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Abstract

In the past decade, several mass spectrometry-based proteomic techniques have
been developed for the large-scale analysis of protein folding stabilities. The main focus
of this dissertation is to develop and apply these large-scale protein folding stability
approaches in drug target identification and disease biomarker discovery. One goal of this
work is to develop a novel chemo-selection strategy to improve the bottom-up proteomics
readout in proteome-wide limited proteolysis experiments. Another goal of this work is
to apply these methods to the target identification of two drugs with known mode of
action, and to the biomarker discovery of Parkinson’s disease.

Described in the first part of the dissertation is the development of a chemo-
selective enrichment strategy to isolate the semi-tryptic peptides generated in mass
spectrometry-based applications of limited proteolysis methods. The method is termed
Semi-Tryptic Peptide Enrichment Strategy for Proteolysis Procedures (STEPP). The
STEPP-PP workflow was evaluated in two proof-of-principle drug target identification
experiments involving two well-studied drugs, cyclosporin A and geldanamycin. The
STEPP-LiP workflow was evaluated in one proof-of-principle experiment on
identification of protein conformational changes between a breast cancer cell line, MCF-7,
and a normal cell line, MCF-10A. The STEPP protocol increased the number of semi-
tryptic peptides detected in the LiP and PP experiments by 5- to 10-fold. The STEPP
protocol not only increases the proteomic coverage, but also increases the amount of
structural information that can be gleaned from limited proteolysis experiments.

Moreover, the protocol also enables the quantitative determination of ligand binding
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affinities. When coupled to a one-pot data acquisition strategy, the one-pot STEPP-PP
technique was found to have a very low false positive rate (i.e., 0.09%) in a proof-of-
principle drug target identification experiments involving cyclosporin A and a yeast
lysate.

The second part of this dissertation describes the application of protein folding
stability approaches to the identification of protein targets of subglutinol A (a natural
immunosuppressant) and manassantin A (a natural product with anti-cancer activity).

In the suglutinol A study, a combination of SPROX, TPP, CPP and STEPP-PP
strategies was used to identified two consistent protein hits, deoxycytidine kinase (DCK)
and exportin-2 (XPO2), from more than 2000 assayed proteins in a 2B4T cell lysate. The
binding of DCK with subglutinol A was validated using a targeted gel-based pulse
proteolysis experiment. A set of chemical biology experiments were performed to uncover
the relation of this interaction with subglutinol A’s mode of action. It was shown that
neither of the kinase activity, expression level or phosphorylation modification level of
DCK was alternated by subglutinol A. However, the nuclear transportation of DCK was
blocked by subgltutinol A. This reduction of DCK level in the cell nucleus possibly leads
to the observed reduction of nuclear dCMP pool and the halted proliferation of
sublgutinol A treated T cells.

In the manassantin A study, a combination of STEPP-LiP, STEPP-PP, one-pot
STEPP-PP, one-pot SPROX and one-pot TPP strategies were performed to identify the

protein target of the drug in a hypoxia-treated HEK293T cell lysate. These experiments



assayed over 4000 proteins and found 4 protein hits for further validation of their
interaction with manassantin A.

The third part of describes the utilization of the SPROX method to characterize the
progression of PD in a mouse model of the disease in which the human a-synuclein
protein with an A53T mutation was overexpressed. The thermodynamic stabilities of
proteins in brain tissue cell lysates from Hua-Syn(A53T) transgenic mice were profiled at
three time points including at 1 Month (n=9), at 6 Months (n=7), and at the time (between
9 and 16 Months) a mouse became Symptomatic (n=8). The thermodynamic stability
profiles generated here on over 300 proteins were compared to the thermodynamic
stability profiles generated on the same proteins from similarly aged wild-type mice using
a two-way ANOVA analysis. A group of 22 proteins were identified with age-related
protein stability changes, and a group of 11 proteins were found to be differential
stabilized in the Hua-Syn(A53T) transgenic mouse model. The proteins differentially
stabilized in the disease mouse model could potentially be used as Parkinson’s disease

biomarkers upon further validation.
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1. Introduction

Portions of this chapter were taken from the introductory materials in references 1-3.1-

1.1 Protein Thermodynamic Folding and stability

1.1.1 Overview

Proteins are the major actors in living organism, performing an amazingly diverse
set of functions including but not limited to biochemical reaction catalysis, signaling,
ligand binding, molecule transportation and structure formation. This kaleidoscope of
protein functions is the result of the diversity of protein structures. From the plainness of
just one or several unstructured long chains of amino acids, a protein is able to fold into
its characteristic three-dimensional structure that take on its predesigned function(s). In
physiological condition, this folding of a protein is in equilibrium with the reverse process
- the unfolding of itself. This equilibrium of folding and unfolding determines the
thermodynamic stability of the folded protein, which can be described by the folding free
energy (AG). Factors that alternates protein functions, such as mutations, modifications,
and binding also induce changes of the protein folding stability. Therefore, an observable
change in the folding free energy can be an indication of important protein functional
changes. Indeed, more and more research have incorporated measurements of protein
stabilities to understand important biomolecular questions, such as identification of

protein drug target and discovery of disease protein biomarkers. This dissertation is



focusing on the development and application of protein folding stability measurements
to these topics.
1.1.2 Protein Folding Stability Measurements
1.1.2.1 Overview of Protein Folding Stability Measurements

Traditionally, measurements of protein folding stability are accomplished using
either spectroscopic or calorimetric methods.*! Spectroscopic methods, including
fluorescence spectroscopy and circular dichroism (CD) spectroscopy, use thermal or
chemical denaturation or changes of solvent pH to drive the protein into its unfolded
state, where the intrinsic fluorescence and polarization properties of the protein are lost.
By quantification of the change in fluorescence or light polarization of the protein in a
series of denaturing conditions (i.e., increasing temperature, chemical denaturant or pH),
a protein denaturation curve can be constructed. From this protein denaturation curve,
the folding free energy (AGr) can be determined. Calorimetric methods include the
differential scanning calorimetry (DSC) and the isothermal calorimetry (ITC). The DSC
experiment measures the heat capacity of a protein solution as a function of the
temperature. As the protein of interest transit from the folded state into the unfolded state,
the increase of heat capacity is monitored and the protein folding enthalpy (AHy) is
determined. The ITC experiment is generally not for determination of the protein folding
free energy (AGs), but for ligand binding free energy (AAGs). By monitoring the heat
generated or absorbed during the addition of ligand into the protein solution,
thermodynamic parameters describing the ligand binding (i.e., AAGt, Ka and AHbinding) can

be determined by ITC.



Unfortunately, all of these traditional techniques require a large amount of
purified protein. For example, a typical DSC experiment requires at least 0.1 mg of the
purified protein of interest.!”? The need of cumbersome purification procedures for this
large amount of protein hinders the application of these traditional methods in studies
where high throughput is needed, such as protein drug target identification and disease
protein biomarkers discovery.

In the past decade, several mass spectrometry-based protein thermodynamic
stability measurements have been developed for probing protein folding stabilities on the
proteomics scale. Beginning with similar chemical or thermal denaturation of proteins,
these methods incorporate a variety of modification reactions to distinguish the folded
and unfolded proteins for latter mass spectrometry (MS) readout. By coupling with MS,
the protein folding thermodynamics of thousands of proteins can be determined from a
cell lysate containing only tens of micrograms of proteins. The ability of these methods to
make high throughput and proteomic-scale measurements make them ideal methods for
drug target identification and disease biomarkers discovery. The details of these methods,
including SPROX, TPP, CPP and the limited proteolysis methods, are to be introduced in
latter sections. Before going into these methods, a brief overview of the mass spectrometry
techniques associated with them is provided to illustrate the technical background that
enables their proteomic-scale measurements.
1.1.2.2 Mass Spectrometry Techniques Used in Protein Folding Stability Measurements

To achieve high throughput identification and quantification of thousands of

proteins in one analysis, a mass spectrometry-based approach called bottom-up
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proteomics (also known as shotgun proteomics) is widely used. It involves a trypsin
digestion of the proteins in a complex mixture of interest, e.g., a cell lysate, into smaller
tryptic peptide segments that can be efficiently separated with liquid chromatography
(LC). The LC system feed the eluted peptides to a tandem mass spectrometry system over
time. A general tandem mass spectrometry system (i.e., a LC-MS/MS system) consists of
two mass analyzers and a collision cell in between. The eluted peptides from the LC are
ionized, selected by the first mass analyzer (MS1) and guided to the collision cell where
they are fragmented. These fragments are detected by the second mass analyzer (MS2)
and are used to identify (i.e., map the amino acid sequence) and quantify their parent
peptide. In bottom-up proteomics, the identified tryptic peptides are further used to
identify and quantify their parent proteins that appear in the protein mixture of interest.

To quantify the amounts of peptides in protein folding stabilities measurements,
a technique called isobaric labeling is commonly used.’® There are several commercially
available isobaric labeling reagents including tandem mass tags (TMT) and isobaric tags
for relative and absolute quantification (iTRAQ).!*!> Both tags can undergo a N-
hydroxysuccinimide-facilitated click reaction to covalently label the primary amine
groups of peptides.'®’” When a labeled peptide goes through the collision cell of the LC-
MS/MS system, a reporter ion will be cleaved from the labeled peptide. The signal
intensity of this report ion provides the quantification of the labeled protein.

The isobaric mass tags also provide multiplexing of different samples. For
example, the TMT isobaric labeling reagent is available in 10-plex where there are 10

different tags with the same structure, same nominal mass (i.e., isobaric) but different



reporter ion masses.'* After being labeled with 10 different TMT tags separately, ten
different samples can be combined together and quantify in a single LC-MS/MS analysis.
The identical peptides originally from different samples will still have the same mass after
labeling and are able to be selected together by MS1. After collision, the ten different
reporter ions are released for quantification of the amount of the labeled peptide in ten
different samples.

The bottom-up proteomics and isobaric labeling techniques provide the
foundation for the following protein folding stability measurements to generate superior

performance over conventional methods.

1.1.2.3 Stability of Proteins from Rate of Oxidation (SPROX)

SPROX is a protein folding stability measurement that involves a H2O: oxidation
reaction to mark the unfolded proteins (Figure 1). Similar to conventional methods, the
initial step of the SPROX approach involves the distribution of protein samples (e.g., cell
lysates with or without the ligand of interest, or organ lysates) into increasing
concentrations of chemical denaturants, usually guanidium chloride (GdmCl) or urea.
The proteins samples are incubated with the chemical denaturant for sufficient amount of
time (usually 1-2 hours) to allow the rebalance of folding/unfolding equilibria. Hydrogen
peroxide is then introduced into the system to oxidize the thioester groups of the proteins’
methionine residues. The oxidation reaction time and H20: concentration are controlled
to allow the pseudo-first order oxidation reaction to proceed for about 3 half-lives of a
solvent-exposed methionine residue under room temperature. Because the hydrophobic

methionine residues are generally buried inside the proteins” hydrophobic cores in folded
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proteins, only methionine residues of the unfolded proteins are solvent-accessible and
oxidized. The oxidation reaction is quenched with excess amount of either free methionine
or a reducing reagent, triscarboxyethylphosphine (TCEP). Bottom-up sample preparation
procedures and LC-MS/MS analysis are then preformed on the samples. Protein folding
thermodynamics parameters can be determined from quantification of methionine-
containing peptides as a function of chemical denaturant concentrations. The peptide
quantification in SPROX are generally facilitated by either isobaric mass tag labeling (i.e.,
iTRAQ or TMT) during bottom-up sample preparation or stable isotope labeling by amino
acid (SILAC) during cell cultures.

Protein mixture from cell lysate
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Figure 1 Schematic representation of the SPROX, TPP and CPP approaches.

One major advantage of SPROX is its ability to determine the folding
thermodynamics parameters such as ligand binding-induced AAGt values. This feature is

particularly useful in drug target identification where the Ka value of binding can be



determined from AAGt and compare to ICs. In ligand-binding studies, SPROX is also
preferred over thermal denaturation methods (i.e.,, TPP) in situations where heating of
samples should be avoided, such as gas-binding studies. Also, by quantification of the
denaturant response on the peptide level, SPROX is able to determine folding
thermodynamics for specific protein domains where the peptides are located. However,
unlike protein-level quantification where signals from peptides are averaged, this
quantification by only one peptide in SPROX can lead to a higher false discovery rate. In
order for the folding thermodynamics properties of a protein or protein domain to be
determined, the SPROX method requires identification of corresponding methionine-
containing peptide(s). Although most of proteins have at least one globally protected
methionine residue, only about 20% of peptides in a trypsin-digested protein lysate
contain methionine residues, limiting the proteomic coverage of a SPROX experiment.
This limitation can be partially remedied with a methionine-containing peptide
enrichment step which boost the percentage of methionine-containing peptide to >70%.
If SPROX is used in combination with a similar tryptophan-modification strategy, the
proteomic coverage can be further increased by 50%.!* When coupled with a so-called one-
pot data acquisition strategy, the proteomic coverage can be two-fold higher, but the
ability to generate thermodynamic properties (e.g., Ka value) is sacrificed in one-pot
SPROX.? The details of this one-pot strategy is introduced in details in section 1.1.2.5.
1.1.2.4 Thermal Proteome Profiling (TPP)

The TPP method, resembling DSC, uses a thermal denaturation to profile protein

stabilities. The initial step of the TPP protocol involves incubation of the protein samples
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at a series of increasing temperatures for 3 minutes. The samples are ultra-centrifugated
to remove aggregated proteins from the sample solutions (Figure 1). The samples are then
subject to bottom-up samples preparations procedures and isobaric mass tag (i.e., TMT-
10plex) labeling before LC-MS/MS quantification. For each protein, a thermal
denaturation curve of relative amount of soluble protein as a function of temperature is
generated.

The advantages of TPP method are related to its incorporation of thermal
denaturation rather than chemical denaturation in other methods. As heat easily penetrate
cells membranes while chemical denaturant does not, TPP is the only method able to
identify protein folding stability characteristics in intact cells. Another advantage of using
thermal denaturation is that it does not perturb protein-protein binding as chemical
denaturant does in high concentrations. This feature makes TPP ideal to study protein
interaction network. It also enables TPP to identify drug-induced stabilization or
destabilization of a whole protein complex. However, as the thermal denaturation in TPP
is irreversible, important thermodynamic parameters such as AGr or Ka values cannot be

obtained.

1.1.2.5 Chemical Denaturation and Protein Precipitation (CPP)

The CPP method is a hybridization of SPROX-like chemical denaturation and TPP-
like precipitation for folded and unfolded protein separation (Figure 1). The initial step of
a CPP experiment involves incubation of protein samples at increasing concentration of
GdmCl. After the folding and unfolding of proteins in the denaturation-contracting

buffers have been equilibrated, the protein samples are abruptly diluted 25-folds with
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water. The abrupt dilution deprives GAmCI molecules from stabilizing unfolded proteins
and cause unfolded proteins to aggregate. The aggregated proteins are pelleted by
centrifugation and separated from soluble proteins in the supernatant. Both protein
pellets and supernatants are collected in CPP and subject to bottom-up samples
preparation procedures, isobaric mass tag labeling and LC-MS/MS quantification. Soluble
proteins in the supernatant fraction decreases as a function of the GdmCl concentration
and the aggregated proteins in the pellet fraction show a reverse trend. The two
denaturation curves of the same protein are expected to generate similar thermodynamics
parameters and can be used to confirm each other and reduce false positive rates.

The major advantage of CPP is its ability to provide protein folding
thermodynamic parameters as SPROX, while generating a 50% higher proteomic
coverage.? If both supernatant and pellet fractions of a CPP experiment is analyzed, the
false positive can be effectively lower to 0.2 However, due to the need of efficient protein
precipitation, CPP can only use GdmCl but not urea denaturation. As GAmCI disrupts
ionic interactions in ligand-protein binding, it limits the use of CPP to target identification

studies where the ionic interactions are not involved.

1.1.2.6 Limited Proteolysis Methods

Limited proteolysis methods include Limited Proteolysis (LiP), Drug Affinity
Responsive Target Stability (DARTS), and Pulse Proteolysis (PP) techniques. Unlike
SPROX, TPP and CPP experiments where denaturation conditions are incorporated to
probe the global protein folding stabilities, LiP and DARTS experiments focus on local

folding in buffer conditions under which proteins are generally folded into their native
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three-dimensional structure (Figure 2). The LiP approach involves the cleavage of solvent
exposed regions of protein structure by a nonspecific protease, proteinase K. Analogous
to SPROX, TPP and CPP, the PP approach is measurement of global protein folding
stabilities (Figure 2). The pulse proteolysis (PP) approach, which involves measuring the
denaturant dependence of a limited proteolysis reaction using a nonspecific protease (i.e.,
thermolysin), has proven useful for the quantitative analysis of protein folding stabilities
and protein-ligand binding affinities.?!-*
Limited Proteolysis (LiP) and

Pulse Proteolysis (PP) Drug Affinity Responsive Target Stability (DARTS)
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Figure 2 Schematic representation of the PP, LiP and DARTS approaches.

Comparing to other methods mentioned in the previous sections, limited
proteolysis methods have unique advantages. The LiP and DARTS experiments can
identify protein conformational prosperities too subtle to be measured on the global

folding stability level. Subtle local conformational changes can be captured by LiP and
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DARTS but may not show a strong denaturant dependence to be captured in SPROX, TPP
or CPP experiments. Although LiP and DARTS sacrifice the power to generate folding
thermodynamic parameters (e.g., AGt and Ka values), they have been proven useful for
identifying protein conformational changes related to environmental changes, disease
states, post-translational modifications as well as small molecule binding.?>% While
unable to prove local folding properties, the PP approach can generate folding
thermodynamic parameters specifically to the protein domain level, which is not available
in TPP and CPP.

While limited proteolysis methods for studying the conformational properties of
purified proteins and protein-ligand complexes are well established, their recent
extension to the proteomic-scale LC-MS/MS-based experiments has been challenging.
Before this work, proteome-wide applications of these techniques have typically relied on
either gel- or solution-based bottom-up proteomics strategies.?>* Unfortunately, the
relatively low resolving power of gel electrophoresis methods can complicate applications
of the LiP, DARTS and PP techniques to complex protein mixtures. Higher resolution LC-
MS/MS strategies using bottom-up proteomics methods have been utilized to read out the
results of proteome-wide limited proteolysis experiments.?#?>?-%0  However, the large
number of tryptic peptides generated in the bottom-up proteomics readout can make
identification of the cleavage sites in the limited proteolysis experiment especially
challenging, due to the relatively low abundance of the semi-tryptic peptides (i.e.,
peptides that have both a terminal resulting from trypsin cleavage and a terminal
resulting from non-trypsin cleavage, such as thermolysin or proteinase K cleavage) that
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result from such cleavages. The semi-tryptic peptides generated in a limited proteolysis
experiment are those that have a non-tryptic cleavage site at one end as a result of the
limited proteolysis reaction and a tryptic cleavage site at the other end as a result of the
trypsin digestion step used to prepare the sample for bottom-up proteomics analysis.

Recently, attempts have been made to improve the bottom-up proteomics readout
in proteome-wide limited proteolysis experiments by separating the intact proteins from
the smaller peptides generated in the limited proteolysis reaction. For example, the use of
high molecular weight (e.g., 100,000 Da) cut-off filters has been reported to isolate the
intact proteins prior to their trypsin digestion for bottom-up proteomics analysis.3' A
protein precipitation reaction involving trichloroacetic acid (TCA) has also been used to
remove the undigested, intact proteins from the limited proteolysis reaction so that the
remaining peptide fragments could be digested with trypsin and subject to a quantitative
bottom-up proteomics analysis.?> A drawback to the proteomics readouts employed in the
filtration and precipitation approaches is that they do not provide any structural
information about the site(s) of conformational changes, as they are both protein-centered
readouts.

Therefore, a better strategy for coupling limited proteolysis methods and large -
scale LC-MS/MS-based proteomics analysis is needed. To fulfill this gap, a new strategy
is developed as part of the work of this dissertation and described in Chapter 2.
1.1.2.7 One-Pot Strategy for Large-scale Protein Stability Measurements

Recently, a one-pot data acquisition and analysis strategy has been developed for

coupling to the large-scale protein folding stability measurements including TPP and
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PP.%334 Instead of quantification of the modification reactions at each denaturation point,
the one-pot strategy only reports the average of the modification level across the series of
denaturation conditions used in the experiment. Although this simplification sacrifices
the power to generate protein folding thermodynamic parameters and ligand binding
affinities, it reduces the number of isobaric mass tags needed for a single analysis. With
TMT-10plex labeling, five replicate experiments can be analyzed in a single LC-MS/MS
quantification. The statistically analysis is also streamlined with the one-pot strategy. As
data from five biological replicates are available all at once, more statistically significant

results (i.e., lower false positive and false negative rates) can be generated for hit selection.
1.2 Drug Target Identification

1.2.1 Overview of Drug Discovery

Modern drug discovery is an expensive and slow process with high failure rate. It
takes an average of 2.6 billion US dollars and more than 10 years to launch a new drug
into market.*® Generally, the process of drug discovery takes place with either of two
strategies: target-based drug discovery (TDD) or phenotypic drug discovery (PDD).

The starting point of the TDD strategy is the identification of a potential drug
target, typically a protein, that appears to play a key role in disease pathogenesis. Then an
activity assay is designed to monitor the response of this target protein to a library of small
molecules. The so-called “lead” molecules that induce the desired response of the target
protein are further studied in cell and animal models to determine their impact of key

aspects such as efficacies, pharmacokinetics, tolerability, and safety issues.* During this
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process, the molecular structures of lead molecules are constantly being optimized for
these aspects to achieve a higher probability in clinical success.

Unlike the TDD approach, the PDD approach does not prespecifies a key protein
of interest. In the PDD approach, a library of small molecules is screened for their
alternation of disease phenotypes in a cell or animal model. After a set of lead molecules
are generated from the process, their protein target must be identified. The identification
of their protein target(s), also known as target deconvolution, is essential for lead
optimization and prediction of potential side effects.?” If the optimization is successful,
candidate molecules optimized based on these lead molecules will move forward to
clinical trials.

In both PDD and TDD approaches, large-scale characterization of protein-drug
interaction is essential. As mentioned above, in PDD approach, the target protein must be
identified before fully understand the molecular mode of actions that underlines the
efficacy of drug candidates.?”?® In TDD approach, identification of off-target proteins is
crucial for determination of drug specificity and prediction of potential side effects.®
Indeed, in the last decade, major advances have been made in the innovation of new
methods to fulfill the ever-growing needs of large-scale drug target identification
methods. Several selected methods are reviewed in the following sections.

1.2.2 Target Identification Approach
1.2.2.1 Overview of Drug Target Identification Approach
The identification of drug binding target(s) in the human proteome with 10's of

thousands of proteins can be as challenging as finding a needle in a haystack.?
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Fortunately, major advances in computation power and mass spectrometry technology
has been made in the past several decades for a convenient infrastructure to develop new
methods towards achieving the goal. However, even with the development of various
methods in this purpose, target identification can still be a difficult task. Part of this
difficulty stems from the ubiquitous errors come along with hypothesis testing — it is very
difficult to eliminate false positives and false negatives in a target identification approach.
The high the error rates, the less likely to successfully identify the protein targets, and the
more complex and time-consuming it will be for following biochemical target validations.
Another part of this difficulty in drug target identification stems from the limitations of
these methods inherited from their experimental designs. A detailed review of the
limitations of MS-based methods are described in section 1.1.2. The need for a method to
overcome some limitations is a major driving force of new method development in drug
target identification. For example, the STEPP strategy to be described in chapter 2 is
developed to meet the need for a large-scale quantification method that retains the
advantages of the limited proteolysis experiments.

One possible solution for the struggle in target identification is just multiple
methods together. A recent proof-of-principle study of several state-of-the-art protein
stability-based methods has shown that even for the characterization of the tight binding
between cyclosporine A (CsA) and the cyclophilins proteins (K4 of CsA to the cyclophilins
are around 40nM, 100nM and 10nM for cyclophilin A, C and D, respectively)*“ in a yeast
lysate, up to two-third of the hit proteins in a single method can be false positives.?
However, if more than one methods are applied, the false positive rate can be reduce to 0.
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This suggests that for a drug with unknown mode of action, it is probably a better way to
apply more methods rather than trying to dig the true positives from the false positives
in one method, while ignoring the possibility of false negatives. However, the choice of
methods should not be random. It should be considered accordingly to the situation and
the optimal choice of method can be different from case to case, although some methods
are generally preferred over others. The limitations of methods should be taken into
account and the chemical properties of the drug should also be considered. For example,
TPP may not be a good choice when the drug is heat sensitive.

