein solubility ( Figure 31). EDTA resolubilized 85% of
the protein, while BCS restored 60%. However, 20 mM glutathione was unable to restore
solubility. Itis clear from these data that protein precipitation by Cu is reversible provided
the copper can be sequestered by chelationProteins were also denatured and precipitated
using heat as a control, by which addition of EDTA did no t rescue protein solubility (data

not shown).
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6.3.3 Metal-induced protein precipitation differs across species

The previous sections demonstrate that Cu, and to a lesser degree Zrand Fe, can
cause proteins to precipitate out of E. colilysate. To investigate whether metal-induced
protein precipitation occurs in other species, such as eukaryotic cell lysates, we treatedthe
proteins in cell lysates (at 25 mg/mL concentrations) from the fungus Candida albicanand
the human leukemia cell line K562 with var ious concentrations of Cu?* and Zn2*. Our
preliminary data show that, like E. colilysate, these two eukaryotic lysates were quite
sensitive to protein precipitation by Cu ( Figure 32, left) and somewhat sensitive to Zn
(Figure 32, right). The leukemia cell line was particularly sensitive to metal -induced
protein precipitation, requiring less than 3 mM Cu or 15 mM Zn to fully precipitate all
proteins. C. albicangvas a bit more tolerant to precipitation , with 9 mM Cu and 20 mM Zn
precipit ating about 90% of proteins.

The proteins in human cell line K562 lysate were much more sensitive to Cu- and

Zn-induced protein precipitation than E. coli We hypothesized that eukaryotic proteins

Cu in lysate precipitation curves
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Zn in lysate precipitation curves
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Figure 32 Cu- and Zn-induced pro tein precipitat ion in eukaryotic cell lysates.
E. coliCuClz, n = 2 forE. coliZnCl2, and n = 1 for K562 andC. albicangurves.
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were in general more sensitive to metal-induced precipitation, which could explain why

their metal homeostasis systems are typically more complex than those of prokaryotes.
However, while C. albicansproteins were more sensitive to Zn than proteins in E. coli
lysate, they were more tolerant to Cu than E. coliproteins. This result may indicate that

different protein ta rgets existfor the same metals between species.

6.3.4 Large-scale analysis of metal-induced protein precipitation
(MiPP) identifies groups of Cu-sensitive and Cu-tolerant proteins in E.
coli

The work discussed in the previous sections establishes that Cu causes proteins to
precipitate from cell lysate, that it is a reversible phenomenon, and that susceptibility
varies across different proteomes. Investigated next was if Cu affected all proteins
similarly within a single proteome or whether some proteins were more sensitive to
precipitation by Cu than others. This question was investigated by treating E. colilysate
with varying concentrations of Cu (ranging from 0 19 mM CuCl2) and using bottom-up
proteomics sample preparation with isobaric mass tag labeling followed by liquid
chromatography -tandem mass spectrometry (LC-MS/MS) analysis to identify the proteins
remaining in solution at each Cu concentration. For each protein identified , the
concentration of Cu at which half of the protein precipitated from solution (referred to as
the Cu precipitation midpoint or Cm) was determined (Figure 33). A total of 580 proteins
were successfully detected and quantified in a minimum of three of the five biolog ical

replicates with Cu precipitation midpoint standard deviations between replicates being
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less than 1 mM. Subsequent analyses were performed using this set of proteins. The Cu
precipitation midpoints ranged from 1.21 $5.62 mM CuCl= The average midpoint and
standard deviation of all the midpoints was 2.93 +/- 0.95 mM CuCl: (Figure 33, Data
Analysis Workflow ).
Proteins were separatedinto three groups based on the ranking of their Cm values.
3T 1 WEOUUOOwW! YUwOT wxUOUI DOU wphbut Qux @ORY 1D:0WE Qb W]
| YO wOl wxUOUI DOU wbl OO0 wE@BB, DatdAnalysi2Wotkflow ). All
other proteins were considered average. This distinction allowed us to analyze differences
between the proteins with a focus on the sensitive and tolerant groups. The ? " densitive? w

and ? " dblerant? E. coliproteins are listed in Table 14.
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Table 1486 w+ D U GWIOO wh O DY 1 -0 daé O EH@i(proteins identified in  the
large-scale metal-induced protein precipitation analysis. ab.cd