Generally, these target identification strategies include affinity chromatography,
expression-cloning-based approaches, and protein stability approaches.
1.2.2.2 Affinity Chromatography

Affinity chromatography is the conventional technique to identify drug binding
target. In an affinity chromatography experiment, the small molecule drug is first
chemically linked to a solid support. Then the immobilized drug is incubated with a
protein solution and any non-binding proteins will be subsequently be removed in
extensive washing steps. After non-binding proteins are removed, the target proteins that
bind to the solid phase reversibly are eluted from the system and subject to
immunodetection or bottom-up LC-MS/MS characterization.

Although the idea is straightforward, there are major limitations of affinity
chromatography in practice. The link that is covalently attached to the drug molecule can

disrupt the interaction with its protein target by steric hinderance.** The introduction of
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hydrophobic environment into the system also increases the chance of nonspecific binding

and elevate false positive rate.®

1.2.2.3 Expression-cloning-based Approaches

Expression-cloning-based approaches include three hybrid systems, phage
display and mRNA display. All of these methods involve the testing of binding between
the small molecule drug and a library of recombinant proteins.?” In three hybrid systems,
the recombinant proteins in the library are each fused to a DNA transcription activation
domain. When binding to the drug of interest, which is attached to a DNA, the DNA
transcription activation domain that is fused to the target protein will start transcription
of the DNA. Thus, the target protein is indicated from monitoring the expected reporter
gene. In phage display and mRNA display, the recombinant proteins are fused to surface
of a phage or a mRNA (respectively) that encode transcription information of the same
protein. Proteins that bind to the covalently immobilized small molecule drug are
collected and amplified by replication of the phage or mRNA.

The major limitation of these expression-cloning-based method is the requirement
of a sophisticated recombinant protein library. These methods will not be productive
when the protein targets are not present in the library. Like the affinity chromatography,
a covalent labeling of the drug molecule could disrupt the protein-drug interaction. Also,
the lack of important PTMs on the recombinant proteins could affect the binding.
1.2.2.4 Protein Stability Approaches

In the past decades, several protein folding stability-based techniques have been

developed and applied to drug target identification. These strategies involve large-scale
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identification of either global or local folding stability changes of target proteins as a
results of drug binding. Principles of these methods, including SPROX, TPP, CPP, LiP,
DARTS and PP, are reviewed in detail in section 1.1 of this dissertation.

Comparing to other methods of drug target identification, these stability-based
methods have significant advantages. Unlike other methods, protein stability approaches
do not require any labeling of either the drug or the proteins of interest. These experiments
can be performed with proteins extracts or even in intact cells that maximally preserve the
protein-drug binding environment as in vivo. Indeed, these advantages have contributed
to their gain of popularity in the past decade. However, limitations of each of these
methods, which are reviewed in detail in section 1.1, should not be overlooked when
dealing with a drug target identification study.

Due to the diversity of mechanisms used for identification of protein stability
changes in these methods, a combination of several of these methods together in a study
may remedy the limitation of each single method and increase the chance of successful
discovery.® In light of this, in chapter 3 and 4, several methods of this categories are used
in a combined effort to identify protein targets of two drugs with unknown mode of

action.

1.3 Parkinson’s Disease

1.3.1 Overview of Parkinson’s Disease
The presentation of Parkinson’s Disease (PD) has been phenotypically described
for centuries. The disease is known by its characteristic disorder of movement including

bradykinesia, tremors and muscle rigidity.* A collection of other symptoms, such as
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cognitive impairment, depression, dysautonomia, sleep disorders, and hyposmia are also
found in PD patients.*> Parkinson’s disease (PD) has become the second most common
neurodegenerative disease following Alzheimer’s disease (AD). In the year 2016, there
were about 6.2 million PD patients worldwide and about 200,000 died from PD.#

The cause of PD is still unknown. Age has been identified as the most important
risk factor, with most of the cases occur in elder population. Environmental factors such
as pesticides may play a role in development of PD as well. Study on familial PD also
revealed that point mutations of several protein, such as a-synuclein (SNCA), parkin
(PARK?2), PTEN-induced kinase 1 (PINK1), Leucine-rich repeat kinase 2 (LRRK2) are
linked to PD.#

At the cell level, PD presents progressive loss of neuron cells, particularly
dopaminergic neurons, in the central nervous system. The degeneration of neurons cells
in PD is accompanied by a deposit of Lewy bodies inside these cells. The Lewy body is an
abnormal aggregation of proteins, primarily a-synuclein. The relation of a-synuclein and
PD is a subject of intensive research during the last two decades.*4 However, the exact
role of a-synuclein in PD is still unknown. Nevertheless, when mice are genetically
modified to express human a-synuclein mutants that are found in familial PD cases,
similar phenotypes are observed. For example, in the Hua-Syn(A53T) transgenic mice
model, intensive formation of Lewy bodies and onset of motor disorders are observed as
earlier as 8 months of age. Studies on these mouse models can provide important

information on the role of a-synuclein and the biomolecular basis of PD.
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Apart from our limited knowledge on PD development, the diagnosis of PD is also
challenging. Definitive diagnosis of PD can only be made postmortem. The premortem
diagnosis of PD is not only prone to error (i.e., ~20% false discovery rate)*, but also usually
too late. With current diagnostic tools which is based on the assessment of motor
functions, up to 70% of final neuron degradation has already materialized at the time of
diagnosis.”! Unfortunately, the neuron cell damage in PD is irreversible. Therefore, better
diagnosis tools are needed for early-stage PD patients. The earlier the confirmation of PD,
the earlier medical intervention can be performed to delay the process of

neurodegeneration.

1.3.2 Parkinson’s Disease Biomarker Discovery

The identification of PD biomarkers could potentially facilitate the early diagnosis
of the disease. In the past twenty years, many new analytical tools have been utilized in
PD biomarker discovery.”> Among them, the application of -omics methods (i.e.,
transcriptomics, proteomics and metabolomics) are considered very promising. They
have the capability of high-throughput screening of thousands of biomolecules in one
analysis. However, the current -omics studies have not been as useful as expected at
identifying PD biomarkers for early stage diagnosis. One possible reason for this could be
the indirect link between the level of a biomolecule and the disease biological functional
change; that is, the disease-related changes in biological function may not always be
reflected in the changes of the abundance of biomolecules, either proteins, mRNAs or

metabolite, especially at the early stage.
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Rather than screening for biomolecule abundance changes, focusing on properties
directly related to functional changes could be a better approach. Factors that alternate
protein functions, such as point mutations, modifications, and differential transcription
also induce changes of the protein thermodynamic stability. Therefore, proteome-wide
analysis of protein folding stability changes in PD could generate useful information for
understanding and biomolecular basis of disease and identify biomarker for disease
diagnosis. Indeed, this approach has been used in several disease state model studies and
uncovered useful biomarkers of breast cancers and aging.?5 The successful
applications of large-scale protein folding stability measurements in disease studies

suggest PD biomarker discovery could also benefit from the application of these methods.

1.4 Dissertation Focus

This dissertation focuses on the development and application large-scale protein
folding stability measurements to drug target identification and disease biomarker
discovery.

In the method development part of this work, a novel semi-tryptic peptide
enrichment strategy for proteolysis procedures (STEPP) is described in chapter 2. The
novel strategy not only increases the proteomic coverage, but also increases the amount
of structural information that can be gleaned from limited proteolysis experiments.
Moreover, the strategy also enables the quantitative determination of ligand binding
affinities. The efficacy of STEPP-PP strategy was evaluated with two proof-of-principle
experiment on drug target identification using two drugs, cyclosporine A and

geldanamycin, in a yeast lysate. The efficacy of the STEPP-LiP strategy was evaluated

21



with one proof-of-principle experiment on identification of protein conformational
changes between a breast cancer cell line, MCF-7, and a normal cell line, MCF-10A. The
advantages of coupling the STEPP-PP technique to a one-pot data acquisition strategy was
also evaluated with a proof-of-principle experiment on drug target identification using
cyclosporine A in a yeast lysate.

In the application part of this work, large-scale protein folding stability
measurements are applied to drug target identification and disease biomarker discovery.
In chapter 3 and 4, a combination of several of these measurements are preformed to
identify the target protein of small molecule drugs subglutinol A and manassantin A. In
the subglutinol A target identification study, deoxycytidine kinase was identified as a
binding protein in large-scale methods and the protein-drug interaction was confirmed
by targeted analysis. Further biochemical experiments were conducted on DCK to
uncover the exact mode of action of subglutinol A. Chapter 5 described the application of
one large-scale protein folding stability measurement, iTRAQ-SPROX, to identify protein
stabilities changes in a Parkinson’s disease iTRAQ-SPROX mouse model to discover

potential biomarkers of the disease.
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2. Development of a Chemo-Selection Strategy for
Limited Proteolysis Experiments on the Proteomic Scale

The work described in this chapter comes largely from the research papers titled
“Chemo-Selection Strategy for Limited Proteolysis Experiments on the Proteomic Scale”
that was published in 2018 in the Analytical Chemistry (vol. 90(23), p. 14039-14047), and
“Comparative Analysis of Mass-Spectrometry-Based Proteomic Methods for Protein
Target Discovery Using a one-pot Approach” that was published in 2019 in the Journal of

the American Society for Mass Spectrometry (vol 31(2), p. 217-226). 23

2.1 Introduction

Described here is a general strategy termed, semi-tryptic peptide enrichment for
proteolysis procedures (STEPP), to facilitate detection of the limited proteolysis cleavage
sites generated in proteome-wide limited proteolysis experiments. The semi-tryptic
peptide-centered proteomics readout in the STEPP protocol significantly enhances the
information content of limited proteolysis experiments by facilitating the acquisition of
more detailed structural information about the site(s) of conformational changes observed
in the limited proteolysis experiment. The results of the proof-of-principle studies
performed here demonstrate the ability of the STEPP protocol to generate domain- and
amino acid-specific structural information about the conformational properties of
proteins using the PP and LiP techniques, respectively. In combination with PP the STEPP
protocol can also be used to evaluate the dissociation constants, Ka values, of protein-
ligand complexes. As part of this work the STEPP technique is interfaced with two
different proteolysis methods including the Pulse Proteolysis (PP) and Limited
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Proteolysis (LiP) methods. The STEPP-PP workflow is evaluated in two proof-of-principle
experiments involving the proteins in a yeast cell lysate and two well-studied drugs,
cyclosporin A and geldanamycin. The STEPP-LiP workflow is evaluated in a proof-of-
principle experiment involving the proteins in two cell culture models of human breast
cancer, MCF-7 and MCF-10A cell lines.

Recently, a one-pot data acquisition and analysis strategy has been developed for
coupling to the protein folding stability measurements including PP and TPP.333 These
one-pot workflows also have the potential to improve the STEPP-PP strategy by
facilitating the acquisition of data from more biological replicates and ultimately
increasing the statistical significance of the results The one-pot STEPP-PP workflow is
evaluated in a proof-of-principle experiment involving the proteins in a yeast cell lysate

and cyclosporin A.
2.2 Experimental Section

2.2.1 Materials

The following materials were from Sigma-Aldrich (St. Louis, MO): guanidine
hydrochloride (GdmCl), S-methylmethanesulfonate (MMTS), dimethyl sulfoxide
(DMSO), urea, centrifugal filter units (Amicon Ultra-0.5, 10k),
tris(hydroxymethyl)aminomethane hydrochloride (TriseHCI), thermolysin from
geobacillus  stearothermophilus, proteinase @K  from tritirachium album,
phenylmethylsulfonyl fluoride (PMSF), trifluoroacetic acid (TFA), triethylammonium
bicarbonate buffer (TEAB, 1 M, pH 8.5), methacrylic acid N-hydroxysuccinimide(NHS)

ester, cytochrome c from equine heart. The following materials were from Thermo-
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Scientific =~ (Waltham, = MA):  acetonitrile = (ACN, LC-MS grade), 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), Bestatin, E-64, Leupeptin,
Pepstatin A, EDTA solution (Corning, 0.5M, pH 8.0), TMT10plex isobaric label reagent
set, N-hydroxysuccinimide(NHS)-activated agarose dry resin (Pierce), trypsin protease
MS grade (Pierce). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was from Santa
Cruz Biotechnology (Dallas, TX). Phosphate-buffered saline (PBS, pH 7.4, 1X) was from
Gibco (Gaithersburg, MD). Geldanamycin (298 wt%) was from Chem-Impex
International, Inc. (Wood Dale, IL). Cyclosporin A (CsA) was from LKT Laboratories, Inc.

MacroSpin columns (silica C4 and C18) were from Nest Group (Southborough, MA).

2.2.2 Cell culture and lysis

Yeast strain YDR155C was obtained from Open Biosystems (Lafayette, CO) and
cultured in YEPD medium according to standard protocols. Briely, The yeast GAL1
overexpression strain YDR155C from Y258 host library was purchased from Open
Biosystems. A yeast colony was incubated in 50 mL YEPD medium at 30 °C overnight to
reach an OD600 of ~1.6. A 20 mL portion of the overnight culture was inoculated with the
YEPD medium (1 L) to give an OD600 of ~0.3. The inoculated medium was incubated at
30 °C until the OD600 of the solution was between 1.2-2.0. Yeast pellets were generated
by centrifuging 250 mL fractions of the final YEPD medium. The pellets were stored at -
20 °C.

The MCF-7 and MCE-10A cell lines were purchased from American Type Culture
Collection (ATCC) (Manassas, VA) and cultured according to ATCC guidelines. The yeast

cells in the STEPP-PP experiments were lysed in PBS in the presence of the following
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protease inhibitors: 1 mM AEBSF, 20 uM leupeptin, 10 uM pepstatin A, 500 uM bestatin
and 15 puM E-64. The human cells in the STEPP-LiP experiments were lysed in PBS. Cell
lysis was accomplished using 0.5 mm glass beads (in the case of yeast) or 1Imm
zirconia/silica beads (in the case of the human cell lines) and mechanical disruption at 4
°C with 25 s of disruption and 1 min intervals on ice for 15 cycles. The lysates were
centrifuged at 14,000 x g for 10 min at 4 °C. The supernatants were separated and used for
subsequent analyses. The total concentration of protein in each lysate was determined
using a Bradford assay and adjusted to 5.0 mg/ml. For ligand-binding experiments using
PP, the yeast lysate was divided into two equal aliquots. One aliquot was spiked with a
solution of the test ligand (CsA or geldanamycin) prepared in DMSO and the other one
was spiked with DMSO as vehicle. The concentration of drug in each cell lysate aliquot
was 500 uM and 50 uM in the CsA and geldanamycin binding experiments, respectively.
The final concentration of DMSQO in each cell lysate aliquot was 5% v/v in all experiments.

The solutions were equilibrated for either 1 (CsA) or 24 hours (geldanamycin).

2.2.3 STEPP-PP analysis

In both CsA and geldanamycin-binding experiments, 10 uL aliquots of the (+) and
(-) ligand-containing lysate samples were distributed into a series of 30 uL urea-containing
buffers (PBS buffer, pH 7.4) where the final urea concentration ranged from 0 to 6.8 M.
The final concentration of ligand was 125 uM in the CsA-binding experiment, 12.5 uM in
the geldanamycin binding experiment. The samples in the urea-containing buffers were
equilibrated for ~2 h at room temperature. The proteolysis reaction was initiated by

adding thermolysin to the protein and protein-ligand samples in each denaturant-
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containing buffer. The thermolysin to total protein ratio was approximately 1:10 (w/w).
The thermolysin proteolysis reactions were allowed to proceed for 1 min at room
temperature before each reaction was quenched with the addition of 60 uL urea/EDTA
solution (~0.2 M EDTA, 9 M urea, pH 8.0). These thermolysin proteolysis reaction
conditions were similar to those previously described.??+

The proteolyzed samples were subject to the STEPP protocol developed here. As
part of the STEPP protocol, the proteolyzed samples were reacted with 1.5 mM TCEP for
1h at 30 °C and then with 2.5 mM MMTS for 10 min at room temperature. Subsequently,
the thermolysin digested samples were labeled with TMT reagents by adding 41ul of
ACN containing 0.5 unit of each TMT reagent and incubating for 1.5 hours at room
temperature. In the CsA-binding (+) ligand samples, the urea concentrations, from low to
high, were labeled with TMT tags 130N, 130C, 126, 127N, 127C, 128N, 128C, 129N, 129C,
131. The (-) ligand samples were labeled in the reverse manner (i.e.,, the urea
concentrations, from high to low, were labeled with TMT tags 130N, 130C, 126, 127N,
127C, 128N, 128C, 129N, 129C, 131). In the geldanamycin-binding experiment (+) ligand
samples, the urea-concentrations, from low to high, were labeled with TMT tags 126,
127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C, 131. The (-) ligand samples were labeled
in the reverse manner. The labeling reaction was quenched by the addition of 4 uL of a
5% v/v hydroxylamine for 15 min at room temperature. In both experiments, the (+) and
(-) ligand samples of the 1st, 3rd, 5th, 7th and 9th (i.e., the odd) urea concentration (from
low to high) were combined into one sample, and the samples from the other 5
concentrations (i.e., the even urea concentrations) were combined into another sample.
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The resulting samples were dried, re-dissolved in 2% v/v TFA solution, and desalted using
C18 columns according to the manufacturer’s protocol. The desalted samples were dried,
re-dissolved in 100 pL of 0.1 M TEAB solution (pH 8.5), and digested with trypsin
overnight at 37 °C. NHS-activated agarose resin and 50 puL of 0.5M NaCl were added to
the trypsin-digested samples such that the NHS-activated agarose resin to total peptide
ratio was approximately 150:1 (w/w). The tryptic peptides mixture was allowed to react
with the NHS-activated agarose resin for 1.5 hours at room temperature before the
samples were acidified with 2% v/v TFA and the soluble peptides desalted using C18

columns. The desalted samples were subject to the LC-MS/MS analysis described below.

2.2.4 STEPP-LIP analysis

Cell lysates generated from five MCF-7 and five MCF-10A cell cultures were each
divided into two 10 uL aliquots and each aliquot was combined with 30 uL of PBS. Five
of the 10 resulting samples generated from each cell line were treated with proteinase K
at an enzyme/substrate ratio of 1/100 (w/w) for 5 min at room temperature. The proteinase
K proteolysis reaction was quenched with 5 mM PMSF and the samples were subjected to
the same STEPP protocol used in the STEPP-PP Analysis (with the exception that C4
columns were used to desalt the TMT labelled samples instead of C18 columns), which
included a trypsin digestion step, to generate 5 "double digestion" samples for each cell
line. The other 5 aliquots generated for each cell line were reduced with 1.5 mM TCEP for
1 h at 55 °C, modified with 2.5 mM MMTS for 10 min at room temperature and then
treated with trypsin at 37 °C overnight to generate 5 "single digestion" samples for each

cell line. In total, five biological replicates of the double and single digestion samples were
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generated from the MCF-7 and MCF-10A cell lines. The 10 double digested samples were
labeled with TMT tags in the STEPP procedure such that one TMT 10-plex contained 5
biological replicates of the MCEF-7 double digested samples and 5 biological replicates of
the MCF-10A double digest samples. The 10 singly digested samples were also labelled
with TMT tags and combined in the same manner as that described above for the double

digested samples.

2.2.5 One-Pot STEPP-PP Analysis

The (+) and (-) ligand samples were subjected to a similar STEPP-PP analysis 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 0.4 M intervals between 1.0 and 5.4 M. The
final concentration of CsA in the samples was 120 uM, and the total amount of protein in
each sample was 100 pg. The samples in the urea-containing buffers were incubated for 2
h at room temperature before 5 ug 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 puL of a urea/EDTA solution (~0.2 M 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 (+) and (-) ligand sample pairs for a total of 10

samples. Aliquots containing ~80 ug of total protein from each of the 5 (+) and (-) ligand
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pairs were subjected to the STEPP protocol we recently reported.29 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 then with 2.5 mM MMTS for 10 min at room temperature. The protein material in the
(+) and (-) ligand samples from each of the 5 biological replicates was labeled with a TMT
10-Plex reagent kit according to the protocol outlined in ref 29. The TMT-labelled samples
were combined to generate a single protein sample that was lyophilized, redissolved in
2% v/v TFA, and desalted using C18 columns according to the manufacturer’s protocol.
The desalted sample was lyophilized, redissolved in 0.1 M 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 pL of 0.5 M NaCl 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 h at room temperature, acidified
with 2% v/v TFA, and transferred to C18 Macrospin columns for desalting prior to LC-
MS/MS analysis.
2.2.6 Quantitative LC-MS/MS Analysis

LC-MS/MS analyses of STEPP-PP and STEPP-LiP samples were performed on a
Q-Exactive HF high-resolution mass spectrometer (Thermo) with a nano-Acquity UPLC
system (Waters) and a nano-electrospray ionization source fitted with a SilicaTip emitter
(New Objective). Samples were trapped on a 2D Symmetry C18 trapping column with

dimensions 180 um x 20 mm and particle diameter of 5 um, pore size 100 A. The trapping
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time was 5 minutes at 5 pL/minute (99.9:0.1 v/v water/ACN 0.1% formic acid). The
samples were separated on a 75 pm x 250 mm high strength silica (HSS) T3 column with
1.8 um particle diameter (Waters) heated to 55 °C. Peptides were eluted using a gradient
of 3-30% acetonitrile with 0.1% formic acid over 90 minutes at a flow rate of 0.3 uL/min.
LC-MS/MS data were collected using a top 20 data-dependent acquisition (DDA) method
including MS1 at 120k and MS2 at 30k resolution. The AGC target for MS1 was 3 x 106
ions with a max IT of 50 msec. The AGC target for MS2 was 1 x 105 ions with a max IT of
45 msec. The normalized collision energy (NCE) was set to 30 V and the scan range was
375-1600 m/z. The isolation window was 0.7 m/z and the dynamic exclusion time was set
to 20.0 seconds.

The LC-MS/MS analyses of one-pot STEPP-PP samples were performed using a
nanoAcquity UPLC system (Waters) coupled to Thermo Orbitrap Fusion Lumos mass
spectrometer systems. The dried peptide material generated from each analysis was
reconstituted in 20 pL (CPP), 15 uL (TPP), 12 puL (PP), and 10 pL (SPROX) of 1% TFA, 2%
acetonitrile in H20, and a 1 uL aliquot was injected into the UPLC system. The peptides
were first trapped on a Symmetry C18 20 mm x 180 um trapping column (5 puL/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 (HSS) 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 with 0.1% formic acid at a flow rate of 400
nL/min. The MS data were collected using a top 20 data-dependent acquisition (DDA)
method which included MS1 at 120k and MS2 at 50k resolution. The MS1 AGC target was
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4.0 x 105 ions with a max injection time of 50 ms. For MS2, the AGC target was 1.0 x 105
ions with a max injection time of 105 ms. The collision energy was set to 38%, and the scan
range was 375-1500 m/z. The isolation window was 0.7, and the dynamic exclusion
duration was 60 s. The peptide sample generated in each of the four techniques was
subjected to 3 LC-MS/MS analyses. The raw MS data generated in this work have been

uploaded to the PRIDE database (accession number PXD014309).

2.2.7 STEPP-PP Quantitative Proteomic Data Analysis

The raw LC-MS/MS files were searched against the yeast UniProt Knowledgebase
(2017-06-07 release) using Proteome Discoverer 2.2 (Thermo). The searches were
performed with fixed MMTS modification on cysteine, fixed TMT-10plex labeling of
lysine side chains, fixed TMT10plex labeling of peptide N-termini, variable deamidation
of asparagine and glutamine, variable oxidation of methionine, and variable acetylation
of the protein N-terminus. The precursor ion mass tolerance was set at 10 ppm. The
fragment ion mass tolerance was set at 0.02 Da. Trypsin(semi) was set as the enzyme, and
up to three missed cleavages were allowed. For peptide quantification, reporter ion
abundance was set as "intensity" and the normalization mode and scaling mode were each
set as "none." The peptide FDR confidence cutoff was set as “medium” (i.e., FDR <5%).

The data from different technical replicates of the same sample was exported and
combined into one file. PSMs corresponding to tryptic peptides mapping to protein N-
termini were filtered out. The TMT reporter ion intensities in all the PSMs recorded for a
semi-tryptic peptide sequence were summed. For each unique semi-tryptic peptide, the
summed (-) ligand TMT reporter ion intensity was divided by the summed (+) ligand TMT
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reporter ion intensity to generate a fold-change value for each urea concentration at which
TMT reporter ion intensities were recorded. Hit peptides were identified with two criteria:
i) the peptide must have a significantly altered log:(fold-change) (>30 deviations from the
mean log:(fold-change)), for at least two consecutive urea concentrations; ii) these
significantly altered log:(fold-change) values must have a fold-change in the same
direction for at least two consecutive urea concentrations (e.g., a peptide with fold-

changes of >30, <-30 and >30 at three consecutive urea concentrations was not a hit).

2.2.8 STEPP-LiP Quantitative Proteomic Data Analysis.

The raw LC-MS/MS files generated in the STEPP-LiP experiment were searched
against the human UniProt Knowledgebase (2017-06-07 release) with the same searching
parameters as in STEPP-PP data analysis except that the raw file from the single digestion
experiment was searched with enzyme set to trypsin(full). For the double digestion
sample, similar to STEPP-PP data analysis, PSMs corresponding to tryptic peptides
mapping to protein N-termini were filtered out. The TMT reporter ion intensities in all
the PSMs recorded for a semi-tryptic peptide sequence were summed. The sum of each
TMT reporter ion recorded for a given semi-tryptic peptide was divided by the average
of all 10 of the summed TMT reporter ion intensities for that semi-tryptic peptide to
generate a single set of so-called relative TMT reporter ion intensities for each semi-tryptic
peptide. For the single digestion sample, TMT reporter ion intensities for each identified
protein were generated from Proteome Discoverer and these TMT reporter ion intensities

for each protein were also divided by the average of all 10 of the summed TMT reporter
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ion intensities for that protein to generate a single set of so-called relative TMT reporter
ion intensities for each protein.

The data normalization and hit selection procedures used in the STEPP-LiP
experiments were directly analogous to those in a previously described LiP experiment
using SILAC quantitation.”” Briefly, for each semi-tryptic peptide, the relative TMT
reporter ion intensities from the double digestion experiment were divided by the parent
protein’s relative TMT reporter ion intensities from the single digestion experiment in
order to generate normalized TMT reporter ion intensities, which accounted for protein
abundance differences in the two cell lines. These normalized values were used in
subsequent analyses and selection of semi-tryptic peptide hits. For each semi-tryptic
peptide, a median normalized TMT reporter ion intensity value was determined from the
five MCF-7 biological replicates. This value was divided by the median normalized TMT
reporter ion intensity value determined from the five MCF-10A biological replicates
group to generate a MCF-7/MCF-10A fold-change. The fold-change value was used to
determine the proteolysis susceptibility change behavior for each semi-tryptic peptide
(e.g., a MCF-7/MCEF-10A fold change < 1 meant the semi-tryptic peptide site was less
susceptible to proteolysis in MCF-7). Semi-tryptic peptide hits were only selected from
those that were identified in at least two biological replicates of both cell lines. For peptide
hit selection, a Student’'s two-tailed t test was used to identify hit peptides with
significantly different normalized TMT reporter ion intensities between the MCF-7 and

MCF-10A groups. Hit peptides were selected as those with a p-value less than 0.05.
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2.2.9 One-Pot STEPP-PP Quantitative Proteomic Data Analysis

Raw LC-MS/MS files of the one-pot STEPP-PP samples were searched with
Proteome Discoverer 2.2 (Thermo) with the same searching parameters as in section 2.2.3
for STEPP-PP samples with the exception that only peptides with peptide FDR confidence
labelled as “high” (i.e., FDR < 1%) were allowed.

For each biological replicate, a normalization factor was calculated using the ratio
of the summed signal intensities of all semi-tryptic peptides recorded in the (+) and (-)
ligand samples from each biological replicate. For each identified semi-tryptic 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 5 replicates. These normalized ratios (fold change)
were then logz-base transformed, averaged, and tested by two-tailed Student’s t test

comparing with a mean of 0.

2.2.10 Kq Value Determination in STEPP-PP experiment
The median fold change of the four semi-tryptic peptides from HSP82 binding-
domain in the geldanamycin binding STEPP-PP experiment were fit to equation (1) using

a Mathematica 11.0 script:

1
AGy +m X [Urea] +4
1+ Exp (— RT )
log, Fold change = log, 1 @)
AGs + AAGF + m X [Urea] +4
1+ Exp (— RT )
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In equation (1), the Fold change is the (-)/(+) semi-tryptic peptide TMT reporter
ion intensity ratio at each denaturant concentration, AGris the folding free energy, AAGy is

the observed ligand-induced protein folding free energy change (i.e., the binding free

AGf
d[Urea]’

energy), m is R is the ideal gas constant; T is temperature in Kelvin, A is a

customized constant representing the experimental noise (see below for explanation and
derivation of equation (1)). Ultimately, the AAG; value obtained from fitting the log:(fold-
change) versus [Urea] data to equation (1) was used in equation (2) to calculate the

dissociation constant, Ka:

K, = — [L]

e AAGf/RT -1 (2)

In equation (2), [L] is the free ligand concentration, AAGy is as described above, R
is the ideal gas constant, and T is the temperature in K.

Equation (1) and equation (2) were derived from the following steps:

As described by Myers and co-workers,* the folding free energy of a protein,
A Gt ,in chemical denaturant [Urea] can be expressed as:

AGs -y = AGs + m X [Urea] = —RTInKf 3)

, where A Gt is the folding free energy of the protein in the absence of ligand, and Kt is
the equilibrium constant between the folded and unfolded state of the protein in the

absence of ligand, which is defined as

K _ [Folded](_) 4
10 = [Unfolded] @
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where [Folded] is the concentration of the folded protein, and [Unfolded] is the
concentration of the unfolded protein.

Equations (3) and (4) can be combined and we get

[Folded] -, s < AGs +m X [Urea])

[Unfolded], RT )

The total concentration of the protein can be expressed as, [Protein] = [Folded]) +

[Unfolded] ). Therefore, equation (5) can then be expressed as,

[Unfolded] - 1
[Protein] AGs +m x [Urea]) (6)
RT

1+ Exp (—

Similarly, the folding free energy of a protein in the presence of ligand, A G, in chemical
denaturant can be expressed as,

AGf’(+) = AGf + AAGf +m X [Urea] = —RTanf‘(_,_) (7)

Similarly, we can have

[Unfolded] 4, 3 1
[Protein] AGy + AAGy +m X [Urea]) (8)

1+ Exp (— RT

Dividing equation (6) by (8) and taking the logarithm of both sides yields,

1
AGy + m X [Urea]
[Unfolded], 1+ Exp (— )
0gs T IO g i 9)
? [Unfolded] 4 2 1
L4 E ( AGy + AAGF + m X [Ureal]
P\~ RT )
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As the all unfolded protein are digested by thermolysin and result in semi-tryptic

. . [Unfolded]y . . . .
peptides, the ratio [Unfoldedls, the same as the (-)/(+) semi-tryptic peptide TMT reporter

ion intensity ratios. As the STEPP-PP is a TMT-based experiment, there is a constant noise
in target peptide quantification from co-isolation and co-fragmentation of other
interfering TMT-labeled peptides. To account for this noise in TMT quantification, we add
the constant, A, to both numerator and denominator. This constant term is set to be the
median isolation interference of the data to be fitted (e.g. in fitting of the HSP82 hit
peptides in geldanamycin-binding experiment, this constant A is set to be the median

isolation interference of the four HSP82 hit peptides, which is 0.17).

[Unfolded] (-

By substituting fold change for [Unfolded) s,

and adding the constant A, we get

equation (1) for Ka determination of STEPP-PP experiment:

1
AGs +m x [Urea] +4
1+ Exp (— RT )
log, Fold change = log, 1 @)
AG, ¥ AAG, T m x [Urealy T4
1+ Exp (— RT )
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2.3 Results and Discussion

2.3.1 STEPP Workflow

Shown in Figure 3 is the STEPP protocol developed here to enrich the semi-tryptic
peptides generated in limited proteolysis experiments performed on the proteomic scale.
In the STEPP protocol, any intact proteins and the non-tryptic peptide fragments
generated in the limited proteolysis reaction are directly labeled with a set of isobaric mass
tags (e.g., TMT 10-plex), which react with the e-amino groups in lysine side-chains and
with the proteins” and non-tryptic peptides” N-termini. The isobaric mass tag labeling
reactions are quenched, and the samples labeled with different TMT tags are combined.
The combined is digested with trypsin. This exposes new N-terminal amino groups at the
trypsin cleavage sites, which only occur at arginine residues, as lysine cleavage sites are
blocked due to the presence of the isobaric mass tag. The trypsin digestion shortens the
non-tryptic peptide fragments and generates semi-tryptic peptides, that are suitable for
bottom-up shotgun proteomics analysis. However, the trypsin digestion also creates a
large number of tryptic peptides. These tryptic peptides are removed from solution
through reaction with a N-hydroxysuccinimide (NHS) activated agarose resin. This
chemo-selection reaction, while immobilizing tryptic peptides, leaves semi-tryptic
peptides in solution and ready for subsequent LC-MS/MS analysis. In theory, each
cleavage site resulting from the limited proteolysis reaction in the first digestion step of
the STEPP protocol generates two non-tryptic "daughter" peptides. Upon trypsin
digestion, these two non-tryptic "daughter” peptides each produce one semi-tryptic

peptide that terminates at the non-tryptic digestion site, where one of the semi-tryptic
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peptides has a tryptic N-terminus and non-tryptic C-terminus and the other semi-tryptic
peptide has a non-tryptic N-terminus and tryptic C-terminus. We note that the chemo-
selection strategy outlined here only enriches for one of these semi-tryptic peptides (i.e.,
the semi-tryptic peptide that has a semi-tryptic N-terminus and tryptic C-terminus).

We also note that although the mechanism for this enrichment is similar to a
previously published technique, TAILS, for enriching proteolyzed peptides in
degradomics studies, this STEPP methodology has unique novelty and advantages.?” The
STEPP method uses a NHS ester click chemistry for amine group protection and
immobilization, enabling the reaction to be much faster (i.e., the amine group reaction
time in STEPP is less than 2 h, comparing to the 16 h reaction time in TAILS) than TAILS
where aldehyde reaction are used.” Unlike in TAILS where synthesis of the
immobilization polymer is needed, the immobilization agent in STEPP, i.e., NHS-
activated agarose, is commercially available. It is also in this work that the enrichment of
semi-tryptic peptides is first established for the proteolysis methods including LiP and

PP.
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Figure 3 Schematic representation of the STEPP protocol
workflow developed in this work.

2.3.2 STEPP-PP Analysis of CsA and Geldanamycin Binding to
Proteins in a Yeast Cell Lysate

The STEPP protocol was interfaced with PP as illustrated in Figure 4, and the
STEPP-PP workflow was used in a proof-of-principle study to identify the protein targets
of two well-studied small molecule drugs, CsA and geldanamycin, using the proteins in
a yeast cell lysate.®®> These two model drugs were chosen for these proof-of-principle
studies because the binding interactions with their protein targets have been well-studied
by conventional methods and by other energetic-based studies, such as chemical

denaturation and protein precipitation (CPP), SPROX and SILAC-PP methodology.2460-64
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Figure 4 Schematic representation of the STEPP-PP workflow used in this work.

In both the CsA and geldanamycin binding experiments close to 900 yeast
proteins were identified by more than 4000 unique semi-tryptic peptides (see Table 1).
The total number of semi-tryptic peptides was about 10 times more than that observed in
a typical proteome-wide LiP experiment with the same number of LC-MS/MS runs.?” The

proteomic coverages observed in these STEPP-PP experiments were also significantly
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greater (~40% larger) than the proteomic coverage observed in similar drug-mode-of

action study using SPROX to identify protein targets in the yeast proteome.*

Table 1 Summary of proteomic coverages and numbers of hits observed in the STEPP-
PP CsA and geldanamycin ligand binding experiments using the proteins in a yeast

cell lysate
Peptides Protein
Protein Assayed from False
Drug Binding Assay Peptides Hit Peptides Known Positive
Experiment Criteria (Proteins) (Proteins) Protein Rate
Target(s)
CsA One 4265 (812) 24 (13) 11 (CPR1), 2 1.4%
peptide (CPR3)
At least two 3914 (461) 13 (2) 0%
peptides
Geldanamycin ~ One 4955 (901) 39 (33) 4 (HSP82) 3.6%
peptide
At least two 4533 (492) 10 (4) 0.6%
peptides

In the CsA binding study, 24 semi-tryptic peptides from 13 proteins were

identified as hits, including 13 semi-tryptic peptides from 2 cyclophilin proteins (CPR1

and CPR3, see Figure 5 A and B), both of which are known to bind or be inhibited by

CsA.%% STEPP-PP data from a typical non-hit protein is shown in Figure 5C.
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Figure 5 Representative STEPP-PP data obtained in the CsA binding study. (A) Data
from the 11 semi-tryptic peptides assayed from the known CsA binding protein,
CPR1 (peptidyl-prolyl cis-trans isomerase). (B) Data from the 2 semi-tryptic peptides
assayed from the known CsA binding protein, CPR3 (peptidyl-prolyl cis-trans
isomerase C, mitochondrial). (C) Data from the 10 semi-tryptic peptides assayed from
a non-hit protein, RPL38 (60S ribosomal protein L38). The dashed lines indicate the
logz(fold-change) values that are +/- 30 deviations from the average log:(fold-change)
values of all the semi-tryptic peptides assayed in the CsA binding study.

In the geldanamycin binding experiment, 39 semi-tryptic peptides from 33
proteins were identified as hits, including 4 semi-tryptic peptides from the known
geldanamycin binding protein, HSP82 (yeast HSP90 isoform) (Figure 6 A).”” We note that
a total of 28 semi-tryptic peptides from HSP82 were assayed. All 23 of the semi-tryptic
peptides mapping to the middle and C-terminal domains were not identified as hits, and
4 out of the 5 semi-tryptic peptides mapping to the N-terminal domain of HSP82 were
identified as hits. In both the geldanamycin and CsA binding experiments the known

binding targets were successfully identified as hits, giving a 0% protein false negative rate.
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Figure 6 STEPP-PP data obtained in the geldanamycin binding experiment. (A) Data
obtained on the 28 semi-tryptic peptides assayed HSP82 peptides in the geldanamycin
binding experiment. The 4 hit peptides are shown in blue, red, yellow and green,
other non-hit peptides are shown in grey. The dashed lines indicate the log:(fold-
change) values that are +/- 30 deviations from the average log:(fold-change) values of
all the semi-tryptic peptides assayed in the geldanamycin binding study. (B)
Schematic representation of the HSP82 geldanamycin binding domain with the
geldanamycin bound (PDB ID: 1A4H).”” The four hit peptides from HSP82
(highlighted with the same colors as in A, respectively) all mapped to this known
geldanamycin binding domain. (C) Data used to calculate the Ka value associated
with the HSP82-geldanamycin complex. The data points represent the median data
from the four hit peptides in (A). The solid line is the best fit of the data to equation
(D).

Unfortunately, it is difficult to determine if the peptide hits from proteins other
than the cyclophilins in the CsA binding experiment and HSP82 in the geldanamycin
binding experiment are from novel CsA or HSP82 binding proteins or are false positives.
However, if all such proteins are considered to be false positives, an upper limit for the
false positive rates of 0.3-0.7% and 1.4 — 3.6% for peptide and protein hit discovery
(respectively) can be established for the STEPP-PP protocol. The false positive rates of
protein hit discovery observed here for STEPP-PP are about the same as that previously
reported for SILAC-PP with gel fractionation (2.1 - 3.6%);* and the false positive rates of
peptide hit discovery observed here for STEPP-PP are slightly lower than that previously

reported for SPROX (~1-2%).%
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The false positive rate of protein hit discovery in STEPP-PP can be further reduced
if hit proteins are also required to have at least 2 semi-tryptic peptide hits. While this
reduced the proteome coverage in our experiments by about 45% (see Table 1), it
significantly improved the false positive rate. In the CsA binding experiment, only the
two cyclophilins CPR1 and CPR3, passed this more stringent hit selection criteria, giving
a 0% false positive rate of protein hit discovery. In the geldanamycin binding experiment,
only HSP82 and 3 other proteins passed the multiple-peptide hit selection criteria,
reducing the false positive rate of protein hit discovery by 6-fold from 3.6% to 0.6%. Thus,
requiring just two-peptide hits for protein hit selection can greatly reduce the false
positive rate of protein hit discovery using the STEPP-PP approach. However, proteomic
coverage is sacrificed. This is because, even with the STEPP-PP protocol to enrich for
semi-tryptic peptides, only a fraction (~55%) of the proteins identified in the bottom-up

proteomics analysis are identified with two or more semi-tryptic peptides.

2.3.3 STEPP-PP Generates Domain Specific Ligand-Binding
Information

The semi-tryptic peptides generated in the STEPP-PP experiment report on the
biophysical properties of the protein folding domains to which they map. In the case of
single domain proteins all the semi-tryptic peptides generated in the STEPP-PP
experiment should display similar behavior. This was, for example, observed with the
semi-tryptic peptides from the cyclophilin proteins in the CsA binding experiment (Figure
5 A and B). In the case of large multi-domain proteins, the semi-tryptic peptides from

different domains can display different behaviors if they have different interactions with
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the ligand. This was, for example, observed with the semi-tryptic peptides form HSP82
in the geldanamycin experiment (Figure 6 A).

HSP82 has three domains, including the N-terminal ATP-binding domain
(residues 1-210 that also encompass the geldanamycin binding site), the middle domain
(residues 267-547), the C-terminal dimerization domain (residues 548-705), and a flexible
linker (residues 211-266).%¢” In the geldanamycin binding experiment, the 4 semi-tryptic
peptide hits were all from the N-terminal ATP-binding domain, which contains the
known geldanamycin binding site.”” We note that the 1 semi-tryptic peptide from the N-
terminal domain which was not identified as a hit, appears to be a false-negative. Indeed,
the fold-change values recorded for this peptide (1.84 and 1.90 at 4 M and 5.7 M urea
concentrations, respectively) were very close to the cut-off value (1.93) used for hit
selection. As expected, all 23 semi-tryptic peptides from the other domains were not
identified as hits (Figure 6 A). In the case of large multi-domain proteins like HSP82, the
STEPP-PP protocol can provide domain-specific information about ligand-induced
conformational changes. Such domain specific information has not been reported using
previous PP protocols.?>243132 Presumably, the protein-centered readouts employed in
these previous protocols complicates the acquisition of such domain-specific binding

information.

2.3.4 Dissociation Constant Determination in STEPP-PP
An inherent advantage of PP over other energetics-based approaches such as the
thermal proteome profiling (TPP) approach, is that it can be used to evaluate the

dissociation constants (Ka) of protein-ligand complexes.®® This is because the chemical
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denaturation behavior of proteins determined in the presence and in the absence of ligand
can be used to evaluate a binding free energy (i.e.,, a AAGt value). In particular, the
denaturant dependence of the fold-change values generated in the STEPP-PP experiment
can be fit to equation (1) to generate a AAGt value, which can ultimately be used to
calculate a Ka value using equation (2). Indeed, the STEPP-PP data can be used to obtain
a Ka of the geldanamycin-HSP82 binding of ~7.5 nM (Figure 6 C), which is in good
agreement with (i.e., within 20% of) the previously reported value of 9 nM.” However,
the determination of a Ka value from STEPP-PP data does require data points at
denaturant concentrations that are above the transition mid-point of the most stable form
(i.e., that the fold-change values return to the baseline value of ~0) (Figure 6 C). For
example, the lack of data at higher denaturant concentrations, where the fold-change
values are expected to return to 0, precluded the determination of a meaningful K4 value

for the CsA - cyclophilin binding interactions (see Figure 5 A and B).

2.3.5 STEPP-LiP Study of Breast Cancer-Related Protein
Conformational Changes

The STEPP protocol was also interfaced with the LiP method according to the
scheme outlined in Figure 7. The STEPP-LiP protocol was used in a proof-of-principle
study of breast cancer-related protein conformational changes using a human breast
cancer cell line (MCF-7) and a human normal mammary epithelial cell line (MCF-10A). To
evaluate the utility of the STEPP-LiP protocol, the STEPP-LiP results reported here were
directly compared to the results generated in a previous analysis of the MCF-7 and MCF-

10A cell lines using the normal LiP procedure (i.e., without STEPP).?

48



MCF-7
Cell Lysates

MCF-10A
Cell Lysates

5 Biological

I Replicates 1

Double Digestion Group

Single Digestion Group

[ 1a. Limited Proteolysis ] [

STEPP

1b. Trypsin
digestion

-
2a. React Amine Groups
w/ Isobaric Mass Tags

2b. Label w/
Isobanc Mass Tags

22 X22222Z

—NmEnON~o D9

VYYYYYVYY VY

—Nmgwno~o 2

Tag

ocoDoD
(G o ]
e e

Tag 1

oo
T ©
-

Tag

3b. Combine ]

[ 3a. Combine ]

-y

L ¥

v

- v,

da. Digest w/ Trypsin

5a. Immobilize Tryptic
Peptides

-

~

4b_ LC-MS/MS
Analysis & Protein
Quantitation

W

6a. LC-MS/MS

Identification &
Quantitation of Semi-

Tryptic Peptides
Remaining in Solution

4

Semi-Tryptic Peptide
MCF-7

MCF

-10A

Rel.
Intensity

TMT Channel

Parent Protein

MCF-7
MCF-10A

Rel.
Intensity

TMT Channel

\ Normalize Protein Abundance )

|

Rel. Intensity

Normalized

TMT Channel

Semi-Tryptic Peptide
Hit

Rel. Intensity

Normalized

TMT Channel

Semi-Tryptic Peptide
Non-Hit

Figure 7 Schematic representation of the STEPP-LiP workflow
used in this work

In the STEPP-LiP experiment about 3000 semi-tryptic peptides from 700 proteins

(see Table 2) were assayed. This is 5 times more semi-tryptic peptides and 1.25 times more
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proteins than that assayed in the normal LiP study of the MCF-7 and MCF-10A cell lines.
The protein hits identified in the STEPP-LiP experiment were also in good agreement with
those in the normal LiP experiment. A total of 241 proteins were assayed in both the LiP
and STEPP-LiP experiments. These 241 proteins included 115 hit proteins in LiP and 181
hit proteins in STEPP-LiP, with a large fraction (80%) of the LiP hits overlapping with the
STEPP-LAiP hits.

Table 2 Summary of proteomic coverages and numbers of hits observed in the STEPP-
LiP MCF-7 vs MCF-10A comparative analysis

Double Digestion? Single Digestion®

Total peptide (protein)

:dentified 3650 (1050) 16656 (1604)
Assayed peptide (protein) 2977 (688)¢
Peptide (protein) hits 1240 (440)¢

2 The identified peptides in the double digestion group are all semi-tryptic.
> The identified peptides in the single digestion group are all tryptic.

¢ The number of peptides (proteins) identified in least two biological replicates of both the
MCEF-7 and MCF-10A cell line analyses and in both the double and single digestion
groups.

4 The number of semi-tryptic peptides (proteins) with significantly different normalized
TMT reporter ion intensities between the MCF-7 and MCF-10A groups (p < 0.05).