Z(r:(z:t:s";ions Protein Name Avg Cm Value Category
POAF36 cell division protein zapB 1.208044036 Sensitive
P17169 Esgg:igligﬁ];;ructose-6—phosphate aminotransferase 1260449722 Sensitive
POAFG3 2-oxoglutarate dehydrogenase E1 component 1.30242987 Sensitive
POCE48 Elongation factor Tu 2 1.465117221 Sensitive
POABM3 threonine--tRNA ligase 2 1.497801296 Sensitive
POAEMO FKBP—type 16 kDa peptidyl -prolyl cis -trans 1502613987 Sensitive
isomerase®
P31120 phosphoglucosamine mutase 1.506519732 Sensitive
POA763 Nucleoside diphosphate kinase2b 1.506651011 Sensitive
P004521 zlk;;lucleOSMe-dlphosphate reductase 1 subunit 1506880974 Sensitive
POAT7ES5 CTP synthase? 1.556514939 Sensitive
POA9MO Lon protease® 1.559657388 Sensitive
POA836 Succinate-CoA ligase [ADP -forming] subunit beta 2 1.596932353 Sensitive
Dihydrolipoyllysine -residue succinyltransferase
POAFG6 component of 2-oxoglutarate dehydrogenase 1.607089137 Sensitive
complex
P0OC8J6 D-tagatose-1,6-bisphosphate aldolase subunit GatYa 1.613858274 Sensitive
P36672 PTS system trehalosespecific EIIBC component® 1.620985432 Sensitive
P32132 GTP-binding protein TypA/BipA 1.625732186 Sensitive
POAC33 Fumarate hydratase class |, aerobie 1.638472775 Sensitive
POA7B8 ATP-dependent protease subunit HslVa 1.640667327 Sensitive
P0OC8J8 D-tagatose-1,6-bisphosphate aldolase subunit gatZ 1.647843028 Sensitive
POAFF6 :Sgicription termination/antitermination protein 1649310057 Sensitive
P25437 S-(hydroxymethyl)glutathione dehydrogenase a¢ 1.664314423 Sensitive
POA7D4 adenylosuccinate synthetase: 1.667653222 Sensitive
POCO054 small heat shock protein ibpA 1.682625716 Sensitive
POAB89 adenylosuccinate lyase 1.687634138 Sensitive
POA6S7 Glycerol-3-phosphate dehydrogenase [NAD(P)+]® 1.6882573 Sensitive
POAGP5 GTPase Dep 1.717948307 Sensitive
POAAD6 Serine transporter® 1.720040416 Sensitive
P16456 Selenide, water dikinase? 1.724003093 Sensitive
POABUO 1,4-Dihydroxy -2-naphthoyl -CoA synthase® 1.733468379 Sensitive
POAFD1 NADH -quinone oxidoreductase subunit Ea® 1.733986142 Sensitive
POAEB2 D-alanyl-D-alanine carboxypeptidase dacA® 1.7345271 Sensitive
P21170 Biosynthetic arginine decarboxylase2 1.737514675 Sensitive
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P13024
POASL1
Q46948
POAE78
P04982
P00961
POAEZ9
POA7Z4
P63284
POASV2
P69828
POA6LO
POASN3
P21889
P24182
P30850
POAG86
POAC41
POA796
POAEX3
POA993
POAEZ3
POA6TS
POAES6
POAG30
P61517
POAGRO
POABC3
POAES52
P16095
POABH7
P37342
P37759
P00579
POAST7
POA749
P39286
POA825
P63020
POABI4
POABAO

protein FdhEa

serine--tRNA ligasead

Protein/nucleic acid deglycase 3

Magnesium and cobalt efflux protein CorC ab
D-ribose pyranase®

Glycine--tRNA ligase beta subunit
molybdenum cofactor biosynthesis protein B ®
DNA -directed RNA polymerase subunit alpha 9
chaperone protein ClpB