The increased peptide coverage in the STEPP-LiP experiment not only increases
the confidence in protein hits (i.e.,, protein hits identified with multiple semi-tryptic
peptide hits are more likely to be true positives) but it also increases the amount of
information that can be gleaned about the conformational properties of hit proteins in the
LiP experiment (e.g., see data on HSP90AA1 in Figure 8A and B). The STEPP-LiP data on

HSP90AA1 (Figure 8 A) indicate a clear picture of the conformational differences in this
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protein in the MCF-7 and MCF-10A cell lines. The STEPP-LiP data reveal that the N-
terminal ATP-binding domain of the protein is more protected against proteolysis in the
MCEF-7 cell line than in the MCF-10A cell line. This is consistent with HSP’90 adopting its
closed and active form (Figure 8 C) in the MCF-7 cells.”*”2 This result is also in agreement
with the results of other studies that have shown HSP90 is in its closed and active form in

cancer cells and in its open and inactive form in normal cells.”
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Figure 8 Comparison of the STEPP-LiP and LiP data generated on HSP90AA1 (heat
shock protein HSP 90-alpha) in this work and in reference 5 (respectively). (A) The
amino acid positions and p-values of the 37 semi-tryptic peptides from HSP90AA1
isoform 1 that were assayed in the STEPP-LiP study of MCF-7 vs MCF-10A protein
conformation are plotted. (B) The amino acid positions and p-values of the 4 semi-
tryptic peptides from HSP90AA1 isoform 1 that were assayed in the LiP study of
MCEF-7 vs MCF-10A protein conformation in reference 5 are plotted. In both (A) and
(B), the dashed lines correspond to a p-value = 0.05. The color of each data point
indicates the MCF-7/MCF-10A TMT reporter ion intensity fold-change of the given
semi-tryptic peptide, with more proteolytic susceptibility implicated by a greener
color. (C) Schematic representations of the three-dimensional structures associated
with the open and closed conformations of the HSP90 homodimer (generated from
PDB ID: 2I0Q and 2CG9).7'72
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The HSP90A A1 protein was identified as a hit in our previously published normal
LiP analysis of the MCF-7 and MCF-10A cell lines. However, the normal LiP data
indicated that HSP90AA1 was more protected against proteolysis in the MCF-10A cell
line than in the MCF-7 cell line (Figure 6B).” One explanation for the apparent
discrepancy in the normal LiP and STEPP-LiP results on HSP90AAT1 is that the semi-
tryptic peptide detected in the normal LiP experiment was actually a “tryptic” semi-
tryptic peptide generated from non-specific cleavage during the trypsin digestion step.
Such “tryptic” semi-tryptic peptides have been reported to constitute 4-40% of the
peptides generated in a trypsin digestion, depending on the trypsin manufacturer.” While
the trypsin used in the normal LiP is expected to only generate a small fraction of semi-
tryptic peptides (<5% of total peptides), the presence of such peptides cannot be ignored
in a normal LiP experiment where the number of semi-tryptic peptides is relatively low
(i.e., around 13% of the total peptides assayed in the LiP experiment).?”

In the normal LiP experiment the presence of "tryptic" semi-tryptic peptides can
lead to errant interpretations of the data. Semi-tryptic peptides can be correctly identified
as hits in the normal LiP experiment whether they came from the proteinase K or trypsin
digestion. However, it becomes ambiguous as to whether or not the hit arises from
increased or decreased protection (e.g., a >1-fold change means more susceptible to
proteolysis if the semi-tryptic peptide is from proteinase K cleavage but less susceptible if
it is from the trypsin digestion step). One advantage of the STEPP-LiP protocol described

here is that it is not subject to such ambiguity, as only the N-terminally-TMT-labeled
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peptides from the proteinase K digestion step are left in solution after the chemo-selection.
Therefore, the above ambiguity is effectively eliminated in the STEPP-LiP experiment.
2.3.6 One-Pot STEPP-PP Analysis of CsA Binding to Proteins in a Yeast
Cell Lysate

The STEPP-PP protocol was interfaced with a one-pot data acquisition and data
analysis strategy as illustrated in Figure 9, and the one-pot STEPP-PP workflow was used

in a proof-of-principle study to identify the protein targets CsA using the proteins in a

yeast cell lysate.
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Figure 9 Schematic representation of the one-pot STEPP-PP workflow used in this
study.
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In the one-pot STEPP-PP workflow, equal amounts of the (+) ligand or (-) ligand
samples from a given biological replicate were combined into a single sample after
quenching of the proteolysis reaction. This ultimately generated 5 pairs of (+) and (-)
ligand samples. These 5 pairs of samples were then subject to a STEPP protocol and
analyzed with LC-MS/MS. The TMT reporter ion intensities measured in the LC-MS/MS
analyses represent the Favg+) and Favg) values for the (+) and (-) ligand denaturation curves
in each biological replicate. The selection of semi-tryptic peptide “hits” using one-pot
STEPP-PP was based on the two criteria including the following: (i) the p-value from a
two-tailed Student’s t test was less than 0.001, and (ii) the average Favg)/Favg) ratio was
either greater or smaller than 3 standard deviations from the mean of all the average F-
avg(+)/Favg() ratios determined for each technique.

In total, the Favge)/Favg) ratios for 6435 semi-tryptic peptides from 866 proteins were
quantified and considered for hit selection in experiment. The details of proteomic
coverage and hit are summarized in Table 3. Shown in Figure 10 are volcano plots of the
p-values and Favgs/Favg) ratios generated for one-pot STEPP-PP for hit selection.

Table 3 Summary of Proteomic Coverages and Hits Observed in CsA Ligand Binding
Experiments Using the one-pot STEPP-PP approach

. Peptu.ie Peptide Knov.vn protein Protein false
Technique (protein) N (peptide) targets .
(protein) hits . positive rate
coverage detected as hits
One-pot CypA (17), CypC o
STEPP-PP 6435 (866) 24 (7) 1) 0.6%
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Figure 10 Volcano plots of the average log: (Favg+)/Favg)) values and p-values generated
using a two-tailed Student’s t test to analyze the one-pot STEPP-PP data generated in
this work. The vertical and horizontal dotted lines mark the hit selection criteria cut-
off values for the average log: (Favg/Favg) values and -logu(p-values), respectively.
The green data points indicate true positives (i.e., known CsA binding proteins
selected as hits), and the red data points indicate false negatives (i.e., known CsA
binding proteins or peptides that were not selected as hits).

The one-pot STEPP-PP experiment generate similar proteomic coverage as the
normal STEPP-PP experiment (see Table 1), but provide an improved false positive rate.
The capability of analyze five biological replicates in one experiment enables a more
statistically significant t test hit selection and reduces the false positive rate from 1.4% to
0.6% in one-pot STEPP-PP. However, it should be noted that the Ka value cannot be
generated from the one-pot experiment because of the limited information (i.e., only one-

fold change value per biological replicate) generated.
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3. Investigation of Subglutinol A’s Mode of Action

This chapter describes the application of TPP, CPP, SPROX and PP to identify the
protein targets of subglutinol A. Subsequent biochemical studies designed to further
validate the identified protein targets are also described. This study on subglutinol A is a
collaboration with professors Jiyong Hong and Qijing Li at Duke University. Part of the
work discussed in this chapter (i.e., the CPP experiment) was performed by H. Meng and
was previously reported in his dissertation Proteomic Methods and Applications for Protein

Folding Stability Measurements (page 92-95).7

3.1 Introduction

Autoimmune diseases are a group of more than one hundred chronic
inflammatory diseases that affect approximately 3-5% of world population and 8% of the
US population.””® Current treatments of autoimmune diseases have relied on
immunosuppressant or cytotoxic drugs, which are limited in their effectiveness due to the
lack of selectivity.” Even with selective immunosuppressive drugs such as cyclosporine
A (CsA) and FK506, the required levels of medication can cause serious side effects.”
Thus, the continued search for potent and less cytotoxic immunomodulants is critical for
reducing the side effects of current autoimmune therapies.

Subglutinol A (Sub A, Figure 11) is a immunosuppressive a-pyrone diterpenoid
natural product isolated from an endophytic fungus from the vine Tripterygium wilfordii.®
For more than two thousand years, Tripterygium wilfordii has been used in Chinese

traditional medicine as anti-inflammation and immunosuppressive herbal remedy.5! The
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Chinese National Medical Products Administration (Chinese FDA) has endorsed the
usage of its formulated extracts (Lei Gong Teng tablets, CFDA approval #7242021534) for
rheumatoid arthritis, psoriasis, lupus-associated autoimmune nephrotic syndrome, and

autoimmune hepatitis. Indeed, Sub A has been shown to have immunosuppressive

O\OH

Figure 11 Structure of Sub A.

activity in mixed lymphocyte reaction (MLR) assay (ICso = 0.1 uM)®. This potency in
immunosuppression, combined with its low cytotoxicity indicates Sub A could be a useful
new drug for safe immunosuppressive therapeutics.

The exact mode of action of Sub A has not been ellucidated. A previous study has
showed that Sub A treated T cells inhibited their proliferation, survival, and pathogenic
cytokine production; and indicated Sub takes action in a different mechanism than other
immunosuppressants such as CsA®. The goal of this work was to better understand the
mode of action of Sub A. As a first step towards this goal, the work in this chapter uses
protein folding stability-based proteomic methods, including SPROX, CPP, TPP and
STEPP-PP, to discover the protein targets of Sub A in a mouse 2B4 T cell lysate. Several of
the the target proteins identified here were further subject to biochemical assays to

validate their binding with Sub A as well as to discover their role in subgltinol A’s mode
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of action. This work on the understanding of Sub A's mode of action could ultimately
facilitate future clinical applications of the drug, increase our understanding of the
mechanism of the immune process, as well as foster development of better

immunosuppressant drugs.
3.2 Experimental Section

3.2.1 Materials

The following materials were from Sigma-Aldrich (St. Louis, MO): guanidine
hydrochloride (GdmCl), S-methylmethanesulfonate (MMTS), dimethyl sulfoxide
(DMSO), urea, centrifugal filter units 10k (Amicon Ultra-0.5), tristhydroxymethyl)-
aminomethane  hydrochloride  (Tris'HCl), = thermolysin = from  geobacillus
stearothermophilus, and light- and heavy-labeled dCMP and dTMP. The following
materials were from Thermo Scientific (Waltham, MA): 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), bestatin, E-64, leupeptin, pepstatin A, and trypsin
protease MS grade. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was from Santa
Cruz Biotechnology (Dallas, TX). MacroSpin columns (Silica C18) were from Nest Group
(Southborough, MA). Phosphopeptide enrichment kit was from GL Sciences (Tokyo,
Japan). Phosphate-buffered saline (PBS, pH 7.4, 1x) was from Gibco (Gaithersburg, MD).
Ethylenediaminetetraacetic acid (EDTA, 0.5 M, pH = 8.0) was from Mediatech, inc
(Manassas, VA). Sub A was synthesized and provided by Hyeri Park from Professor
Jiyong Hong's Laboratory at Duke University. DCK, ACTB, XPO2 and HDAC antibodies
were from Santa Cruz Biotechnology, Inc (Dallas, TX). Laemmli sample buffer (4x) was

from Bio-Rad (Hercules, CA). Purified recombinant DCK protein and DCK activity assay
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were purchased from Novocib (Lyon, France). [5-°*H] deoxycytidine was from Moravek
(Brea, CA). MN 616 LSB-50 anion exchange filters were from Macherey-Nagel (Diiren,

Germany). The Oasis WAX 1cc Cartridges were from Waters (Milford, MA).

3.2.2 Cell Culture and Lysis

Mouse 2B4 T hybridoma cells were cultured according to standard protocols,
except in the case of the 2B4 T hybridoma cells used for the protein expression level,
phosphoproteome, and DCK localization analyses. In these analyses, the cell cultures
were supplemented with 100 uM of Sub A (treatment group) in DMSO or only DMSO
(control group) for 24 hours or 48 hours during the cell culture before lysis. Cell pellets
were lysed in PBS with protease inhibitor cocktail (1 mM AEBSF, 10 uM pepstatin A, 20
uM leupeptin, 15 uM E-64, and 500 uM bestatin) except for cell pellets used for the in-
lysate DCK activity assay. In this case the cell pellets were were lysed in Tris-HCl pH 8.0
buffer with protease inhibitor cocktail as mentioned above, 2mM DTT, 5mM MgCl,
10mM NaF and 1mM NaVA (sodium orthovanadate). Cell lysis was accomplished using
zirconia/silica beads (1 mm) at 4 °C with 20 s of disruption 20 times with 1 min intervals
on ice in between except for TPP analysis, where cells were lysed by 4 times of liquid
nitrogen freeze thaw cycles. The cell lysate was centrifuged at 14 000 x g and 4 °C for 10
min, and the supernatant was saved for subsequent analysis.

The total protein concentration in all lysates was determined using a Bradford
assay and adjusted to 10 mg/mL with PBS pH 7.4 or Tris-HCI pH 8.0 for the in-lysate DCK
activity assay. For each analysis (except for the protein expression level analysis,

phosphoproteome analysis, in-lysate DCK activity assay and DCK localization analysis)
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the test lysate was divided into two equal portions. One portion was spiked with a
solution of the Sub A prepared in DMSO and one was spiked with DMSO as vehicle. The

solutions were equilibrated for 1 hour before analysis.

3.2.3 SPROX analysis

The SPROX experiments were conducted similar to that previously described
using a filter aided sample preparation and iTRAQ labeling (iFASP) protocol for bottom-
up sample preparation.®

The (+) and (-) ligand cell lysate samples were distributed into a series of urea-
containing buffers (PBS pH 7.4) with the final urea concentrations ranging from 0 to 7 M.
The final volume in each buffer was 95 L. The final concentration of Sub A was 150 uM.
The solutions were equilibrated at room temperature for 1 hour before 5 uL of 30% (v/v)
hydrogen peroxide solution was added into each solution to initiate methionine
oxidation. After 6 min, the oxidation reactions were quenched by addition of 500 uL of
500 mM TCEP solution. An aliquot of 500 pL of each of the resulting sample solution was
transferred into a 10k centrifugal filter unit and was subjected to iFASP protocol that
involved reduction with TCEP, reaction with MMTS, digestion with trypsin, and labeling
with a iTRAQ-8plex reagent.’* The iTRAQ-8plex labeling scheme involved labeling the
protein samples derived from each of the denaturant concentrations in the (-) ligand
samples with the reagents from one iTRAQ-8plex and labeling each of the denaturant
concentrations in the (+) ligand samples with the reagents from another iTRAQ-8plex. The
(+) ligand samples were combined and so were the (-) ligand samples. The two combined

samples were desalted using a C18 column (The Nest Group) according to the
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manufacturer’s protocol. These were the ‘non-enriched” samples. An aliquot containing
about 100-200 ug of iTRAQ-labeled peptides were removed from the desalt samples and
enriched for methionine residue containing peptides using a Pi3™ Methionine Reagent kit
according to the manufacturer instructions (The Nest Group). These were the ‘enriched’

samples.

3.2.4 TPP analysis

The TPP experiments were conducted similar to that previously described® but
with filter aided sample preparation (FASP) protocol for bottom-up sample preparation.®
The total protein concentration of (+) and () ligand cell lysate samples were diluted to 1
mg/ml with PBS pH 7.4 solution. The final concentration of Sub A was 100 uM. The
solutions were equilibrated at room temperature for 1 hour before ten aliquots of 100 uL
of each sample were taken out and incubate at ten different temperatures from 40 to 67
°C. After 3 min of incubation, the samples were cooled down at room temperature for 3
min before further cooling down on ice. The cooled samples were centrifuged at 100 000
x g and 4 °C for 20 min. The same volume of supernatant in each (+) and (-) ligand sample
containing no more than 300 ug proteins from each centrifuged sample was transferred
into a 10k centrifugal filter unit. All the samples were subjected to a FASP protocol that
involved reduction with TCEP, reaction with MMTS, digestion with trypsin and labeling
with a TMT-10plex reagent kit according to the manufacturer’s protocol. The TMT-10plex
labeling scheme involved labeling the protein samples derived from each of the
denaturant concentrations in the (-) ligand samples with the reagents from one TMT-

10plex and labeling each of the denaturant concentrations in the (+) ligand samples with
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the reagents from another TMT-10plex. The TMT labelling reactions were performed
according to the manufacturer’s instruction, with the exception that 0.5 unit of each TMT

reagent was used in each reaction instead of 1 unit.

3.2.6 STEPP-PP analysis

The STEPP-PP analyses applied on this work is identical to that outlined in
Chapter 2 of this thesis and previously reported in reference.? Briefly, 10 uL aliquots of
the (+) and (-) ligand-containing lysate samples were distributed into a series of 30 pL
urea-containing buffers (PBS buffer, pH 7.4) where the final urea concentration ranged
from 0 to 6.8 M. The final concentration of ligand was 100 uM. The samples in the urea-
containing buffers were equilibrated for ~2 h at room temperature. The proteolysis
reaction was initiated by adding thermolysin to the protein and protein-ligand samples
in each denaturant-containing buffer. The thermolysin to total protein ratio was
approximately 1:10 (w/w). The thermolysin proteolysis reactions were allowed to proceed
for 1 min at room temperature before each reaction was quenched with the addition of 60
uL urea/EDTA solution (~0.2 M EDTA, 9 M urea, pH 8.0).

The proteolyzed samples were subject to the STEPP protocol. As part of the STEPP
protocol, the proteolyzed samples were reacted with 1.5 mM TCEP for 1 h at 30 °C and
then with 2.5 mM MMTS for 10 min at room temperature. Subsequently, the thermolysin
digested samples were labeled with TMT reagents by adding 41 uL of ACN containing
0.5 unit of each TMT reagent and incubating for 1.5 hours at room temperature. For (+)
ligand samples, the urea concentrations, from low to high, were labeled with TMT tags

from 126 to 131. The (-) ligand samples were labeled in the reverse manner (i.e., the urea
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concentrations, from high to low, were labeled with TMT tags from 131 to 126). The
labeling reaction was quenched by the addition of 4 uL of a 5% v/v hydroxylamine for 15
min at room temperature. The (+) and (-) ligand samples of the 1st, 3rd, 5th, 7th and 9th
(i.e., the odd) urea concentration (from low to high) were combined into one sample, and
the samples from the other 5 concentrations (i.e., the even urea concentrations) were
combined into another sample. The resulting samples were dried, re-dissolved in 2% v/v
TFA solution, and desalted using C18 columns according to the manufacturer’s protocol.
The desalted samples were dried, re-dissolved in 100 pL of 0.1 M TEAB solution (pH 8.5),
and digested with trypsin overnight at 37 °C. NHS-activated agarose resin and 50 pL of
0.5M NaCl were added to the trypsin-digested samples such that the NHS-activated
agarose resin to total peptide ratio was approximately 150:1 (w/w). The tryptic peptides
mixture was allowed to react with the NHS-activated agarose resin for 1.5 hours at room
temperature before the samples were acidified with 2% v/v TFA and the soluble peptides
desalted using C18 columns. The desalted samples were subject to the LC-MS/MS

analysis.

3.2.7 Protein Expression Level and Phospho-proteome Analysis

A total of 4 biological replicates of 2B4 T cells treated with 100 nM Sub A in DMSO
(treatment group) and DMSO only (control group) were harvested and lysed as described
above in cell culture and lysis. An aliquot containing 100 ug of total protein from each cell
lysate was transferred into a 10k centrifugal filter unit and was subjected to a iFASP
protocol and labeling with a iTRAQ 8plex similar to that described above in the SPROX

analysis section. The resulting iTRAQ 8plex-labeled samples were combined and desalted
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using a C18 column (The Nest Group) according to the manufacturer’s protocol. These
were the protein expression level samples. An aliquot containing about 200 ug of iTRAQ-
labeled peptides were removed from the desalt samples and enriched for
phosphopeptides using a Titansphere Phos-Tio kit (GL Sciences) according to the

manufacturer instructions. These were the phosphoproteomic samples.

3.2.8 Quantitative LC-MS/MS Analysis for Proteomics Samples
LC-MS/MS analyses were performed on a Q Exactive HF high-resolution mass
spectrometer (Thermo) with a nano-Acquity UPLC system (Waters) and a
nanoelectrospray ionization source fitted with a SilicaTip emitter (New Objective).
Samples were trapped on a 2D Symmetry C18 trapping column with dimensions of 180
um x 20 mm, particle diameter of 5 um, and pore size of 100 A. The trapping time was 5
min at 5 puL/min (99.9:0.1 v/v water/acetonitrile 0.1% formic acid). The samples were
separated on a 75 um x 250 mm high strength silica (HSS) T3 column with 1.8 um particle
diameter (Waters) heated to 55 °C. Peptides were separated using a gradient of 3-30%
acetonitrile with 0.1% formic acid over 90 min at a flow rate of 0.3 uL/min. Data collection
was performed in a data-dependent acquisition (DDA) mode with a resolution of 120 000
(at m/z 200) for full MS scan from m/z 375-1600. The target AGC value was 3 x 10° ions;
the maximum ion trap fill time was 50 ms, and the normalized collision energy was 27 V.
This MS scan was followed by 20 product ion scans at a resolution of 30 000 (at m/z 200),
using a minimum AGC target value of 2.25 x 10 ions, an isolation window of 1.2 m/z, and

a dynamic exclusion time of 20.0 s.
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The raw LC-MS/MS data from TPP analysis was searched by Proteome Discoverer
2.2 against mouse (mus musculus) in the 2017-06-07 release of the UniProt
Knowledgebase. The searches were performed with fixed MMTS modification on
cysteine, TMT-10plex labeling of lysine side chains and peptide N-termini, variable
oxidation of methionine, variable deamidation of asparagine and glutamine, and
acetylation of the protein N-terminus. The precursor mass tolerance was set at 10 ppm.
The fragment mass tolerance was set at 0.02 Da. Trypsin was set as the enzyme, and up to
two missed cleavages were allowed. The raw LC-MS/MS data from SPROX and protein
expression level analysis were searched with the same searching parameters except for
iTRAQ 8plex labeling instead of TMT-10plex labeling. The raw LC-MS/MS data from the
phosphoproteome analysis were searched using the same search parameters used in the
SPROX and protein expression level analyses except for allowing flexible phosphorylation
on serine, threonine and tyrosine. The raw LC-MS/MS data from STEPP-PP analysis were
searched with the same parameters described above in section 2.2.7 of this thesis.

The two biological replicates of the (+) ligand and (-) ligand samples generated in
the SPROX experiments were each analyzed by LC-MS/MS in triplicate. All other

proteomic samples were analyzed with single LC-MS/MS run.

3.2.10 Proteomic Data Analysis

The iTRAQ-SPROX analysis data was analyzed based on reporter ion intensities
generated for each methionine-containing peptide as previously described.® Briefly, the
iTRAQ reporter ion intensities recorded in a given product ion mass spectrum were

normalized to the average intensity of the 8 reporter ions in each product ion mass
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spectrum to generate N1 normalized values. The N1 values for all the non-methionine
containing peptides were averaged for each reporter ion in order to generate an N2
normalization factor for each isobaric mass tag. Ultimately, the N1-normalized values
generated for the methionine-containing peptides were divided by the corresponding N2
normalization factor to determine the N2-normalized reporter ion intensity. The resulting
chemical denaturation data sets (i.e., the N2-normalized iTRAQ reporter ion intensities
generated for each unoxidized methionine-containing peptide) were normalized to a
maximum of 1 by dividing each intensity by the maximum intensity and fitted to a four
parameter sigmoidal equation, equation 1, using a JAVA-based program (developed in

house) that utilized the Nelder and Mead Simplex method for regression analysis.®
year2g (10)
1+e *

In equation (10), A is the pre-transition baseline, B is the post-transition baseline,
Ci12 is the transition midpoint and b is a measure of the steepness of the transition. The
program fit each set of data nine times, once with all eight points and then eight additional
times systematically leaving one point out. The fit with the highest R? value was chosen
as the final output. Subsequent analyses of the data only utilized the chemical
denaturation data sets that were determined to be high quality (R? > 0.8). If a peptide was
identified multiple times within the same iTRAQ-SPROX experiment, the iTRAQ reporter

ion intensities from the high-quality data were summed together to generate one set of

iTRAQ reporter ion intensities at the 8 denaturant concentrations per peptide. The
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summed data was N2-normalized and fit to equation 1, as described above, to extract a
single Ci2 value for each identified peptide.

For each biological replicate of the SPROX analysis, peptide hit determination was
identical to previously described by Ogburn et al.® Briefly, peptide hits were selected
based on the magnitude of the ACi2 value determined between the (-) and (+) ligand
samples and the magnitude of the N2 normalization value differences at or between the
transition regions of the chemical denaturation curves generated for the (-) and (+) ligand
samples. Statistically significant AC12 values were taken to be those greater than or equal
to 2 times the pooled standard deviation of all the Ci2 values generated from all the
peptides. Statistically significant N2 reporter ion differences were taken as those with
-log10(Diffprob) > 1, where Diffprob corresponds to the probability that the measured N2
reporter ion difference would randomly occur.

The TPP data was analyzed based on reporter ion intensities generated for each
protein as previously described.® Briefly, the exported protein intensities at the same
denaturation temperature were summed for the (-) ligand and (+) ligand samples in each
experiment. These summed intensities from the (-) ligand and (+) ligand samples in each
experiment were normalized by the highest intensities to rescale the intensities from 0 to
1, which are hereafter referred to as super intensities. These averaged super intensities

were fit to equation (11),

1-4
= —@a < 11
g 1+ e_(%_b) (
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and the ratio of the predicted intensities from the best fit to the actual super intensities in
the (-) ligand and (+) ligand group was calculated. These ratios obtained from a global
analysis of the data were used to normalize the intensity data generated for each
individual protein. This normalization accounted for systematic errors between the (-)
and (+) ligand groups. The normalized protein intensities from all three biological
replicates were input to a R-based fitting program developed previously by Franken et al.
and generated a p-value for each protein assayed in at least one of the biological
replicate.’” Proteins with a p-value less than 0.001 were selected as hit proteins of the TPP
analysis.

The STEPP-PP data analysis and hit selection was accomplished similar to
previous described in section 2.2.6. An assayed protein was required to be identified with
at least one semi-tryptic peptide and a hit protein was required to have at least one semi-
tryptic peptide hit. Each assayed protein was required to be identified with at least one
semi-tryptic peptide and a hit protein was required to have at least one semi-tryptic
peptide hit. Hit peptides were identified with two criteria: 1) the peptide must have a
significantly altered logz(fold-change) (>30 deviations from the mean log: (fold-change)),
for at least two consecutive urea concentrations; 2) these significantly altered log: (fold-
change) values must have a fold-change in the same direction for at least two consecutive
urea concentrations.

The expression proteomics data was analyzed based on reporter ion intensities
generated for each protein. The total exported protein intensities of each iTRAQ channel
were summed. These summed intensities from the four replicates of (-) ligand and (+)
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ligand samples were normalized by the highest intensities to rescale the intensities from
0 to 1, which are the super intensities. These ratios obtained from a global analysis of the
data were used to normalize the intensity data generated for each individual protein. This
normalization accounted for difference in total protein expression levels between the four
replicates of () and (+) ligand samples. A (+)/(-) fold change value was generated for each
individual protein, by dividing the mean normalized intensities of the (+) ligand group to
the (-) ligand group. A protein was determined as a hit protein if it passes both two criteria:
1) the log: (fold change) of the protein is large than 30 from the global mean value; and 2)
the t test p-value <0.01.

The phosphoproteomics data was analyzed based on reporter ion intensities
generated for phosphopeptide. Peptides without phosphorylation(s) were filtered out
from the datasets. The iTRAQ intensities of each phosphopeptide were normalized by the
raw iTRAQ intensities of its parent protein obtained in the expression proteomics
experiment. This normalization accounted for difference in protein amounts across
different samples. The hit selection criteria was identical to expression proteomics,
requiring 1) the log: (fold change) larger 30 from the global mean value; and 2) the t test

p-value < 0.01.

3.2.11 Gel-Based Pulse Proteolysis on DCK — Sub A Binding

Pulse proteolysis was done collaboratively with Dr. He Meng and Kun Xiang from
Duke University. The (+) and (-) Sub A cell lysate samples were distributed into a series
of GdmCl-containing buffers (PBS pH 7.4) with the final urea concentrations ranging from

1.25 to 3 M. The final volume in each buffer was 30 pL. The final concentration of Sub A
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in each buffer was 100 uM, 1 uM, or 0 uM depending on the experiment. The solutions
were equilibrated at room temperature for 1 hour before 0.5 ug thermolysin in 1 uL. PBS
was added into each solution. The final ratio of thermolysin to total protein is 1:10 (w/w).
The reaction was quenched by adding 1 uL 0.5 M EDTA after 1 min. Each protein solution
was mixed with Laemmli sample buffer, heated to 95 °C for 5 min, separated by 10% SDS-
PAGE and then transferred to a Hybond membrane (Amersham). The membranes were
incubated with DCK antibody in 5% milk/TBST buffer (25 mM Tris pH 7.4, 150 mM NaCl,
2.5 mM KCl, 0.1% Triton-X100) overnight, and then probed for 1 h with secondary
horseradish peroxidase-conjugated anti-mouse IgG (Santa Cruz). After extensive washing
with PBST, the target proteins were detected on membrane by enhanced

chemiluminescence (Pierce).

3.2.12 DCK Protein Activity Assay

The purified DCK protein activity assay was conducted following the
manufacturer’s protocol with a PRECICE® DCK Phosphorylation assay kit (Novocib).
Briefly, this activity assay uses deoxyinosine (dI) as a substrate of DCK to form
deoxyinosine monophosphate (dIMP), which is then oxidized to deoxyxanthosine
monophosphate (AXMP) by a highly active inosine monophosphate dehydrogenase in the
presence of NAD. By monitoring the speed of NADH: formation from NAD, which was
limited by the activity of DCK in the first step of the coupled reaction, activities of purified
DCK enzyme under different ligand concentration were able to be compared. In this work,
2 g of purified DCK protein was incubated with pure DMSO (control) or Sub A in DMSO

at a series of final concentration from 0.1 nM to 100 uM in the provided reaction buffer.

70



After 1 hour of incubation at room temperature, the assay was initiated by addition of
ATP. The formation of NADH:in the reaction mixtures was monitored with a plate reader
at 340 nm absorption.

The endogenous DCK activity assay was performed in-lysate according to a
previously established radiochemical assay protocol. The 2B4 T cell lysate prepared as
described in section 3.2.2 Cell Culture and Lysis of this thesis, was distributed into four
Sub A containing buffers (50mM Tris-HCl pH 7.6 with 2mM DTT, 5mM MgCl: and 10mM
NaF and 2% v/v DMSO) with final Sub A concentrations of 0 M, 1 nM, 100 nM and 10 pM.
The solutions were equilibrated at room temperature for 1 hour before the radioactive
DCK substrate [5-*H] deoxycytidine was added into each solution at final concentration
of 1 uM (about 0.02 mCi/mL) and incubated at 37 °C for 5 min. The phosphorylation of
the DCK substrate was initiated by addition of ATP at final concentration of 5 mM. The
time of addition of ATP was marked as time 0. The solutions were incubated in a
thermomixer at 37 °C and constant shaking as a 50 pL aliquot of each solution was taken
out at time 5 min, 10 min, 20 min, 30 min and 60 min to monitor the formation of dCMP.
The aliquots taken out were first combined with 10 pL 10mM unlabeled dC to quench the
phosphorylation reaction of [5-*H] deoxycytidine, then applied to an anion exchange filter
that trapped the product dCMP but not dC. The solution-loaded filters were dried first
and then washed with water and 1.5 mM ammonium formate before dried with air again.
The filters were each soaked in 8 mL of scintillation fluid and analyzed for radioactivity

using a LS6500 liquid scintillation counter (Beckman).
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3.2.13 Gel-Based DCK Localization Analysis

2B4 T cells cultured with and without Sub A were fractionated to separate nuclear
and cytoplasmic proteins with NE-PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific) according to the manufacturer’s protocol. The total protein
concentration both nuclear and cytosolic fractions were tested with Bradford assay. The
cytoplasmic protein concentration was tested to be about 10mg/mL and reduced ten-fold
with PBS to the same level as the nuclear protein concentration, which is about 1mg/mL.
SDS-PAGE gel electrophoresis of the cytosolic and nuclei fraction samples were
preformed same as described in chapter 3.2.11 Gel-Based Pulse Proteolysis on DCK - Sub
A Binding. The resulting SDS-PAGE membranes were also subject to similar western blot
readout as described in the above chapter, targeting DCK, HDAC, ACTB and XPO2 with

corresponding antibodies.

3.2.14 LC-MS/MS dCMP Concentration Assay

The number of cells in the (+) and (-) Sub A cell cultures were counted with a
hemocytometer. The cells were harvested and 10 million cells from each culture were
taken out and pelleted. Cell nuclei were separated from these cell pellets and lysed
according to an established protocol described by Suzuki et al.* Briefly, the harvested cell
pellets were first resuspended in PBS buffer with 0.1% NP-40 to dissolve the cell
membrane but not the nucleus membrane. The resulting suspension was then centrifuged
with a tabletop mini centrifuge to pellet the intact cell nuclei. The supernatant containing

cytosolic fraction was removed and the nuclei pellet was washed with PBS buffer with
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0.1% NP-40 again before collection. The collected nuclei were lysed with four liquid
nitrogen freeze-thaw cycles.

The cell lysates were spiked with 10 pL of a50 pg/mL solutions of heavy labeled
dCMP (2'-Deoxy-5"-cytidylic-1*Cy,’Ns) and heavy labeled dTMP (5'-Thymidylic-
13C10,'5N2), combined with 200 puL of water, and heated at 99 °C for 10 min to denature
proteins from the cell nuclei. The heated samples were then centrifugated at 14,000 g for
15 min at room temperature. The supernatants were removed from the samples, combined
with 1 mL of 100 mM ammonium acetate pH 4.5 solution and subject to a weak anion-
exchange solid phase extraction with WAX cartridge (Waters) following the
manufacture’s protocol. The resulting samples were dried and subjected to LC-MS/MS
analysis.

The LC-MS/MS quantification of dCMP and dTMP was performed on an 6460
Triple Quad LC/MS system (Agilent) equipped with an 1260 HPLC (Agilent). The mass
spectrometer was operated with an Agilent Jet Stream (AJS) ESI source (Agilent). Mobile
phase Al was comprised of a 10 mM solution of ammonium acetate (pH 7.7) and 10%
(v/v) ACN. Mobile phase B was comprised of 97% ACN in water. The stationary phase
was a SeQuant ZIC-HILIC column (Millipore Sigma) that was 100 mm long and 2.1 mm
in diameter and packed with 3.5 um particles with 100 angstrom pores. The gradient used

in this work is summarized in Table 4.
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Table 4 Gradient used in LC-MS/MS quantification of dCMP and dTMP

Time (min) 0 5 15 19 21.5 22 27
Mobile Phase  10% 25% 25% 60% 60% 10% 10%
A
Mobile Phase  90% 75% 75% 40% 40% 90% 90%
B

The LC-MS/MS instrument was operated in multiple-reaction-monitoring (MRM)
mode with transitions set to be 320 -> 119 (positively charged heavy-labeled dCMP), 312
-> 112 (positively charged dCMP light), 335 -> 86 (positively charged heavy-labeled
dTMP) and 323 -> 81 (positively charged dTMP light). The collision energy was set to 15
eV for all transitions. The in-source parameters were set as follows: gas temperature 350
°C, gas follow 8 1/min, nebulizer 45 psi, shear gas temperature 400 °C, shear gas flow 11
l/min, capillary voltage 3500 V, nozzle voltage 0 V. Each HILIC-MS/MS run was divided
into three sections, in which the eluent from the column was diverted to waste from 0 to
0.5 min and from 21.5 to 27 min in order to minimize the contamination of the ion source.

The LC-MS/MS settings for d-TMP quantification was further optimized by Ryan
Fader from Duke University. The optimized method altered the in-source parameters as
follows: gas temperature 250 °C, gas follow 5 l/min, nebulizer 30 psi, shear gas

temperature 350 °C, shear gas flow 12 1/min, capillary voltage 3500 V, nozzle voltage 0 V.
3.3 Results and Discussion

3.3.1 Identification of Sub A Protein Targets

Four mass spectrometry-based proteomics methods, including iTRAQ-SPROX,

TPP, CPP and STEPP-PP were employed to identify the protein target of Sub Aina T cell

74



lysate. The CPP experiment was conducted by Dr. He Meng from the Fitzgerald
Laboratory at Duke University and is described in detail in his doctoral thesis.” All of the
SPROX, TPP, CPP, and STEPP-PP experiments involved incubating the 2B4 T cell lysate
with and without Sub A before aliquots of each sample are distributed into a series of
buffers containing increasing chemical denaturant (iTRAQ-SPROX, CPP and STEPP-PP
experiments) or incubated at a series of increasing temperature for thermal denaturation
(TPP experiment). The iTRAQ-SPROX, TPP, STEPP-PP and CPP experiments were
conducted according to published protocols.’>*°! The general workflow used for each

technique is summarized in Figure 12.
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Figure 12 Schematic representation of the workflow of proteomics methods used in
this work for identification of Sub A protein target.

The proteomic coverages observed in each experiment are summarized in Table 5.
More than 2000 total unique proteins were assayed in the four sets of experiments. The
proteomic coverages of the four techniques ranged between 800 and 1200 proteins per
biological replicate. The TPP experiment enable the most coverage per biological replicate,
with an average of about 1200 proteins assayed per biological replicate, about 20% higher

than SPROX and STEPP-PP (about 1000 proteins per replicate). This is likely because the

76



protein-based TPP experiment does not need to involve complex peptide modification
and enrichment strategy such as oxidation and methionine-containing peptide
enrichment in SPROX or no-specific proteinase digestion and semi-tryptic peptide
enrichment in STEPP-PP. The lower coverage, about 800 proteins per biological replicate,
of the CPP experiment is due to the experimental design of CPP where only proteins
identified in both supernatant and pellet in a biological replicate are considered as assayed
proteins (Figure 12).

Table 5 Summary of proteomic coverages and hits observed in the Sub A binding
SPROX, TPP, CPP and STEPP-PP experiments on proteins from 2B4 T cell lysate

. . . . Number of assayed Number of hit
Technique Biological replicate . ; . .
peptides (proteins)  peptides (proteins)
1 2049 (1080) 134 (126)
SPROX 2 2814 (1091) 123 (114)
Total 3747 (1434) 201 (186)
1 (1369) NA*
2 (1424) NA*
PP 3 (900) NA*
Total (1621) (35)
1 (811) (1)
CPP 2 (708) (1)
Total (882) (1)
STEPP-PP 1 2604 (918) 8 (8)
Total / (2324) (227)

* For TPP experiment, according to the protocol described by Franken et al., hit
selection is not conducted individually for each biological replicate on data of all
biological replicates at once.¥” So, no hit peptide (protein) number is available for
individual biological replicates.

In total 227 unique protein hits were identified using the four techniques. Four of

these proteins, including deoxycytidine kinase (DCK), exportin 2 (XPO2), moesin (MSN)
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and T-complex protein 1 subunit eta (CCT7), were identified as hits in two techniques
(Table 6). No protein has been identified as hit in more than two techniques. Of the four
overlapping protein hits, the DCK and XPO2 are particular interesting because they have
consistent behavior across techniques, i.e., DCK is stabilized with Sub A in both TPP and
CPP, and XPO2 is destabilized in the same techniques (Figure 13 and Figure 14). It is also
noteworthy that DCK is the only protein hit in the CPP experiment. Previous CPP
experiments indicate that requiring a hit to appear both in the supernatant and the pellet
analysis, which is the case for DCK here, brings the false positive rate to 0. This suggests
the DCK protein is the most confident protein hit in the hit list. The other two proteins,
MSN and CCT7, are hits in SPROX and STEPP-PP but did not show significant stability
changes with Sub A in TPP and CPP experiments.

Table 6 The four overlapped protein hits and their behavior in the techniques applied
here in this work

Overlapped SPROX TPP CPP STEPP-PP
hit protein
Deoxycytidine Hit Hit
kinase (DCK)  Notassayed 4 lization) (stabilization) O 2%yed
Exportin 2 Hit Hit
XP0O2) (destabilization) (destabilization) Not assayed Not assayed
Moesin Hit Hit
hi hi
(MSN) (destabilization) Not hit Nothit  t bilization)
T-complex
protein 1 Hit . . Hit
t hit t hit
subunit eta (stabilization) Not hi Not hi (stabilization)
(CCT?)
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The DCK protein controls the first and rate limiting step in deoxycytidine (dC)
salvage. It phosphorylates dC in the presence of dUTP or dATP to form deoxycytidine
monophosphate (dACMP), which is further phosphorylated by other kinases to form the
DNA building block dCTP.?2* Although dCTP can also be synthesized from the de novo
pathway, the salvaging pathway limited by DCK activity is important for maintaining the
cell dCTP pool especially for T cell development and activation.?®** Both CPP and TPP
experiment indicate that the DCK protein is stabilized with Sub A, which is expected for
a direct ligand binding. This finding provides one hypothesis of Sub A mode-of-action --
Sub A directly binds to DCK protein and reduced its activity, leading to a reduced dCTP
level that blocks DNA synthesis and the fast proliferation of activated T cells. To validate
this hypothesis, a gel-based pulse proteolysis experiment and two DCK activity assays are
conducted. The results of these validation experiments are described in the following

sections.
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Figure 13 Denaturation curves of DCK obtained from CPP and TPP experiments. A)
Denaturation curves acquired for DCK with Sub A (orange) and without Sub A (gray)
using quantification on supernatant of the two CPP biological replicates (represented
with triangles and disks, respectively). B) Denaturation curves acquired for DCK with

Sub A (orange) and without Sub A (gray) using quantification pellet of the two CPP

biological replicates (represented with triangles and disks, respectively). The solid
lines represent the best fit curve for data from each CPP experiment. C) Denaturation
curves acquired for DCK with Sub A (orange points) and without Sub A (gray points).

The solid lines represent the best fit curve for the averaged data from 3 biological
replicates of the ligand and control TPP experiment.

The other most confident protein hit, XPO2, is involved in transportation of a
specific protein, importin-a, from cell nucleus to cytoplasm. It is unclear how Sub A’s
mode of action could be involved with the function of XPO2. As both SRPOX and TPP
experiments indicate the XPO2 protein is destabilized with Sub A, it is not that likely the

XPO?2 is a direct sublgutinol A target comparing to DCK.
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Figure 14 Denaturation curves of XPO2 obtained from SPROX and TPP experiments.
A) Denaturation curves acquired for XPO2 with Sub A (orange points) and without
Sub A (gray points). The solid lines represent the best fit curve for the ligand and
control SPROX experiment biological replicate 2. B) Denaturation curves acquired for
XPO2 with Sub A (orange points) and without Sub A (gray points). The solid lines
represent the best fit curve for the averaged data from 3 biological replicates of the
ligand and control TPP experiment.

3.3.2 Biochemical Validation of Sub A Binding to DCK

Further validation of the binding of Sub A to DCK was performed with a gel-based
targeted pulse proteolysis experiment of a 2B4 T cell lysate. The amount of intact DCK
protein after the proteolysis digestion was readout by immunoblot. The workflow of this

experiment is shown in Figure 15.
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Figure 15 Pulse proteolysis with immunoblot readout workflow for target validation.

The final pulse proteolysis results were shown in Figure 16. With 100 uM of Sub

A, DCK was clearly stabilized between 1.5 to 2.75 M urea, indicating there was indeed a

binding interaction between DCK and Sub A. The Sub A-DCK binding Kd can also be

estimated to be 0.21 uM based on the interval of urea concentration and the and the m

value calculated from DCK amino acid sequence.> This value is in parallel (i.e., within 3-

fold difference) with the cell-based ICso (i.e., 0.1 uM) and the Ka calculated from CPP

experiment (i.e., 0.27 uM).8
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Figure 16: Inmunoblot readout of pulse proteolysis on Sub A and DCK binding.
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To confirm that the stabilization was a result of a direct DCK-Sub A binding rather
than an indirect binding between DCK and a Sub A-protein complex, a low concentration
of Sub A was used to study the Sub A concentration dependence of the stabilization. In a
direct binding event, assume the Ka is similar to the ICs (i.e., 0.1 uM) of Sub A, the
stabilization effect of 1 uM Sub A will be hardly observable and the proteolysis digestion
pattern of DCK will be similar to the control experiment. In an indirect binding event, 1
uM Sub A, which should still be in large excess to the other protein (i.e., (direct binding
target), will still induce an observable stabilization similar to 100 uM because the limiting
factor is the concentration of the other protein. The result indicated in Figure 16 clearly
shows the pulse proteolysis pattern with 1 uM Sub A resembles the pattern with DMSO

vehicle, indicating there is a direct binding between Sub A and DCK.

3.3.3 Evaluation of DCK Activity with Sub A Treatment

To check if DCK’s activity is altered by the presence of Sub A, two DCK activity
assays have been conducted in this work, including an assay of purified DCK protein with
a commercially available assay kit and a radiochemical assay of endogenous DCK activity
in lysate.

The purified DCK activity assay couples the DCK phosphorylation reaction with
another rapid enzymatic reaction to form NADH>, which can be monitored by a UV-vis
spectrometer. If the activity of DCK is inhibited by the ligand added into the reaction
mixture, the speed of NADH: monitored at 340 nm will be different to the control
experiment without ligand. The final purified DCK kinase assay results presented in

Figure 17 shows no difference in DCK activity when incubated with 1 nM, 100 nM or 1
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UM Sub A. The activity results are also similar to the results of a control experiment with

DMSO vehicle. Together these data suggest that Sub A does not alter DCK’s activity.
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Figure 17 Purified DCK kinase activity assay result.

To rule out the possibility that the purified recombinant DCK does not behave
differently than the endogenous DCK protein in a cell lysate, another radiochemical DCK
activity assay was performed. The radiochemical assay was preformed according to a

previously established protocol and the workflow is summarized in Figure 18.%8
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Figure 18 Radiochemical DCK activity assay workflow.
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In the case of a ligand binding-induced inhibition of the DCK kinase activity, the
formation rate of the product dCMP monitored by scintillation will be different from that
in the control experiment without the ligand. Again, the radiochemical DCK kinase assay
results presented in Figure 18 showed no difference in DCK activity with up to 10 uM Sub
A. The results obtained were indeed consistent with those obtained using the DMSO
vehicle. The results obtained using both DCK kinase assays described above suggest Sub

A does not directly inhibit DCK's kinase activity.
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Figure 19 Radiochemical DCK activity assay results.

3.3.4 Proteome-wide Evaluation of Protein Expression Level and
Phsophorylation Level Changes in Sub A-Treated Cells

Research on DCK's post-translational modification has shown that a specific
phosphorylation at serine 74 enables a ten-fold increase in the DCK enzymatic rate on
dC.”® The binding of Sub A to DCK could block or allosterically changes the conformation
of this important phosphorylation site, leading to a decreased enzymatic activity of DCK.

To test if the phosphorylation of serine 74 is altered with Sub A, a phosphoproteomic
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study is performed on 2B4 T cells cultured with and without Sub A (Figure 20). The
phosphoproteomic study conducted here not only provided information on DCK
phosphorylation but also information about phosphorylation level changes on other
proteins as well. To normalize the protein expression level changes that can contribute to
the observed phosphorylation level alternation, a mass spectrometry-based protein
expression level study is also performed on the same cell cultures (Figure 20). Like the
phoshoproteomics study, this proteome-wide expression level study generated

information on other protein expression level changes in subgltunol A treated cells.

Treatment group Control group
2B4 T cells cultured with 100nM Subglutinol A 2B4 T cells cultured with DMSO (vehicle)
Biological Biological Biological Biological Biological Biological Biological Biological
replicate 1 replicate 2 replicate 3 replicate 4 replicate 1 replicate 2 replicate 3 replicate 4
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1 1 l l 3. Protein extraction l l 1 1
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Figure 20 Workflows of expression proteomics and phosphoproteomics experiments
performed in this study.