DNA -directed RNA polymerase subunit beta
PTS system galactitolspecific EIIA component
Co-chaperone protein HscBP

Lysine--tRNA ligase®

Aspartate--tRNA ligase®

Biotin carboxylase2

Exoribonuclease 2b

Protein-export protein SecB

Succinate dehydrogenase flavoprotein subunit?d
ATP-dependent 6-phosphofructokinase isozyme 12
alpha-ketoglutarate permease®
Fructose-1,6-bisphosphatase class 2°

septum site-determining protein minD °

GTP cyclohydrolase 12

DNA gyrase subunit B 2b

transcription termination factor Rho®

Carbonic anhydrase 22
3-oxoacyl-[acyl-carrier-protein] synthase 3
Modulator of FtsH protease HfIC °
peroxiredoxin Bcp®

L-serine dehydratase 1°

citrate synthase

Uncharacterized protein yjjl °

dTDP-glucose 4,6dehydratase 1

RNA polymerase sigma factor RpoD

DNA -directed RNA polymerase subunit beta' 2d
UDP-N -acetylglucosamine 1-carboxyvinyltransferase
Small ribosomal subunit biogenesis GTPase RsgAP
Serine hydroxymethyltransferase 2

Fe/S biogenesis protein NfuA2b

Magnesium transport protein CorA ab

ATP synthase subunit b°
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1.740289412
1.752781826
1.75408365

1.755358554
1.755703566
1.757350098
1.759172037
1.762866743
1.777218074
1.778028433
1.778839272
1.779945226
1.789925544
1.792583103
1.793642101
1.801683579
1.808952868
1.812053087
1.816714103
1.81736235

1.81869482

1.820376062
1.821052438
1.821942794
1.83370669

1.836604184
1.845888293
1.846765624
1.84879691

1.863355233
1.864185108
1.864586423
1.867343914
1.867533357
1.870744061
1.876584563
1.879498525
1.881545562
1.883178615
1.883362636
1.886463379

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive



P69831
P23893
POA9S5
POABNS5
P42632
POA7I7
POA6T3
POA7I0
POABB4
P37745

P37773

P21599

POADN2
POABJ9
POAIN4
POA9S3
POA9Q1
P77718

POAAZ7
POADU2

P39199

POAEI1

P28903
P76187
P33599

POA722
P60546

POAAGS

POA761

POCOL9
POA729
P00959
P23538
P07913
P27306
POAC69
POA7G6

PTS system galactitolspecific EIIC component®
Glutamate-1-semialdehyde 2,1-aminomutase®
Glycerol dehydrogenaseab

Lysine--tRNA ligase, heat inducible 2

PFL-like enzyme TdcE

GTP cyclohydrolase-22b

Galactokinasexb

peptide chain release factor RF1

ATP synthase subunit beta®
dTDP-4-dehydrorhamnose 3,5-epimerase
UDP-N-acetylmuramate--L-alanyl-gamma-D-
glutamyl -meso-2,6-diaminoheptandioate ligase 2
pyruvate kinase Il 2

UPF0438 protein yifEP

Cytochrome bd-I ubiquinol oxidase subunit 1 2o
pyruvate formate -lyase l-activating enzymeab
galactitol 1-phosphate 5-dehydrogenaseab
aerobic respiration control protein ArcA

tRNA sulfurtransferase

UPFO0434 protein YcaR

Probable quinol monooxygenase ygiN®

50S ribosomal protein L3 glutamine
methyltransferase

tRNA -2-methylthio -N(6)-dimethylallyladenosine
synthase

Anaerobic ribonucleoside -triphosphate reductasea

oxidoreductase YdhF®

NADH -quinone oxidoreductase subunit C/D
Acyl -[acyl-carrier-protein] --UDP-N-
acetylglucosamine O-acyltransferase®
guanylate kinaseP

Galactose/methyl galactoside import ATP -binding

protein MglA b

putative N -acetylmannosamine-6-phosphate 2-
epimerase

protein iscXab

Maf-like protein YceFab

methionine --tRNA ligase 2
phosphoenolpyruvate synthaseab

L-threonine 3-dehydrogenase2b

soluble pyridine nucleotide transhydrogenase °
glutaredoxin 4 2ab

Protein RecAP
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1.890574525
1.896160585
1.897228498
1.899694785
1.906466061
1.908718377
1.909078711
1.90965931

1.910562198
1.914588224

1.917646407

1.926231012
1.930989578
1.935110425
1.936210321
1.937089176
1.947334209
1.949228747
1.95162569

1.95263899

1.966645272

1.967705758

1.970210484
1.980291644
1.984298986

1.998768091
1.999314756

2.003192636

2.004445641

2.011499151
2.011636847
2.012883469
2.013963161
2.024428335
2.026294752
2.039637945
2.040555946

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive

Sensitive

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive

Sensitive

Sensitive

Sensitive
Sensitive
Sensitive

Sensitive
Sensitive

Sensitive

Sensitive

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive



POAES4
POAABS
P60785
P37749
POA759
POA9I3
POA7U7
P37647
POAFQ7
P45799
P52060
P68679
POA9F1
P23865
P38489
POACG1
P27302
POA7Q6
POA9D2
POA9H1
P77791

POAF67

POASP4
POA707

POA6Q3

P04425
P61949
POA953
POAET2
P25519
POA8BUG
POABR1
POAE91
P68919
POADA3
P06966
P76177
POADX1
POA794
P27828

DNA gyrase subunit A

universal stress protein Db

Elongation factor 4°
Beta-1,6-galactofuranosyltransferase Whbbl®
glucosamine-6-phosphate deaminase®

Glycine cleavage system transcriptional repressor
30S ribosomal protein S20

2-dehydro -3-deoxygluconokinase®

Uncharacterized metal-dependent hydrolase YcfHac

ADP compounds hydrolase nudE a¢
UPF0235 protein Ygglr

30S ribosomal protein S2Ed
transcriptional regulator mntR ac

tail -specific proteases

oxygen-insensitive NAD(P)H nitroreductase
DNA -binding protein stpA ¢
transketolase Iac

50S ribosomal protein L36¢

glutathione S-transferase GstA¢

G/U mismatch-specific DNA glycosylase®
maltose O-acetyltransferase

tRNA threonylcarbamoyladenosine biosynthesis
protein TsaEa¢

thioredoxin reductase ¢

translation initiation factor IF -3¢
3-hydroxydecanoy! -[acyl|-carrier-protein]
dehydratase®

glutathione synthetaseac

flavodoxin 1 ¢
3-oxoacyl-[acyl-carrier-protein] synthase 1¢
Acid stress chaperone HdeB

GTPase Hflxac

Met repressore

DNA damage -inducible protein | ¢
Protein CreAc¢

50S ribosomal protein L25°

murein hydrolase activator NIpD ¢

HTH -type transcriptional regulator dicA ©
protein ydgH ¢

protein yhfA ¢

pyridoxine 5' -phosphate synthase

UDP-N -acetylglucosamine 2-epimerase
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2.043810273
2.045717923
2.046100149
2.049279306
2.049948399
2.055063294
3.708622049
3.713108166
3.722877521
3.722999317
3.743310068
3.76462337

3.771138036
3.794966842
3.806053312
3.817415943
3.834549033
3.838010386
3.858245003
3.860555832
3.873270387

3.874045119

3.881982712
3.884045692

3.90365452

3.91258457

3.930956049
3.936945318
3.93842912

3.938486213
3.946591265
3.948320478
3.957032739
3.960719645
3.986758193
3.98819632