The results in Figure 21 suggest that neither the DCK expression level or the
phosphorylation of S74 are significantly altered with addition of Sub A. None of the
changes are of both p <0.01 and fold change > 30 deviation from global mean value. Also,

for either expression level or phosphorylation level, the fold changes are not consistent in
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different time points, i.e., the expression and phohsphorylation of DCK are up in 24h but

down in 48h with Sub A.
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Figure 21 Volcano plots showing the results of expression proteomics and
phosphoproteomics experiments in this work. A) and B) are results of protein
expression level changes with 100nM Sub A for 24 and 48 hours (respectively). C) and
D) are results of changes of phosphopeptide amounts with 100nM Sub A for 24 and 48
hours (respectively). The phosphopeptide amounts are normalized for parent protein
expression level changes. The vertical dashed lines represent 3 sd from the global
average log: (+)/(-) fold changes. The horizontal dashes lines represent p = 0.01. The
dark triangles in A) and B) represent the DCK protein, and in C) and D) represent
DCK S74 phosphorylation indicated by amounts of phosphopeptide
WCNVQSTQEEFEELTTSQK. The open circles in A) and B) represent ribosomal
proteins, and in C) and D) represent phosphopeptides of 60S acidic ribosomal protein
RO, R1 and R2.

While expression and phosphorylation of DCK is not significantly altered, the
results suggest ribosomal proteins could play an important role in Sub A mode of action.
The ribosomal proteins make up the majority of proteins that are consistently down-
expressed in both 24h and 48h Sub A treated cells (Figure 21 A and B). Interestingly, the
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60S acidic ribosomal P proteins, which is three highly phosphorylated proteins including
RPLO, RPL1 and RPL2, are also consistently down-phosphorylated in both time points
(Figure 21 A and B). The phosphorylation of many of these phosphopeptides are lower by
more than 10 folds in 48h of Sub A treatment, after normalization of protein expression
level changes. Previous research has shown the phosphorylation is important for the 60S
acidic ribosomal P proteins to associate and form the “stalk” of ribosomes.®*” The
reduction of phosphorylation might be related with the down-regulation of ribosomal

protein expression. However, it is still unclear how Sub A induces these changes.

3.3.5 Identification of DCK Nuclear transportation Blocked by Sub A
Treatment

The DCK protein is normally localized in the cytoplasm, but when overexpressed,
it is found predominantly in the nucleus.”® The flexibility in DCK localization might be
related to the functional compartmentalization of the dNTP pools and the regulation of
the dNTP metabolism including DNA synthesis.”® To detect if the localization of DCK is
altered with the ligand, a gel-based DCK localization experiment was performed on cells
treated with Sub A for 24h and 48h. The workflow of the experiment is outlined in Figure

22.
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Figure 22 Workflow of DCK localization study with western blot readout.

Shown in Figure 23 is the final western blot readout obtained using the experiment
workflow shown in Figure 22. Consistent with findings from previous research, DCK is
primarily localized in the cytoplasm in both control and treated cells.” Interestingly, while
the cytosolic amount of DCK is not significantly influenced by the ligand (i.e., within 1.3-
fold change), the DCK protein in the nuclear fraction is reduced by about 4-fold in both
24h and 48h Sub A treatments, after normalizing to a loading control (i.e., HDAC protein).
The results suggest the in-cell transportation of DCK to the nuclei is blocked by Sub A,

although the exact mechanism controlling this transportation is still unknown.
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Figure 23 Western plot readout of cytosolic and nuclear DCK level in cells treated

with and with Sub A for 24 or 48 hours. Histone deacetylase (HDAC) is a nuclear

protein that serves as a loading control. Results of B -actin (ACTB) and exportin-2
(XPO?2) are also shown here.

3.3.6 Identification of Reduced dCMP Level in Sub A Treated Cell
Nuclei

A LC-MS/MS-based quantification of nuclear dCMP levels was performed on Sub
A-treated and control cells to determine if the reduction of nuclear DCK level result in
reduced nuclear dCMP concentration. The workflow is outlined in Figure 24. The LC-
MS/MS instrumental quantification of dCMP based on a multiple reaction monitoring

(MRM) was developed from a previous protocol on dNTP analysis.”
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Figure 24 Workflow of nuclear dCMP quantification experiments used in this study.

The quantification results are shown in Figure 25. The LC-MS/MS-based method
enables a good quantification (R?=0.999) of dCMP extracted from cell nuclei. The nuclear
dCMP amount is observed to be reduced by more than 5-fold with 24h of 100 nM Sub A
treatment. It is likely that the reduction of nuclear DCK level limits the nuclear salvaging
of dC to produce dCMP. However, further study is needed to confirm the lowering of
dCMP level is not a general outcome of the cell death brought about by drug treatment.
For example, it is possible that Sub A induces cell death by some mechanism unrelated to

DCK binding, and this process simply lower every dNMP pool in the cell nucleus.
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Figure 25 Results of the LC-MS/MS-based dCMP and dTMP quantification in this
study. A) shows the calibration curve of dCMP standard solutions; B) shows the
calculated nuclear ACMP amount from two replicates of control and treated cells. C)
shows the the calibration curve of dTMP standard solutions.

To rule out this possibility, quantification of nuclear dTMP can be performed.
Because dTMP is not a product of DCK, its concentration will not be influenced by DCK
but general cell death. If the nuclear dTMP level does not drop with Sub A incubation, it
indicates the dCMP level reduction is indeed an outcome of blocked DCK nuclear
translocation. A LC-MS/MS-based dTMP quantification method was developed by Ryan
Fader from the Fitzgerald Laboratory at Duke University. The method was adopted from
the dCMP LC-MS/MS quantification but modified specifically for better detection and
quantification of dTMP at low concentrations (i.e., lower than 200 ng/mL). The calibration
curves of this method using dTMP standard solution is shown in Figure 25. Further
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quantification of nuclear dTMP level using this technique in Sub A-treated cells is
planned. It is expected to contribute to the understanding of the effect of Sub A-DCK
binding.

3.4 Conclusion

In this study, four different mass spectrometry-based proteomics methods have
been used to discovery the protein binding target of Sub A. More than 2000 proteins have
been assayed from these methods. Four overlapping protein hits have been identified but
only DCK show consistent stabilization behavior with Sub A in these methods. Further
gel-based targeted pulse proteolysis method supports that DCK is a direct binding target
of Sub A.

While how DCK-Sub A binding leads to the observed inhibition of T cell
proliferation, survival, and cytokine production still largely unknown, this study has
demonstrated that Sub A does not alter DCK’s activity or phosphorylation level but blocks
its nuclear transportation. This reduction of DCK level in the cell nucleus possibly leads
to a reduced nuclear dCMP pool. It is necessary to determine if the observed reduction in
nuclear dCMP pool is indeed related to DCK or just a phenomenon of cell dying.

A follow-up study on quantification of nuclear dTMP level is in progress. Unlike
other dNMPs, dTMP is not a product of DCK phosphorylation.!® If the dTMP level is
stable in Sub A treated cells, it can be deducted that the reduced amount of nuclear DCK
level limits the amount of nuclear dACMP. If this is the case, some further studies on DCK
nuclear transportation and the nuclear dNMP/ANTP pool are needed before fully

understand the mode of action of Sub A. It is still not clear how the DCK localization is
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determined by the cell or how the drainage of the ANMP pool could arrest the T cells from
proliferation, survival and cytokine production. Perhaps the DCK protein and the
underlining dN salvage pathway is uniquely important to the T cells and thus the Sub A’s
targeting of DCK contributes to its low cytotoxicity.

The expression proteomics and phosphoproteomics experiments show ribosome
protein level and phosphorylation of acid ribosomal P proteins are significantly reduced.
It is still unclear where this piece of observation fits into the picture of subglutinol A’s

mode of action.
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4. Search for Protein Targets of Manassantin A

The work described in this Chapter was performed in collaboration with Professor

Jiyong Hong and his group at Duke University.

4.1 Introduction

Manassantin A (Man A, Figure 26) is a natural dineolignan isolated from an
aquatic plant Saururus cernuus, which has been traditionally used in treatment of edema,
gonorrhea and jaundice in Asia countries.!?192 First isolated in the 1980s, Man A has been
identified as an attractive anti-cancer drug candidate.!>1% It exhibits cytotoxicity against

a wide range of cancer cell lines, but exhibits weak cytotoxicity against noncancer cell
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Figure 26 Structure of manassantin A.

While biological activities of Man A have been documented, the mode of action of
Man A is still largely unclear. Previous research has indicated Man A as a potent hypoxia
inducible factor 1a (HIF-1a) inhibitor with an unclear mechanism.”! HIF-1a is a subunit
of transcription factor HIF-1, which is generated by cells to cope with the stress of
hypoxia.l® In normoxia (well-oxygenated environment), the constitutively synthesized
HIF-1a is maintained at a very low level by continuous degradation.!?” In hypoxia (low

oxygen level), HIF-1a binds to HIF-1f in the nucleus to form HIF-1. The activation of
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transcription factor HIF-1 drives the expression of hundreds of genes involved in
important biological processes. HIF-1 is particularly important in tumor cell growth. With
mediation of HIF-1, the tumor cells adapt to hypoxia condition and become aggressive
and resistant to chemotherapy and radiation.'%®

Understanding the how Man A inhibits HIF-1a could be very important in
delineation of the hypoxia signaling regulation in tumor progression. Previously, Wallace
et al. utilized the iTRAQ-SPROX and SILAC-PP techniques to uncover the protein targets
of Man A.'” This previous work assayed about 1100 proteins and discovery 23 protein
hits. However, most of the hit proteins are likely false positives. It is still challenging to
identify the true binding protein from the list.

Recently, several additional energetics-based proteomics strategies have been
developed for drug protein target discovery. As part of the work in this chapter, four
novel approaches, including the STEPP-PP, STEPP-LiP, one-pot STEPP-PP and one-pot
TPP approaches, are used to discover the protein targets of Man A in a hypoxia-treated
HEK293T cell lysate. The goal of this work was to assay more proteins in the proteome
than was possible using the iTRAQ-SPROX and SILAC-PP techniques and to identify
more confident protein hits that show Man A-induced stability changes in multiple
methods (i.e., "true positives"). Such "true positives" are expected to guide future research

about hypoxia signaling regulation.
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4.2 Experimental Section

4.2.1 Materials

The following materials were from Sigma-Aldrich (St. Louis, MO): S-
methylmethanesulfonate (MMTS), dimethyl sulfoxide (DMSO), urea, centrifugal filter
units 10k (Amicon Ultra-0.5), tristhydroxymethyl)-aminomethane hydrochloride
(Tris'HCl), thermolysin from geobacillus stearothermophilus, proteinase K from
tritirachium album and phenylmethylsulfonyl fluoride (PMSF). The following materials
were from Thermo Scientific (Waltham, MA): N-hydroxysuccinimide(NHS)-activated
agarose dry resin (Pierce), 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSEF), bestatin, E-64, leupeptin, pepstatin A, and trypsin protease MS grade. Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was from Santa Cruz Biotechnology
(Dallas, TX). MacroSpin columns (Silica C18) were from Nest Group (Southborough, MA).
Phosphate-buffered saline (PBS, pH 7.4, 1x) was from Gibco (Gaithersburg, MD).
Ethylenediaminetetraacetic acid (EDTA, 0.5 M, pH = 8.0) was from Mediatech, inc
(Manassas, VA). Manassantin A was synthesized and provided by professor Jiyong Hong

at Duke University.

4.2.2 HEK293T Cell Culture and Lysis

The HEK293T cells from ATCC were cultured in a humidified 37 °C incubator with
95% air and 5% CO:2 according to ATCC guideline before moved to a hypoxia chamber
with 1% Oz, 5% COz, and balanced with N2. After 24h under the hypoxia condition, cells
were harvested on ice and were immediately frozen with dry ice. The harvested cells were

lysed in PBS with protease inhibitor cocktail (1 mM AEBSF, 10 uM pepstatin A, 20 uM
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leupeptin, 15 uM E-64, and 500 uM bestatin). The cell lysis was facilitated by four rounds
of liquid nitrogen freeze-thaw cycles. The cell lysates were centrifuged at 14 000 x g and
4 °C for 15 min, and the supernatants were collected. The total protein concentration in
the lysates were determined using a Bradford assay and adjusted to 5mg/mL with PBS

containing the same concentration of protease inhibitor cocktail as mentioned above.

4.2.3 STEPP-LiP Analysis

Five biological replicates of the hypoxia-treated HEK293T lysates were each
divided into two equal portions. One portion was spiked with a solution of the Man A
prepared in DMSO and one was spiked with DMSO as vehicle. The solutions were
equilibrated for 1 hour before analysis. An aliquot of 10 uL from each of the 5 (+) ligand
and 5 (-) ligand cell lysates was each combined with 30 uL of PBS. The final Man A
concentration in each lysate was 100 uM. The 10 resulting samples were treated with
proteinase K at an enzyme/substrate ratio of 1/100 (w/w) for 5 min at room temperature.
The proteinase K proteolysis reaction was quenched with 5 mM PMSF and the samples
were subjected to the same STEPP protocol described in chapter 2 and previously
reported.? Briefly, the proteinase K-digested samples were TCEP reduced, modified with
MMTS, labeled with TMT10-plex, combined, digested with trypsin and chemo-selected
for semi-tryptic peptides with an NHS-activated agarose resin. The resulting samples

were desalted using C18 columns and subject to the LC-MS/MS analysis.

4.2.4 STEPP-PP and one-pot STEPP-PP Analyses
The STEPP-PP analysis applied in this work was identical to that described in

chapter 2 and reported previously.? Briefly, one tube of the hypoxia-treated HEK293T

98



lysate sample was divided into two equal portion, one was spiked with a solution of the
Man A prepared in DMSO and one was spiked with DMSO as vehicle. The (+) and (-)
ligand solutions were each distributed into a series of 30 uL urea-containing buffers (PBS
buffer, pH 7.4) where the final urea concentration ranged from 0 to 6.8 M. The final
concentration of Man A was 100 uM. The samples in the urea-containing buffers were
equilibrated for 2 h at room temperature before subject to thermolysin pulse proteolysis
reaction according to those previously described.?>?* The proteolyzed samples were
subjected to the identical STEPP protocol described in chapter 2 and the resulting samples
were subject to LC-MS/MS analysis.

The one-pot STEPP-PP analysis applied in this work was identical to that
described in previous work by Cabrera and co-workers, which involved the combination
of a normal STEPP-PP workflow with a one-pot strategy.® Five biological replicates of the
hypoxia-treated HEK293T lysates were each divided into two equal portions, one spiked
with Man A solution and one with DMSO as vehicle. Five (+) and (-) ligand pairs of
samples were subjected to a pulse proteolysis procedure identical to that mentioned in
the above paragraph. The proteolyzed samples originally from the same (+) or (-) ligand

sample were combined and subjected to the STEPP protocol and LC-MS/MS analysis.

4.2.5 one-pot TPP and one-pot SPROX Analyses

The one-pot TPP and one-pot SPROX protocols were performed identically to that
described Cabrera and co-workers.? Like the one-pot STEPP-PP protocol, the one-pot TPP
and one-pot SPROX protocols were a combination of a one-pot strategy of sample

combination and the original TPP and SPROX workflows, respectively.
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In the one-pot TPP analysis, five pairs of (+) and (-) ligand samples were subjected
to TPP procedures similar to that described in chapter 3. The total protein concentration
of (+) and (=) ligand cell lysate samples were diluted to 1 mg/ml with PBS pH 7.4 solution.
The final concentration of Man A was 100 uM. The solutions were equilibrated at room
temperature for 1 hour before twelve aliquots of 100 pL of each (+) and (-) ligand sample
were taken out and incubated at twelve different temperatures from 37 to 70 °C with a
thermocycler. After 3 min of incubation, the samples were cooled down at room
temperature for 3 min before further cooling down on ice. The cooled samples originally
from the same (+) or (-) ligand sample were combined and ultracentrifuged at 100 000 x g
and 4 °C for 20 min. An aliquot of 300 pL of supernatant from each of the ten centrifuged
samples was transferred into a 10k centrifugal filter unit and subjected to a FASP protocol,
which involved reduction with TCEP, modification with MMTS, digestion with trypsin
and labeling with a TMT-10plex reagent kit according to the manufacturer’s protocol. The
TMT-labeled samples were combined, C18-cleaned and subject to LC-MS/MS analysis.

In the one-pot SPROX analysis, five pairs of (+) and (-) ligand samples were
subjected to SPROX procedures similar to that described in chapter 3. The (+) and (-)
ligand cell lysate samples each were distributed into a series of GAmCl-containing buffers
(PBS pH 7.4) with the final urea concentrations ranging from 0 to 3 M. The final volume
in each buffer was 50 pL. The final concentration of Man A was 100 uM. The solutions
were equilibrated at room temperature for 1 hour before 5 puL of 30% (v/v) hydrogen
peroxide solution was added into each solution to initiate methionine oxidation. After 3
min, the oxidation reactions were quenched by addition of 500 uL of 500 mM TCEP
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solution. An aliquot of 80 uL from solutions originally from the same (+) or (-) ligand
sample were combined and transferred into a 10k centrifugal filter unit before subjected
to FASP protocol that involved reduction with TCEP, reaction with MMTS, digestion with
trypsin, and labeling with a TMT-10plex reagent. The TMT-labeled samples were
combined, C18-cleaned enriched for methionine residue containing peptides using a
Pi3TM Methionine Reagent kit according to the manufacturer instructions (The Nest

Group). The resulting sample was C18-cleaned and subject to LC-MS/MS analysis.

4.2.6 Quantitative LC-MS/MS Analysis for Proteomics Samples
LC-MS/MS analyses were performed on a Q-Exactive HF high-resolution mass
spectrometer (Thermo) with a nano-Acquity UPLC system (Waters) and a nano-
electrospray ionization source fitted with a SilicaTip emitter (New Objective). Samples
were trapped on a 2D Symmetry C18 trapping column with dimensions 180 um x 20 mm
and particle diameter of 5 um, pore size 100 A. The trapping time was 5 minutes at 5
puL/minute (99.9:0.1 v/v water/ACN 0.1% formic acid). The samples were separated on a
75 pm x 250 mm high strength silica (HSS) T3 column with 1.8 pum particle diameter
(Waters) heated to 55 °C. Peptides were eluted using a gradient of 3-30% acetonitrile with
0.1% formic acid over 90 minutes at a flow rate of 0.3 pL/min. LC-MS/MS data were
collected using a top 20 data-dependent acquisition (DDA) method including MS1 at 120k
and MS2 at 30k resolution. The AGC target for MS1 was 3 x 106 ions with a max IT of 50
msec. The AGC target for MS2 was 1 x 105 ions with a max IT of 45 msec. The normalized
collision energy (NCE) was set to 30 V and the scan range was 375-1600 m/z. The isolation

window was 0.7 m/z and the dynamic exclusion time was set to 20.0 seconds.
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The raw LC-MS/MS data was searched against the human proteome using
Proteome Discoverer 2.2. The STEPP-PP, STEPP-LiP, one-pot STEPP-PP data searches
were performed with fixed MMTS modification on cysteine, fixed TMT-10plex labeling
on peptide N-termini, variable TMT-10plex labeling of lysine side chains, variable
oxidation of methionine, variable deamidation of asparagine and glutamine, and variable
acetylation of the protein N-termini. The precursor mass tolerance was set at 10 ppm. The
fragment mass tolerance was set at 0.02 Da. Trypsin(semi) was set as the enzyme, and up
to three missed cleavages were allowed. The one-pot TPP data search was performed with
the same searching parameters except for 1) fixed instead of variable TMT-10plex labeling
of lysine side chains; 2) trypsin instead of trypsin(semi) was set as the enzyme; and 3) up

to two missed cleavages were allowed instead of three.

4.2.7 Proteomic Data Analysis

The STEPP-PP data analysis and hit selection was accomplished similar to
previous described in section 2.2.6 of this thesis. Each assayed protein was required to be
identified with at least one semi-tryptic peptide and a hit protein was required to have at
least one semi-tryptic peptide hit. Hit peptides were identified with two criteria: 1) the
peptide must have a significantly altered logz(fold-change) (>30 deviations from the mean
log: (fold-change)), for at least two consecutive urea concentrations; 2) these significantly
altered log: (fold-change) values must have a fold-change in the same direction for at least
two consecutive urea concentrations.

The STEPP-LiP, one-pot STEPP-PP and one-pot TPP data analysis and hit selection

was accomplished similar to previously described by Cabrera and co-workers.> A super
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intensity was generated for each TMT channel by summing all semi-tryptic peptide signal
intensities (for STEPP-LiP and one-pot STEPP-PP experiments) or protein signal
intensities (for one-pot TPP experiment) of that channel. Each super intensity was divided
by the mean of the ten super intensities to generate a normalization factor for the
corresponding TMT channel. For each semi-tryptic peptide in the STEPP-LiP and one-pot
STEPP-PP experiments or each protein in the one-pot TPP experiment, the raw TMT
intensities were normalized by the corresponding normalization factors to adjust for the
difference in total protein amounts in the original samples. For each biological replicate,
the normalized (+) ligand intensity was divided by the (-) ligand intensity and log2
transformed to generate a log: (fold change) value. The group of five resulting log: (fold
change) values were compared to a mean of 0 using a two-tailed t test. Hit peptides in
STEPP-LiP and one-pot STEPP-PP experiments and hit proteins in the one-pot TPP
experiment were identified with two criteria: 1) t test p-value was less than 0.001; 2) the
average log: (fold change) of the peptide or protein was at least 30 away from the global

average log: (fold change).
4.3 Results and Discussion

4.3.1 Identification of Manassantin A Protein Target

Five mass spectrometry-based proteomics experiments, including STEPP-PP,
STEPP-LiP, one-pot TPP, one-pot SPROX and one-pot STEPP-PP were employed to
identify the protein targets of Man A in a HEK293T cell lysate. The HEK293T cells were
incubated under hypoxia (1% O:z) condition for 24 h before they were harvested in order

to identify interacting proteins expressed under hypoxia. The workflows of the
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experiments here are adopted from previous reports and outlined in Figure 27.31° The
one-pot strategy used in one-pot STEPP-PP, one-pot TPP and one-pot SPROX experiments

here enables a streamlined statistical analysis for these experiments.
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Figure 27 Schematic representation of the workflow of proteomics methods used in
this work for identification of manassantin A protein target. The STEPP-LiP analysis
and the one-pot analyses use identical hit selection criteria based on t tests

The proteomic coverages obtained in each experiment are summarized in Table 7

Over 4500 unique proteins were assayed for thermodynamic stability changes induced by
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Man A from the five experiments applied here. The hit selection criterion in the STEPP-
PP experiment is identical to that described in Chapter 2, which requires a semi-tryptic
peptide to have a significantly altered logz(fold-change) (>30 deviations from the mean
log: (fold-change)) in the same direction for at least two consecutive urea concentrations.
Because the STEPP-LiP experiment and one-pot experiments (i.e., one-pot SPROX, one-
pot STEPP-PP and one-pot TPP experiments) all involve a t-test analysis for five biological
replicates at once, identical hit selection criteria could be applied to these experiments (see
Figure 28).

Table 7 Summary of proteomic coverages and hits observed in the Man A binding
experiments on proteins from HEK293T cell lysate

Experiment Protein (peptide) coverage Protein (peptide) hits
STEPP-PP 2538 (8477) 26 (45)
STEPP-LiP 1272 (3137) 5(5)
one-pot SPROX 3187 (9680) 1(1)
one-pot TPP 2015 6
one-pot STEPP-PP 966 (5032) 12 (17)
Total 4636 49
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Figure 28 Volcano plots of the average log: ((+)/(-) fold change) values and t test p-
values in A) one-pot SPROX, B) one-pot TPP, C) one-pot STEPP, and D) STEPP-LiP
data generated in this work. The red dots are the hit protein or peptides which passes
two hit selection criteria 1) average log2 (fold change) larger than 30 (represented by
the vertical dotted lines) away from the global average log2 (fold change); 2) the t test
p value is smaller than 0.01 (represented by the horizontal dotted lines).

In total 49 proteins were identified as hits in these experiments. A detailed list of
these proteins is shown in Table 8. Only one protein, Peroxiredoxin-1 (PRDX1) has been
identified as a hit protein in at least two methods, i.e., STEPP-LiP and STEPP-PP.
However, it is assayed but not a hit protein in the other three experiments, which means
that PRDX-1 is likely another false positive.