3.995756104
4.010021496
4.021989921
4.025148088

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant

Tolerant

Tolerant
Tolerant

Tolerant

Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant



P05020
P65807
POAFY8

P11880

P45955
P15034
P31658
P30958
POACT6
P77258
P64429
P30863
P31663
POAGNS
POASWG
P37648
POA8G6
P06983
P77348
P27832
P37052
P02930
P46889
P33136
P23827
POA850
POC018
POADP9
P0O7650
POADY7
P45523
POABE7
POAT7L8
P37758
P32662
P62399
POA7TM2
POA7M6
POAAR3
POAEU7
POA7J7

Dihydroorotase 2¢

Uncharacterized protein YgeYac

Negative modulator of initiation of replication ¢
UDP-N-acetylmuramoyl -tripeptide --D-alanyl-D-
alanine ligase

Cell division coordinator CpoB ¢

Xaa-Pro aminopeptidaseac

Protein/nucleic acid deglycase 12¢
Transcription -repair-coupling factor ¢

HTH -type transcriptional regulator uidR ¢
N -ethylmaleimide reductasec
Uncharacterized protein ypfJ¢
2,5-diketo-D-gluconic acid reductase B
Pantothenate synthetase

Elongation factor P-like protein ¢

Acid stress protein IbaGac

protein yhjJac

NAD(P)H dehydrogenase (quinone) ¢
porphobilinogen deaminase

periplasmic murein peptide -binding protein
dTDP-fucosamine acetyltransferase
UPF0225 protein ychd

Outer membrane protein TolC ¢

DNA translocase ftsK¢

Glucans biosynthesis protein G¢

Ecotinc

trigger factor ¢

50S ribosomal protein L18°

protein yihD ¢

thymidine phosphorylase

50Sribosomal protein L16

FKBP-type peptidyl -prolyl cis -trans isomerase fkpA
UPF0234 protein yaj@

50S ribosomal protein L27¢d

Nitrate/nitrite transporter NarU ¢
Phosphoglycolate phosphatasexc

50S ribosomal protein L5¢

50S ribosomal protein L28

50S ribosomal protein L2
Cys-tRNA(Pro)/Cys -tRNA(Cys) deacylase ybaKe
Chaperone protein skp

50S ribosomal protein L11
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4.033983865
4.039718774
4.041430204

4.062900186

4.06772214

4.070198899
4.094904022
4.152635494
4.162271402
4174201331
4.190394968
4.195221713
4.208656756
4.212374563
4.214195254
4.226040949
4.230261601
4.233292164
4.241786638
4.26288502

4.266823835
4.268667578
4.330950334
4.339915874
4.401240944
4.420707825
4.495926921
4.496816694
4.496851319
4.500190905
4.518625957
4.538857533
4.563240614
4.574522861
4.608682996
4.61314313

4.614290148
4.626778453
4.630725315
4.643585681
4.675154001

Tolerant
Tolerant
Tolerant

Tolerant

Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant



POABP8
POA784
POAGC3
P19926
P0O0509
P46474
POA6T9
P76116
POAGFS
POAB18
POA7LO
P60422
POA7N9
POA7R1
POAGA48
P00946

P37177

POADA1
P61175
P61316
POA705-2
P60438
POA7K6
P60624
P78067

P71243

P27298
POADZ0
P09424
P31142

P08331
P77611
P76015

POA7K2
P18390
POA8G3
P08997
POAEY5
POA9B2

purine nucleoside phosphorylase deoD -type¢
Oligoribonuclease?

soluble lytic murein transglycosylase ©
glucose-1-phosphatase

aspartate aminotransferase

Uncharacterized protein YhdP

glycine cleavage system H protein¢
Uncharacterized protein YncE

60 kDa chaperonin?

sulfurtransferase Tusk

50S ribosomal protein L1¢

50S ribosomal protein L22d

50S ribosomal protein L33

50S ribosomal protein L9¢

50S ribosomal protein L21¢
mannose-6-phosphate isomerasec
Phosphoenolpyruvate -dependent
phosphotransferase systent-c

Thioesterase 1/protease 1/lysophospholipase L#c
50S ribosomal protein L2

Outer-membrane lipoprotein carrier protein ¢
Isoform Beta of Translation initiation factor IF -2
50S ribosomal protein L3¢

50S ribosomal protein L19

50S ribosomal protein L24¢

thiosulfate sulfurtransferase YnjE

putative colanic acid biosynthesis glycosyltransferase

Wcale¢

oligopeptidase A2

50S ribosomal protein L23°

Mannitol -1-phosphate 5-dehydrogenase®
3-mercaptopyruvate sulfurtransferase ¢

2',3-cyclic-nucleotide 2'-phosphodiesterase/3-
nucleotidase?°

Electron transport complex subunit RsxCac
PEP-dependent dihydroxyacetone kinase,
dihydroxyacetone -binding subunit DhaK ¢

50S ribosomal protein L7/L12¢

Uncharacterized protein yjjA ©

Uronate isomerase®

Malate synthase Ac

modulator of drug activity B ©

glyceraldehyde -3-phosphate dehydrogenase Acd
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4.704736498
4.744212246
4.755056989
4.759470155
4.782287499
4.814302702
4.814308703
4.822065495
4.825918694
4.828530916
4.8388281

4.846412637
4.875100348
4.892420112
4.8983142

4.912025326

4.914832011

4.91803884

4.919593651
4.923965504
4.959805636
4.995323036
5.00637144

5.032457538
5.033308224

5.04578185

5.061495371
5.099925736
5.109276065
5.125247065

5.179897619
5.180629684
5.181411849

5.185002427
5.268371212
5.289986201
5.325502321
5.377246184
5.399740883

Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant

Tolerant

Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant

Tolerant

Tolerant
Tolerant
Tolerant
Tolerant

Tolerant
Tolerant
Tolerant

Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant



POA8B5 ‘ Nucleoid -associated protein YbaB 5.547972359 Tolerant
2,3bisphosphoglycerate-independent
phosphoglycerate mutase2.cd
aAnnotated metal interacting proteins as determined by UniProt description or assigned
gene ontology (GO) terms. PProtein identified as having Cu -specific sensitivity. cProtein
identified as having Cu -specific tolerance.dProtein identified as having Cu -driven
stability changes in Chapter 4.

P37689 5.618470243 Tolerant

6.3.5 Investigation of protein biophysical characteristics that render
tolerance level to metal precipitation?®

Bioinformatics approaches were employed to understand the biophysical f eatures
of proteins that render their tolerance level to metal precipitation . Amino acid sequence
and secondary structure were investigated to determine if they play a role in defining the

tolerance of proteins to metal precipitation.

6.3.51 Amino a cid composition

Amino acid counts and percentages for each of the canonical amino acids were
I RUUEEUI Ewi UOOwW4 0D/ UOUwWi OUwxUOUI POUwWwDGMUT T wUIl (
sample t test was used to determine if there were significant differences in the amino acid
compositions of the proteins from each group and this analysis is shown in Figure 34. This
statistical test was used because it does not rely on the groups compared to exhibit a

normal distribution or that they have equal variances. Multiple ami no acids were shown

to have higher or lower percentages on averagein the sensitive proteins compared to the

3 Scripts used to extract information from UniProt/PDB were developed by Azim Dharani.
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Figure 34. Amino acid composition correlates with Cu precipitat ion susceptibility of

proteins. (a)6 1 OE T zpWallgd derivad from amino acid composition comparisons of

the sensitive and tolerant protein groups with p-value magnitudes colored according to

scale, and(b) box plots showing raw data for amino acids that have significantly

different percentages in sensitive and tolerant proteins with p-values as indicated. (c)
61 OET zpwallgd dorivad from amino acid type comparisons of the sensitive and

tolerant protein groups with p-value magnitudes colored according to scale, and (d) box

plots showing raw data for amino acid types that have significantly different or close to
significantly different percentages in sensitive and tolerant proteins with p-values as

indicated.
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