There are four hit proteins, including cAMP-dependent protein kinase inhibitor
beta (PKIB), Liprin-alpha-3 (PPFIA3), E3 SUMO-protein ligase (KIAA1586) and Two pore

calcium channel protein 2 (TPCN2), that are only assayed in the one experiment in which
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they are hits. As these proteins have not been "ruled-out" as false positives by the other
proteomics experiments applied here, further experiments like target pulse proteolysis or
ITC are needed to substantiate these hit proteins. Although it should be noted that none
of these proteins have been previously found to bind HIF-1g, this lack of relation to HIF-
la may just because of our limited knowledge of the cell hypoxia regulation.

Table 8 Protein hits observed in the proteomics experiments performed in this work.
“NA” in the column of a specific experiment means it is not assayed in that
experiment; “S” or “D” mean the protein is a hit and stabilized or destabilized,
respectively, in the experiment; “NH” means the protein is not a hit. “NA” in the
“consistency” column means the protein is only assayed in one experiment; “No”
means the protein is not a hit in at least one experiment, i.e., the protein behavior is
not consistent across experiments

one-

one
. STEPP  STEPP- pot one-pot .
Protein name Gene name PP Lip STEPP- pot SPROX Consistency
TPP
PP
cAM P—de|:')en_dfent protein kinase PKIB NA NA NA S NA NA
inhibitor beta
Liprin-alpha-3 PPFIA3 S NA NA NA NA NA
E3 SUMO-protein ligase
1
KIAA1586 KIAA1586 S NA NA NA NA NA
Two pore caIu_um channel TPCN2 D NA NA NA NA NA
protein 2
Thioredoxin-dependent
peroxide reductase, PRDX3 NH D NH NH NH No
mitochondrial
Heterogeneous nuclear HNRNPA2B
ribonucleoproteins A2/B1 1 NH D NH NH NH No
Peroxiredoxin-1 PRDX1 S D NH NH NH No
Peroxiredoxin-6 PRDX6 NH D NH NH NH No
Heterogeneous nuclear HNRNPD NH s NH  NH NH No
ribonucleoprotein DO
26S proteasomg regulatory PSMCL NH NA NH NH S No
subunit 4
Tubulin alpha-1B chain TUBA1B NA NH S NH NH No
Ub|q.U|t|rl1-||ke modifier- UBA1 NH NH S NH NH No
activating enzyme 1
Elongation factor 1-gamma EEF1G NH NH S NH NH No
L-lactate dehydrogenase B chain LDHB NH NA S NH NH No
Lactoylglutathione lyase GLO1 NH NH S NH NH No
L-lactate dehydrogenase A chain LDHA NH NA S NH NH No
Elongation factor 2 EEF2 NH NH S NH NH No
Actin, cytoplasmic 1 ACTB NH NA S NH NH No
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Heat shock protein HSP 90-beta
Tubulin beta chain
Elongation factor 1-alpha 1
Creatine kinase B-type
DAZ-associated protein 1
Nucleolysin TIAR
Nucleolysin TIA-1 isoform p40
Alpha-synuclein
GTP-binding protein SAR1a
Glyceraldehyde-3-phosphate
dehydrogenase
Glutathione S-transferase
omega-1
Glycogen phosphorylase, brain
form
Glutamate--cysteine ligase
regulatory subunit
Pre-mRNA-splicing regulator
WTAP
Proteasomal ubiquitin receptor
ADRM1
Unconventional myosin-Vc
Exosome complex component
RRP40
AT-rich interactive domain-
containing protein 1A
Structural maintenance of
chromosomes protein 3
Nuclear receptor coactivator 5
Spectrin beta chain, non-
erythrocytic 1
Jupiter microtubule associated
homolog 2
Bifunctional purine biosynthesis
protein PURH
60S ribosomal protein L34
Nuclear pore complex protein
Nup153
Y-box-binding protein 1
Protein 4.1
Protein scribble homolog
Prefoldin subunit 2
D-3-phosphoglycerate
dehydrogenase

Amidophosphoribosyltransferas
e

HSP90AB1
TUBB
EEF1A1
CKB
DAZAP1
TIALL
TIAL
SNCA
SAR1A
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5. Global Analysis of Protein Folding Stability Changes
During Parkinson’s Disease in a Hua-Syn(A53T)
transgenic Mouse Model

5.1 Introduction

The work described here utilizes thermodynamic measurements of protein
stability to identify specific proteins that play a role in the development and progression
of PD in a mouse model of the disease. Because of the close link between protein folding
thermodynamics and protein function, proteins with stabilities that change during PD
progression are likely to have PD related functions or dysfunctions. The mouse model
used in this work is one in which the human a-synuclein protein with an A53T mutation
is overexpressed at roughly 6-fold over that of the endogenous mouse a-synuclein protein
(aSyn). This PD mouse model has been shown to present with the symptoms of PD when
mice reach 9-16 months of age with a mean age of onset of 13 months.!"! The main goal of
this work was to generate thermodynamic stability profiles for brain derived proteins
from this mouse model at 1 and 6 months when the mice were pre-symptomatic and at a
third time point when the mice first presented symptoms. The identification of proteins
with altered thermodynamic stabilities during the progression of the disease is expected
to elucidate specific pathways and downstream effects of the formation of abnormal «a-
synuclein fibrils and aggregation.

As part of this work, we also extended our previous protein folding and stability
studies of brain-derived proteins in wild-type mice aged 6- and 18-months® to include a

1-month time point. This enabled a direct comparison of the thermodynamic stability
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profiles of brain proteins from the wild-type and PD mouse models at three different time
points. The protein hits identified in the comparative analyses described here not only
help elucidate the molecular basis of PD, but also have the potential to be useful PD
biomarkers that could aid in early diagnosis of the disease.

The thermodynamic stabilities of the mouse brain-derived proteins in this work
were profiled using the Stability of Proteins from Rates of Oxidation (SPROX) technique
in combination with an isobaric mass tagging strategy employing iTRAQ reagents.'s11?
The experimental workflow employed here was identical to that which we previously
used to profile the thermodynamic stability of brain proteins derived from wild-type mice
aged 6- and 18-months.> Ultimately, the data generated in this work and in earlier earlier
work on the wild-type mice were used here in a series of comparative analyses to identify
proteins with thermodynamic stability changes during the process of normal aging and
the course of PD progression, as well as to identify proteins with thermodynamic stability

differences in age-matched transgenic and wild-type mice.
5.2 Experimental Section

5.2.1 Mouse Euthanasia and Tissue Lysis

The mice used in this study were purchased from The Jackson Laboratory and
euthanized by cervical dislocation at Duke University. Mice were handled in accordance
with the handling procedures approved by Duke University Institutional Animal Care
and Use Committee approval for Protocol A196-13-08. All Hua-Syn(A53T) transgenic
mice were females with the a-synuclein A53T mutation (strain: B6.Cg-Tg(Prnp-

SNCA*A53T)23Mkle/]). All the 1-month WT mice were females of strain: C57BL/6]. PD
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mice were euthanized either at 1 month of age (n=9), 6 months of age (n=7), or upon
becoming symptomatic (n=8). The WT mice were euthanized at 1 month of age (n=8). The
8 mice in the PD symptomatic group became symptomatic at 10.5 months, 15 months, 16
months, 9 months, 11.5 months, 13 months, 14.5 months and 16 months. Mice were
determined to be symptomatic upon indicating signs previously determined,* such as:
tremors, lack of righting response and difficulty walking due to tremors. Immediately
following euthanasia, the brains were removed and stored at -20°C until the cell lysis was
performed as previously described.”® Immediately prior to iTRAQ-SPROX analysis a
Bradford Assay was used to quantify the total protein concentration of the lysates.
Lysates were ultimately diluted to a final protein concentration of 5 mg/mL for iTRAQ-

SPROX analysis.

5.2.2 iTRAQ-SPROX Protocol

The iTRAQ-SPROX experiments were conducted similar to that previously
described® with the exception of a few modifications that were incorporated into the
protocol to improve the proteomic coverage. These modifications included using TCEP
instead of methionine for quenching the hydrogen peroxide oxidation reaction and using
an iFASP protocol instead of a TCA precipitation protocol for bottom-up proteomics
sample preparation. Briefly, ~800 ug of total protein from each mouse brain tissue cell
lysate was equally distributed into a series of 8 GdmCl-containing SPROX buffers
comprised of 20 mM phosphate buffer, pH 7.4, and increasing concentrations of GAmCl.
Hydrogen peroxide was added into each protein-containing buffer to selectively oxidize

solvent exposed methionine residues in each denaturant-containing SPROX buffer. The
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final concentrations of GAmCl in the reaction buffers for all the SPROX experiments were
0.8M,11M,12M,14M,1.6 M, 1.8 M, 2.0 M, and 2.5 M. The final hydrogen peroxide
concentration (3% v/v) and reaction time (3 min) was also the same in each SPROX buffer
and in each SPROX analysis. The oxidation reaction in each SPROX buffer was either
quenched with methionine (PD 1 month mouse number 6-9, PD 6 month mouse numbers
5-7, PD symptomatic mouse numbers 6-8), or quenched with TCEP (WT 1 month mouse
numbers 1-8, PD 1 month mice 1-5, PD 6 month mouse number 1-4, PD symptomatic mice

numbers 1-5).

5.2.3 Proteomic Sample Preparation

The quenched samples were either subject to a trichloroacetic acid protein
precipitation (for methionine-quenched samples) or a filter-aided sample preparation (for
TCEP quenched samples) as previously described,® prior to subjecting them to a
quantitative bottom-up shotgun proteomics analysis using isobaric mass tags. Briefly, the
trichloroacetic acid-precipitated protein pellets were dissolved in 30 pL of 0.5 M
triethylammonium bicarbonate (TEAB) buffer (pH 7.5) containing 0.1% sodium
dodecylsufate (SDS). Disulfide bonds were reduced wusing 5 mM tris(2-
carboxyethyl)phosphine (TCEP) for 1 hour at 60°C, and the free cysteine residues were
reacted 10 mM methylmethanethiosulfonate (MMTS) for 10 minutes at RT. The protein
samples from each SPROX buffer were digested with 1 ug of trypsin at 37°C overnight.
The samples subjected to filter aided sample preparation (FASP) protocol also reduced
with TCEP, reacted with MMTS, and digested with trypsin using the above reaction

conditions.
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The resulting tryptic peptides were labeled with iTRAQ reagents from an iTRAQ
8-plex (AB SCIEX, Framingham, MA), according to the manufactures protocol with the
exception that 0.5 units of each reagent were used in each labelling reaction instead of 1.0
unit. The eight iTRAQ-labelled samples corresponding to the eight denaturant
concentrations in each unfolding curve for each mouse were combined. The combined
samples were desalted using a C18 column (The Nest Group) according to the
manufacturer’s protocol. These were the ‘non-enriched’” samples. An aliquot containing
about 100-200 ng of iTRAQ-labeled peptides was removed from the desalt samples and
enriched for methionine residue containing peptides using a Pi3™ Methionine Reagent
Kit according to the manufacturer instructions (The Nest Group). These were the

‘enriched” samples.

5.2.4 LC-MS/MS Analyses

The iTRAQ-labeled peptide generated in the SPROX analyses of the mouse brain
derived samples were analyzed on one of two LC-MS/MS mass spectrometer
instruments, Instruments 1 and 2. Instrument 1 was comprised of an Orbitrap Fusion
mass spectrometer with an EASY-nLC 1000 system (ThermoFischer Scientific Inc.). The
trapping column used in these experiments was a 100 pm x 2 cm Integrafrit column (New
Objective) that was packed with 200 A Magic C18 AQ 5 um material from Michrom. The
column in these runs was a 75 pm x 25 cm PicoFrit column (New Objective) packed with
100 A Magic C18 AQ 5 um material from Michrom. A flow rate of 300 nL/min was used
for all runs. Solvent A is 0.1% formic acid in water and solvent B is 0.1% formic acid in

acetonitrile (ACN). The chromatography gradient was as follows: 3% to 6% solvent B in
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A over 2 minutes, 6% to 33% solvent B in A over 92 minutes, 33% to 50% solvent B in A
over 7 minutes, 50% solvent B in A for 5 minutes, 50% to 90% solvent B in A over 3 minutes
and 95% solvent B in A for the final 8 minutes. The LC-MS/MS data were collected in a
data dependent MS/MS mode (top 24) using a m/z range of 350-1500. Resolution of the
instrument was set to 120,000. Cycles were 3 seconds long, the most abundant ions from
the precursor scan were selected for MS/MS analysis and selected ions were dynamically
excluded for 30 seconds. Collision induced dissociation (CID) was conducted with HCD
and a normalized collision energy of 40% analyzed via Orbitrap with a resolution of
15,000.

The second LC-MS/MS instrument, Instrument 2, was a Q Exactive HF high-
resolution mass spectrometer (Thermo) equipped with a nano-Acquity UPLC system
(Waters) and a nano-electrospray ionization source fitted with a SilicaTip emitter (New
Objective). Samples were trapped on a 2D Symmetry C18 trapping column with
dimensions of 180 pum x 20 mm, particle diameter of 5 um, and pore size of 100 A. The
trapping time was 5 min at 5 uL/min (99.9:0.1 v/v water/acetonitrile 0.1% formic acid).
Sample separation was performed on a 75 um x 250 mm high strength silica (HSS) T3
column with 1.8 um particle diameter (Waters) at 55 °C, using a gradient of 3-30%
acetonitrile with 0.1% formic acid over 90 min at a flow rate of 0.3 uL/min. Data collection
was performed in a data-dependent acquisition (DDA) mode (TOP 20) with a resolution
of 120 000 (at m/z 200) for full MS scan from m/z 375-1600. The resolution was 30 000 (at

m/z 200), using a minimum AGC target value of 3 x 106 ions. Summarized in Table 9, are
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the mouse-brain samples and the LC-MS/MS mass spectrometer instruments used in each
SPROX analysis.

Table 9 summaries the LC-MS/MS instrument used for analysis of each mouse brain
samples in this work

Mouse group Mouse brain sample LC-MS/MS instrument
number
WT 1mo 1-8 Q Exactive HF
PD 1mo 1-5 Q Exactive HF
6-9 Orbitrap Fusion
PD 6mo 1-4 Q Exactive HF
5-7 Orbitrap Fusion
PD Symptomatic 1-5 Q Exactive HF
6-8 Orbitrap Fusion

Peak lists were extracted from the LC-MS/MS data and were searched against the
proteins in the SwissProt Mus musculus database version 2019-03-20, downloaded on
04/11/19 using Proteome Discoverer 2.2. Cysteine residue modification by MMTS and N-
termini and lysine residues modified by iTRAQ 8-plex were fixed modifications in the
search. Oxidized methionine residues and deamidation on asparagine and glutamine and
arginine were variable modifications in the search. Up to two missed tryptic cleavages
after R and K were allowed. The parameters included a 10 ppm mass tolerance window
for precursor masses and 0.6 Da for fragment mass tolerance. Only peptide spectra with
FDR <1%, isolation interference <30% and iTRAQ reporter ion intensities that summed to
1000 were used in subsequent analyses of the data. This iTRAQ intensity cutoff has been
previously shown to effectively filter out poor quality SPROX data.8

The LC-MS/MS analyses of the iTRAQ-SPROX samples analyzed here included 3

technical replicates of each methionine-containing peptide enriched sample and 1 analysis
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of each non-enriched sample generated in the SPROX analysis of each brain tissue cell
lysate. The proteomics data collected on these samples, including raw LC-MS/MS data
and search outputs, can be found at the ProteomeXchange Consortium via the Pride

repository with the identifier PXD016985.113114

5.2.5 Data Analysis

The iTRAQ reporter ion intensities generated for each methionine-containing
peptide were used to construct chemical denaturation curves as previously described.!®
Briefly, the iTRAQ reporter ion intensities recorded in a given product ion mass spectrum
were normalized to the average intensity of the 8 reporter ions in each product ion mass
spectrum to generate N1 normalized values. The N1 values for all the non-methionine
containing peptides were averaged for each reporter ion in order to generate an N2
normalization factor for each isobaric mass tag. Ultimately, the N1-normalized values
generated for the methionine-containing peptides were divided by the corresponding N2
normalization factor to determine the N2-normalized reporter ion intensity. The resulting
chemical denaturation data sets (i.e., the N2-normalized iTRAQ reporter ion intensities
generated for each unoxidized methionine-containing peptide) were normalized to a
maximum of 1 by dividing each intensity by the maximum intensity and fitted to a four
parameter sigmoidal equation, equation 1, using a JAVA-based program (developed in
house) that utilized the Nelder and Mead Simplex method for regression analysis.®

_ (B-A)
yEAr—a (12)
l+e °?
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In equation (12), A is the pre-transition baseline, B is the post-transition baseline,
Cip2 is the transition midpoint and b is a measure of the steepness of the transition. The
program fit each set of data nine times, once with all eight points and then eight additional
times systematically leaving one point out. The fit with the highest R2 value was chosen
as the final output. Subsequent analyses of the data only utilized the chemical
denaturation data sets that were determined to be high quality (R2 > 0.8). If a peptide was
identified multiple times within the same iTRAQ-SPROX experiment on a particular
mouse brain sample, the iTRAQ reporter ion intensities from the high-quality data were
summed together to generate one set of iTRAQ reporter ion intensities at the 8 denaturant
concentrations per peptide per mouse. The summed data was N2-normalized and fit to
equation (12), as described above, to extract a single C12 value for each identified peptide

identified from each mouse.

5.2.6 Hit Identification

Only peptides that were assayed in at least two mice in all of the six groups (i.e.,
WT Imo, WT 6émo, WT 18mo, PD 1mo, PD 6mo and PD Symptomatic) were included in
the ANOVA analysis used for hit identification. For each methionine-containing peptide,
a two-way unbalanced ANOVA test was employed to identify significant differences
between the assigned Ci values across the 6 groups. Each two-way ANOVA analysis
generated three p-values including: a p-value for disease factor, a p-value for aging factor,
and a p-value for disease-age interaction factor. Peptides with any of the above p-values
lower than 0.000085 were selected as hits. The 0.000085 p-value is the Bonferroni-adjusted

p value for p = 0.05. Hit peptides were categorized as PD-related hits, if the p-value for
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the disease factor or the p-value for the disease-age interaction factor passed the cutoff
(p<0.000085). Hit peptides were categorized as age-related hits if only the age factor

passed the cutoff (p<0.000085).
5.3 Results

5.3.1 Experimental Design

The experimental workflow used in this work is summarized in Figure 29. The
experiments performed here were designed to identify protein folding stability
differences that resulted from PD development and progression induced by the a-
synuclein mutation A53T in mouse brain samples. The transgenic mice were sacrificed at
three time points including at 1 month (n=9) to provide a baseline reading of protein
thermodynamic stability in transgenic mice, at 6 months (n=7) that is roughly a half-way
point to disease presentation, and at the age when each mouse because symptomatic (n=8).
The eight mice at the later time point became symptomatic at 9, 10.5, 11.5, 13, 14.5, 15, 16
and 16 months. The eight wild-type mice used in this experiment were all sacrificed at 1
month. These 1 month old mice together with wild-type mice sacrificed at 6 month (n=7)
and 18 month (n=9) from a previous study® served as the control mice in this study. Each
mouse brain lysate was subjected to one iTRAQ-SPROX analysis that included 1 LC-
MS/MS analysis of the non-enriched and 3 LC-MS/MS analyses (technical replicates) of

the methionine-containing peptide enriched samples.
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Figure 29 Schematic representation of the experimental workflow utilized in this
work. The data of wild-type mice sacrificed at 6 month and 18 month are from a
previous study.”

5.3.2 Proteomic Coverage and Hit Selection

The iTRAQ-SPROX analyses performed on the brain tissue cell lysates from
experiments on the 32 mice in this study generated high quality chemical denaturation
data for 350-2000 proteins using 600-5400 methionine-containing peptide probes in each
lysate, depending on the mouse. Our comparative analysis only included methionine-
containing peptide probes that were assayed in 2 or more mice in all of the six mouse
groups (i.e., WT 1mo, WT 6mo, WT 18mo, PD 1mo, PD 6mo and PD Symptomatic). The
number of methionine-containing peptide probes and proteins that were assayed in each
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cohort is summarized in Table 10. This requirement reduced the number of methionine-

containing peptide probes in this study to 590 and the number of proteins to 332.

Table 10 Summary of the proteomic data obtained in the iTRAQ-SPROX experiments
performed on the brain tissue cell lysates from each group in this study

Age and disease state

Number
mice

Assayed
(proteins)?

peptides

WT 1mo 8
WT 6mo
WT 18mo

2436 (1000)
2049 (962)
2206 (1033)

7
9
PD 1mo 9
PD 6mo 7

8

PD Symptomatic

2730 (1103)
4681 (1733)
6356 (2054)

Assayed for hit identification

590 (332)2

! The assayed methionine-containing peptide probe must be identified in at least two mice
in every cohort (e.g., WT 1mo). The proteins are identified by these assayed peptides.

2 The assayed peptide probes for hit selection were the ones that have been identified in
at least two mice in every age and disease state studied. The proteins are identified by

these assayed peptides.
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For each methionine-containing peptide probe in this study, a Ci2 value was
generated for each mouse brain lysate where the probe was identified. A typical unfolding
curve generated for a methionine-containing peptide probe in this study is highlighted in

Figure 30.

1.5¢

Ci2

Relative Amount of
unoxidized Met-Peptide

0.5 1.0 1.5 2.0 25 3.0
[GdmCI]/M

Figure 30 Demonstration of Cizvalue determination in this work: the dashed arrow
indicates the average Ciz2value of the fitted curve. The denaturation data is from the

methionine-containing peptide probe YIKDYMK) from Tpt1 protein in PD
symptomatic mouse number 3.

Ultimately, a two-way unbalanced ANOVA analysis was performed to identify
methionine-containing peptides with significant Ci2 -value shifts related to the disease
state and/or aging. A Bonferroni-adjusted p-value cutoff of p =0.000085 (i.e., 0.05/590) was
used to reduce false positives stemming from multiple testing. The identified peptide and
protein hits are summarized in Table 11. Three categories of hits including: those related
to the disease, aging, or a disease and aging interaction were identified. Highlighted in

Figure 31 and Figure 32 are the Ci2 changes recorded for selected protein hits and nonhits.
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Table 11 Summary of the hit proteins and their hit methionine-containing peptide

probes
. . . . . Connection
Hit Gene . Hit methionine-containing .
Protein name . to aging or
category ID peptide probe PD
Pgm13 Phosphoglucomutase-1 SMPTSGALDR
PD-related 5523 Carbonic anhydrase 2 TLNFNEEGDAEEAMVDNWRPAQPLK us-117
protein hits 265 prot lat bunit
PsmcS proteasome ;egu atory subuni VIMATNR
Ap2m1 AP-2 complex subunit mu SISFIPPDGEFELMR
Gdi224 Rab GDP dissociation inhibitor beta FKLPGQPPASMGR 118
Gdi2? Rab GDP dissociation inhibitor beta MTGSEFDFEEMKR 18
PD-age- Cs? Citrate synthase, mitochondrial TVVGQITVDMMYGGMR
interaction- Tpt124 TranslationaIIy—cor.1troIIed tumor VIKDYMK 119
related protein
protein hits Nrcam Neuronal cell adhesion molecule VMAENSIGR 120
Nsfllc NSFL1 cofactor p47 LAHGGQVNLDMEDHRDEDFVKPK 121
Rbbp72 Histone-binding protein RBBP7 YMPQNPHIIATK
ATP-dependent Clp protease 122
Clpp proteolytic subunit, mitochondrial GQATDIAIQAEEIMK
Acot? Cytosolic acyl coenzyme A MIEEAGAIISTR 123
thioester hydrolase
Glud1? Glutamatfe dehydro.genase 1, FTMELAK 124
mitochondrial
Ywhag? 14-3-3 protein theta EMQPTHPIR 125
Syn2 Synapsin-2 MNQLLSR 126
Hspa4'? Heat shock 70 kDa protein 4 QlQQYMK 127
Lap3 Cytosol aminopeptidase HLMESPANEMTPTR
Ywhag 14-3-3 protein gamma YDDMAAAMK 125
Gad2 Glutamate decarboxylase 2 GMAAVPR 128
Ube2i'2 SUMO-conjugating enzyme UBC9 MLFKDDYPSSPPK
Age-related
protein hits Psmal Proteasome subunit alpha type-1 AMSIGAR 129
Enol? Alpha-enolase LAMQEFMILPVGASSFR 130
Add3 Gamma-adducin VGEIEFEGLMR
Tnr! Tenascin-R TTLTDLVPGTEYGVGISAVMNSK
Psmb1 Proteasome subunit beta type-1 AGGSASAMLQPLLDNQVGFK 131
Atp6v0dl  V-type proton ATPase subunitd 1 MVVEFR
Cntn1’ Contactin-1 YVHKDETMTPSTAFQVK 132
ATP-dependent 6-
L
Pfkp phosphofructokinase, platelet type RPIMK
P4hb? Protein disulfide-isomerase LITLEEEMTK 133
Pgm13 Phosphoglucomutase-1 SMPTSGALDR
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Ca223 Carbonic anhydrase 2 TLNFNEEGDAEEAMVDNWRPAQPLK

Gdi224 Rab GDP dissociation inhibitor beta FKLPGQPPASMGR 118

Translationally-controlled tumor

protein YIKDYMK 119

Tpt124

! Proteins that previously known to have age-related stability changes®

2Proteins that have known carbonylation or oxidation sites!3+13¢

3 Proteins that were categorized by two-way ANOVA analysis as both PD-related hits and
age-related hits.

4 Proteins that were categorized by two-way ANOVA analysis as both PD-age-interaction-
related hits and age-related hits.
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Figure 31 Example plots of Ci2 changes in selected proteins with non-hit and age-
related hit methionine-containing peptide probes. Shown in (A) are typical data
obtained on proteins with non-hit methionine-containing peptide probes that have no
significant age-related or PD-related stability changes. Shown in (B) are examples of
proteins with age-related methionine-containing peptide probe hits that have age-
induced stability changes in WT and PD mice.
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Figure 32 Example plots of Ci2 changes in selected proteins with PD-related and PD-
age interaction hit methionine-containing peptide probes. Shown in (A) are PD-
related protein hits with methionine-containing peptide probes that have consistent
stabilization or destabilization in PD and WT mice. Shown in (B) are examples of
proteins with methionine-containing peptide probes displaying a PD-age interaction
with different age-induced stability trends in PD and WT mice.
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5.3.3 Biological Variability

The standard deviations of the Ci2 value measurements recorded for a given
methionine-containing peptide probe across the mice in each cohort were used to assess
the biological variability of the chemical denaturation curves generated in this work. The
frequency distributions of the standard deviations of the Ci.2 values observed for peptides
identified in the wild-type and transgenic mice are shown in Figure 33 A and B,
respectively. The frequency distributions in Figure 33 are all similar. In each case the

median value was 0.15 M GdmCl; and the 95th percentile was 0.35 M GdmCl.
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Figure 33 Frequency distributions of standard deviations associated with the Ci:
values determined in this work. Shown in (A) are the results for the assayed peptides
in the different time points studied in this work. The black, white, and grey bars in
(A) are from 1 Month old, 6 Month old, and symptomatic mice, respectively. Shown in
(B) are the results on normally aged mice. The black, white, and grey bars in (B)
represent the data from the normally aged 1 Month old, 6 Month old and 18 Month
old mice, respectively. In both (A) and (B) each bar represents the percent of the total
peptides in that state that have a standard deviation within the bin, and the x-axis
values indicates the high limit of each bin. The median standard deviation of all the
six groups in A and B are around 0.15M GdmCl.
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5.4 Discussion

5.4.1 Age-Related Proteins Hits

The ANOVA analysis identified a total of 22 unique methionine-containing
peptide probes from 22 proteins with age-related Ci differences (see Table 11). Consistent
with the results of an earlier study on the 6 and 18 Month wild-type mice, the age-related
protein hits identified in this work were predominantly destabilized (i.e., over 75% of the
hit methionine-containing peptide probes were destabilized with age). It is noteworthy
that 4 of these 22 hit proteins (see Table 11), were also found to have age-related stability
changes in our earlier study on the 6 and 18 Month wild-type mice.® The other 18 hits
proteins here were not hits in the previous study largely because the previous study only
probed late-stage aging (i.e., from 6 to 18 month) but not the early aging (i.e., 1 month to
6 month) effects that were also monitored in this study.

A total of 12 of the 22 age-related protein hits (see Table 11) have previously been
tied to the aging process. For example, a gene knockout study has shown that cytosolic
acyl coenzyme A thioester hydrolase (Acot7) regulates fatty acid metabolism in brain and
protects against neurotoxicity.’?® A transgenic mouse study also showed an
overexpression of glutamate dehydrogenase 1 (Gludl) in neural system induces age-
associated losses of dendritic spines, nerve terminals, and neurons.’”* Another study of
synapsin-2 (syn2) knockout mice showed age-related progression of behavioral defect due
to neuronal loss and gliosis in the cerebral cortex and hippocampus.'? These previous
studies and our protein hits together could provide an interesting insight into the

biomolecular basis of age-related loss of functionality in the identified protein hits. Our
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work suggests that the specific age-related functions of these proteins may be
compromised with age due to a loss of thermodynamic stabilities.

One explanation for the age-related destabilizations observed here is that they
result from age-related PTMs such as carbonylations and/or oxidations induced by
reactive oxygen species (ROS). Indeed, 9 of the 18 hit proteins have been previously found
to have carbonylation or cysteine oxidation sites (see Table 11).13413 For example, protein
disulfide isomerase (P4h), which is a ROS target in endoplasmic reticulum (ER), is known
to have increased level of carbonylation and reduction in activity during aging.¥” Another
explanation for the observed stability changes in the hit proteins identified here is that
during the aging process, neuronal cells produce alternate forms of a protein, that are
differentially stabilized. Such an age-related alteration has been observed for one of our
hit proteins, glutamic acid decarboxylase 2 (Gad2). Previous studies on human and rat
brain samples observed the presence of both the 65 kDa full length Gad2 and a 59 kDa
truncated Gad2 resulting from factor Xa cleavage, Interestingly truncated Gad2 was
found to be 2-3 times more active than the full length Gad2.1%% Thus, the detected Gad2
protein stability changes in our mouse model during aging process could be the result of
the relative abundance changes of the full-length and truncated protein, which are likely
to have different thermodynamic stabilities.

The results obtained here suggest that the changes in thermodynamic stabilities
could be closely related to the structural and functional changes of proteins in the aging
process. These hit proteins detected here can be further exploited for aging biomarkers or
therapies against aging. However, it should be noted that the molecular basis for the
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detected stability changes in hit proteins are not directly illustrated from the data
generated here. More studies on the proteins hits here are needed to understand the exact
biophysical changes that induce the observed stability changes. For example, the
stabilities of the different forms of the Gad2 proteins can be monitored in a targeted study
to uncover if the observed aging-related stability changes of Gad2 are a result of the

differential truncation.

5.4.2 PD- and PD-Age Interaction-Related Protein Hits

Identified in this work were 11 proteins with 12 methionine-containing peptide
probes displaying PD-induced thermodynamic stability changes (Table 11). These hit
proteins include those with peptide probes that passed the ANOVA test p-value cutoff
for either the disease factor (3 probes from Pgm1, Ca2 and Psmc5) or the disease-age
interaction factor (9 probes from Apem1, Gdi2, Cs, Tptl, Nrcam, Nsfllc, Rbbp7 and Clpp).
Two of these methionine-containing peptide probes were from the same protein, Rab GDP
dissociation inhibitor beta (Gdi2), and showed very similar trends in protein stability
changes (Figure 32 B). The two-way ANOVA test identifies peptides with consistent
transgenic and WT differences by the disease factor and identifies age-dependent
transgenic and WT differences by the age-disease interaction factor. Thus, hits in both
categories are likely to aid in the understanding of the biomolecular basis of PD, while the
proteins hits screened out by the disease factor may be potentially better PD biomarker

due to their consistent PD-related stability alteration.
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Examination of the thermodynamic stability changes of the above 11 proteins
revealed a majority of the proteins (7 out of 11) were more and more destabilized with age
in the WT mice (i.e., average C1/2 values decreased from 1mo to 6mo and 6 mo to 18 mo).

In total, 5 of the 11 hit proteins related to PD have been previously connected to
PD (see Table 11). For example, Rab GDP dissociation inhibitor beta (Gdi2) inhibits Rab
GTPases, which regulates the cellular membrane dynamics and is already known to be a
key player in PD pathology.""® Translationally-controlled tumor protein (Tptl) is also
known to be downregulated in the striatum of PD mouse model.'® Also interesting is that
the ATP-dependent Clp protease (Clpp) is a PD-related hit. Clpp is a major contributor
to the mitochondrial protein quality control system, as it is responsible for removing
damaged or misfolded proteins.’* Hu et al found that in both aSyn A53T mutant-carrying
patient samples and in the Hua-Syn(A53T) transgenic mouse model used here, aSyn
interacts with Clpp causing it to aggregate and lose its ability to relieve mitochondrial
oxidative damage.'?? The destabilization of Clpp observed in the PD mice at 6 mo may be
due to this aSyn induced Clpp structural change (Figure 32 B).

The group of PD-related protein hits identified here may be useful early stage PD
biomarkers. For example, carbonic anhydrase 2 (Ca2) has increased in thermodynamic
stability in our transgenic mice at both 1mo and 6mo age stages comparing to WT mice.
Of particular interest, is that Ca2 has been identified in proteomic studies of human
CSF.13 It is possible that the PD-related stability change observed here for Ca2 could also
be detected in CSF-derived Ca2. One explanation for the detected stability changes of Ca2
could be related to the carbonylation of this protein that has been previously found to
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occur in  A30P aSyn transgenic mice,'* a very similar a-Syn transgenic mouse model to
the mouse model used in this study. Another protein, 26S proteasome regulatory subunit
8 (Psmc5) may also be useful as an early biomarker of PD because of its observed
stabilization in the PD mice at both Imo and 6mo age stages. Psmc5 is has also been
detected in proteomic studies of human CSF. In total, 9 of the 11 disease-related protein
hits have been previously identified in cerebrospinal fluid (CSF).!"® The altered stabilities
of these 9 protein, if detectable in patient-derived CSF samples, could be potential

biomarkers for PD.
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6. Conclusions

This dissertation focuses on the development and application of mass
spectrometry-based method for the large-scale analysis of protein folding stability. One
goal of this work involved further advancing the capabilities of several existing methods
by developing new protocols. The second goal of this work involved using these newly
developed protocols in combination with other more established protocols to identify the
protein targets of two drugs with unknown modes of action and to discovery disease
biomarkers of Parkinson’s disease.

Chapter 2 of the dissertation describes the development of a chemo-selective
enrichment strategy to isolate the semi-tryptic peptides generated in mass spectrometry-
based applications of limited proteolysis methods. The motivation of this development is
to improve the bottom-up proteomics readout in proteome-wide limited proteolysis
experiments. The coupling of the STEPP protocol to LiP, DARTS and PP enables these
methods to generate large-scale protein folding stability information without the
interference of tryptic peptides which drastically reduces the information density and
quality of these experiments. The STEPP-LiP method could be particularly useful since it
provides a tool of proteome-wide identification of subtle protein conformational changes
that are ignored in other methods such as TPP, CPP and SPROX. The STEPP-LiP should
be widely adopted to study protein structural changes related to environmental
perturbation and protein aggregation where the protein structural changes are usually

subtle and not denaturant dependent.
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In Chapter 3 and 4, the STEPP-PP and STEPP-LiP methods are used in
combination with SPROX, TPP and CPP strategies to identify the protein target of two
drugs of unknown mode of action, including Sub A and Man A. The goal is to identify
consistent protein hits that are identify in more than two methods to reduce the chance of
false discovery.

In the Sub A target identification study described in Chapter 3, only DCK is
consistent stabilized with Sub A in a total of more than 2000 assayed proteins. Further gel-
based targeted pulse proteolysis method supports that DCK is a direct binding target of
subglutinol A with an estimated Ka of 0.21 uM. To understand the downstream effect of
Sub A-DCK binding and its role in Sub A’s mode of action, a series of chemical biology
experiments were employed. These experiments demonstrated that Sub A does not alter
DCK’s activity, expression level or phosphorylation level but blocks its nuclear
transportation. This reduction of DCK level in the cell nucleus possibly leads to the
observed reduction of nuclear dCMP pool. Further study is planned to determine if the
observed reduction in nuclear dCMP pool is indeed related to DCK but not just a general
phenomenon of cell death.

In the Man A target identification study described in Chapter 4, more than 4000
proteins were assayed but unfortunately, no consistent protein hit is found. There were 4
protein hits with unknown consistency because they were only assayed in a single
method. Future work on Man A target identification could either focus on validation of
these 4 proteins or application of more large-scale experiments to search for potential
targets not covered by experiments of this work.
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In biomarker discovery part of this dissertation, the SPROX method is utilized in
Chapter 5 to characterize the progression of PD in brain tissue cell lysates from Hua-
Syn(A53T) transgenic mice. Thermodynamic stabilities of 332 proteins in brain tissue cell
lysates from these transgenic mice were compared to similarly aged wild-type mice using
a two-way ANOVA analysis. A group of 11 proteins were found to be differential
stabilized in the Hua-Syn(A53T) transgenic mouse model. The potential of using these
proteins as PD biomarkers could be further tested in patient-derived samples, for example
cerebrospinal fluids. This study also encourages the application of other protein folding
stability approaches, such as TPP, in disease biomarker discovery. Future studies could
be employed to determine which method is the best in protein biomarker discovery, or a
combination of these methods are needed.

In conclusion, this dissertation demonstrated the development of a novel chemo-
selection strategy, STEPP, for large-scale limited proteolysis analyses, as well as
application of protein folding stability approaches to drug target identification and
disease biomarker discovery. The drug target identification works have demonstrated
that even with these state-of-the-art methods in hand, it is not easy to pin down the target
proteins from a complex proteome. Using a combination of approaches helps in reducing
the list of false positives, which is indeed very beneficial in freeing researchers from the
time-consuming and difficult drug binding validation experiments. However, future
work is still needed to understand one key questions in drug target identification. First,
what combination of these methods should be the general choice of studying a novel drug
or lead molecule of known mode of action. Should one method be more preferred than
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the other and being always included? And should the one-pot strategy be used rather than
use the original non-one-pot version? These questions should be answered by more
application of these protein folding stability approaches in drug target identification
studies. Being able to find a general strategy towards drug target identification is indeed
very important in improving our ability to discovery new drugs and advancing the

pharmaceutical industry.
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Appendix Determination of Pathogenic Mutations on the
Folding Stability of Human Transthyretin

The work described in this appendix comes largely from the research paper titled
“Pathogenic Mutations Induce Partial Structural Changes in Native -Sheet Structure of
Transthyretin and Accelerate Aggregation” that was published in 2017 on Biochemistry
(vol. 56(36), p. 4808—4818).14! This work was performed in collaboration with Professor

Kwang Hun Lim and his group at Eastern Carolina University.

Introduction

Transthyretin (TTR, Figure S 1) is a tetrameric protein that undergo aberrant
conformational transitions from natively folded states into insoluble [-structured
aggregates in vivo.1#>14 Extracellular deposition of TTR aggregates in various organs
including heart, lung, and peripheral nerves is associated with senile systemic
amyloidosis, familial amyloidotic polyneuropathy, familial amyloid cardiomyopathy,
and rarely central nervous system selective amyloidosis.*>” The key to understand the

amyolidgenesis of TTR is to illustrate the structure of TTR in its amyloidogenic state.

Figure S 1 Protein structure of WT TTR monomer in its native form- 141148
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To uncover the structure, our collaborators’ preliminary NMR studies suggested
the WT TTR aggregates contained an amyloid core consisting of a native-like folded
structure. The mutant TTR amyloids adopted a similar structure, but the strand D might
be unfolded in amyloid state, which may fully expose strand A for intermolecular
interactions.

The goal of the work in this appendix was to collect biophysical data to confirm
that the WT and mutant TTRs in their amyloidogenic states have stable folded structures.
To confirm this, the thermodynamic folding stability of these proteins were measured.
The measurements were accomplished with a previously described MALDI-TOF-based
protocol that utilizes the reaction of dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium
bromide (HNSB) with globally protected tryptophan (Trp) residues.”” In order to probe
the local environment of the strand A and D of amyloidogenic V30M TTR, oxidation rates

of a methionine sidechain on strand A were analyzed using mass spectrometry.
Experimental Section

HNSB Analysis

The chemical denaturation curves of WT and mutant TTR proteins generated here
were obtained using a previously established tryptophan modification protocol involving
dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide (HNSB).” Briefly, the HNSB
experiments were performed by reacting the protein (1 uM) with HNSB (3.68mM) in a
series of different buffers (pH 4.4) that contained increasing concentration of guanidinium
chloride (GdmCl). The HNSB modification reactions in each buffer were allowed to

proceed for 10 min at 37 °C. The reactions were quenched during a desalting step using
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Millipore C18 Zip-Tips. The desalted protein samples were each analyzed by MALDI-
TOF mass spectrometry using sinapinic acid as the matrix. The MALDI mass spectra were
acquired on an UltraFlex II TOF/TOF (Bruker Daltonics) mass spectrometer in the
reflective and positive ion mode using a smartbeam Nd:YAG laser (355 nm). Spectra were
collected using the following instrument parameters: 25kV ion source 1 voltage, 21.9kV
ion source 2 voltage, 9.9kV lens voltage, 26.3kV reflector voltage, 13.7kV reflector 2
voltage, 100ns pulsed ion extraction, and matrix gating to 4000 Da. The protein ion signal
in the resulting mass spectra were used to extract AMasswtav values as we have previously

described.?

Time Course Oxidation Analysis

The time course studies of Met-30 oxidation in V30M TTR were performed by
reacting the protein (1 uM) with H20- (100 mM) at pH 4.4 (200 mM acetate buffer) or pH
7.4 (200 mM phosphate buffer) for a specific of time at 37 °C. The reaction was quenched
by adding a 6-fold molar excess of L-methionine over H.0.. A buffer exchange was
performed using Amicon Ultra 10K centrifugal filters to obtain protein solutions in 100
mM triethyammonium bicarbonate buffer (pH 8.5). The protein solutions were digested
with Lys-C protease, and the resulting peptide solutions were analyzed by MALDI-TOF
mass spectrometry using a-cyano-4-hydroxycinnamic acid (HCCA) as the matrix for
MALDI-MS analysis. For determination of the oxidation status of Met-30 in the V30M
mutant, the MALDI analysis was focused on the ion signals from the Met-30 containing
peptide VLDAVRGSPAINVAMHVERK in both its wild-type and oxidized forms. The

MALDI ion signals of the wild-type and oxidized forms of the
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VLDAVRGSPAINVAMHVERK peptide were identified by their masses. MALDI mass
spectra for the time-course experiment were acquired on a Voyager-DE PRO (Applied
Biosystems) mass spectrometer in the linear and positive ion mode using a nitrogen laser
(337 nm). Spectra were collected using the following instrument parameters: manual
control mode, 20kV accelerating voltage 93% grid, 0.05% guide wire, 100 nsec delay time,
60 shots/spectrum, and low mass gate 500 Da.

The time-course data were analyzed as previously described.” Briefly, the
increases in mass as a function of reaction times were obtained by calculating
AMasswiav values, using a weighted average of the intensities of the ion signals from the

wild-type and oxidized peptide, and by fitting the data to a single exponential equation.
Results and Discussion

Folding Stability Analysis of Amyloidogenic TTRs

The amyloidogenic TTRs were provided by our collaborators at Eastern Carolina
University. Thermodynamic stabilities of the amyloidogenic states of TTR were examined
using a chemical modification and mass spectrometry-based approach, which has been
previously described.” In this mass spectrometry-based analysis, we monitored the
unfolding transition of the precursor states by evaluating the chemical denaturant
dependence of the reaction of dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide
(HNSB) with tryptophan (Trp) residues. At increasing concentrations of chemical
denaturant, the TTR protein is unfolded and the Trp residues are more exposed to solvent
and more readily react with HNSB, resulting in an increased mass of the protein that can

be detected by using mass spectrometry. In the natively folded state of TTR, both Trp
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residues (W41 and W79) appear to be largely protected from the reaction with HNSB, as
evidenced by the relatively low AMasswiav values of the pre-transition baselines of the
chemical denaturation curves in Figure S 2. In the presence of increasing concentrations
of chemical denaturant (GdmCl in this work), the protected Trp residues in the native
state become available for the chemical reaction with HNSB, leading to an increase in the
protein mass, as demonstrated in Figure S 2. Thus, the chemical denaturant dependence
of the HNSB modification reaction can report on the thermodynamic stability of the WT
and mutant forms of TTR. The cooperative unfolding transitions observed in Figure S
2 suggest that the amyloidogenic precursor states adopt folded conformations. A
qualitative analysis of the transition midpoints of the chemical denaturation curves
generated in Figure S 2 also indicates that the precursor states of the TTR variants are less
stable than that of WT TTR. The less stable amyloidogenic precursor states of the TTR

variants might be linked to the stronger aggregation propensity of the TTR variants.
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Figure S 2 Chemical denaturation curves generated for WT, V30M, and L55P TTR
using the tryptophan modification protocol. The vertical dotted lines indicate the

concentrations of guanidinium chloride (GdmCl) at the transition midpoints, which
were 3.8, 1.6 and 1.4 M for WT, V30M, and L55P, respectively. The data points and
error bars represent the average and standard deviation of the AMasswt,av values

determined from the 8 mass spectra collected on each sample.
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Analysis of Strand A and D Local Environment

The preliminary solid-state NMR experiments of V30M amyloid done by our
collaborators suggest that strand D might be unfolded in amyloid state, which may fully
expose strand A for intermolecular interactions. In order to probe the local environment
of the methionine sidechain, oxidation rates of the Met-30 sidechain were analyzed using
mass spectrometry.® Previous crystal structure of native tetrameric V30M TTR shows that
the Met-30 sidechain, which is located on strand A, is protected by strand D in its non-
amyloidogenic state.!#

In this mass spectrometry-based approach we measured the time-course of the
H:O: oxidation of the Met-30 sidechain. In the native tetrameric V30M TTR at pH 7.4, the
sidechain of residue Met-30 is protected from the oxidation (Figure S 3). On the contrary,
the Met-30 sidechain is readily oxidized at pH 4.4, suggesting that the M30 sidechain
protected in the native state is exposed to solvent in the amyloidogenic precursor state at
pH 4.4. These results confirm that strand D is unfolded in amyloid state, which expose
strand A for intermolecular interactions.

We note that the H-0: oxidation of an unprotected Met residue is not significantly
different at pHs 4.4 and 7.4. Thus, the different reaction rates observed in Figure S
3 appear to be due to structural differences in the protein. We also note that the second-
order reaction rate constant calculated from the time-course data on V30M TTR at pH 4.4
and 37 °C (63 Mh!) was only slightly smaller than that measured for an unprotected
methionine in the model peptide under the identical condition (82 M-th-1).1%
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Figure S 3 Time-course analysis of Met-30 side chain oxidation with H202 in V30M
TTR. Data obtained on the Lys-C-generated TTR peptide,
VLDAVRGSPAINVAMHVEFRK, which contains residue Met-30, are shown. The data
points and error bars represent the average and standard deviation of the AMasswtav
values determined from the five mass spectra collected on each sample. The dotted
blue line represents the best fit of the pH 7.4 data to a line. The solid red line
represents the best fit of the data to a single-exponential equation.

Conclusion

In this study, mass spectrometry-based methods were employed to investigate
structural features of amyloidogenic precursor states of TTR using a very low protein
concentration (1 pM) to minimize aggregation. HNSB analyses of WT and mutant TTRs
at pH 4.4 showed the amyloidogenic precursor states of TTRs adopt largely folded
conformations. The analyses also confirmed the mutant TTRs are less stable than the WT.

The time-course oxidation of Met-30 sidechain clearly showed that the Met-30 residue at
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its native state (i.e., at pH 7.4) is protected from oxidation while in its amyloidogenic
precursor state (i.e, at pH 4.4) is not protected. This confirmed our collaborators
hypothesis that the local environment of strand DA, where Met-30 is located, has changed
in the transition from native state to amyloidogenic precursor state. The findings of the
protein conformation of TTR in its amyloidogenic precursor state are important towards

the understanding of the amyolidgenesis of TTR.
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