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Abstract

While a number of different proteomic, genomic, and computational approaches
exist for the characterization of drug action, each of the experimental approaches
developed to date has both strengths and weaknesses. Currently, there is no one
“perfect” assay for drug mode-of-action studies. A protocol that could assay all the
proteins in the proteome for both direct and indirect binding interactions of drugs
would greatly facilitate studies of drug action. Recently, the SPROX (stability of
proteins from rates of oxidation) technique was developed as a chemical modification-
and mass spectrometry-based strategy for detecting protein-ligand interactions by
monitoring the change in thermodynamic stability of proteins upon ligand binding.
This is accomplished by monitoring the denaturant dependent oxidation of globally
protected methionine residues. The SPROX technique has been interfaced with bottom-
up proteomics methods to allow for the proteome-wide analysis of protein-ligand
interactions. However, the strategy has been limited by the need to detect and quantify
methionine containing peptides in the bottom-up proteomics experiment.

The work in this dissertation is focused on evaluating the current SPROX
protocol, developing modifications to improve proteome coverage, and applying the
SPROX platform to two different drug mode-of-action studies. Three main strategies
were employed to improve protein coverage. First, a chemo-selective isolation of un-

oxidized methionine containing peptides was employed to enrich for methionine
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containing peptides, and it was found to produce a ~2-fold improvement in proteomic
coverage. Second, a pre-fractionation strategy involving the use of isoelectric focusing
was employed to decrease sample complexity prior to LC-MS/MS analysis and it was
found to generate a ~2-3 fold improvement in proteomic coverage, however when
combined with the methionine enrichment strategy the improvement was ~6-fold as the
benefits of both were additive. Third, a tryptophan modification strategy was
developed that could ultimately expand the number of useful peptides in proteome-
wide SPROX experiments to include those that contain tryptophan. Also, investigated
was the use of several different mass spectrometer systems (including a bench-top
quadrupole and orbitrap system and two different quadrupole time-of-flight systems) in
the SPROX protocol. The results of these studies indicate that there is a significant
advantage in proteome coverage when faster mass spectrometers are used. The use of
high energy collision dissociation (HCD) in the orbitrap system was also more
advantageous than the use of collision induced dissociation (CID) in the Q-ToF systems.
Regardless of the mass spectrometer used, the major source of error in the SPROX
experiment was found to be the random error associated with the LC-MS/MS analysis of
isobaric mass tagged peptides. This random error was found to yield a false discovery
rate of between 3 and 10% for “hit” peptides in the SPROX experiment.

The above improvements in the SPROX protocol were used in two protein-ligand

binding experiments. One set of experiments involved studies on two small molecules
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with a specific anti-cancer phenotype in human colon cancer cells. These studies
identified 17 proteins as potential “hits” of these two small molecules. After preliminary
validation of these proteins, approximately 50% were eliminated as false positives and
one protein, p80/nucleophosim, showed consistent data indicating a destabilizing
interaction with both small molecules. The destabilization is indicative of an indirect
interaction with the small molecules that would be mediated through a protein-protein
interaction network. In another set of experiments the breast cancer drug, tamoxifen,
and its main, active metabolite, 4-hydroxy tamoxifen, were assayed for binding to the
proteins in a yeast cell lysate to better understand its adverse effects on yeast cells. The
results of these studies identified ~80 proteins as potential “hits” of these two drugs.
After preliminary validation of these proteins, approximately 30% were eliminated as
false positives and one protein, SIS1, type II Hsp40, showed consistent data indicative of

a direct binding interaction.
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1. Introduction

1.1 Background

Over two million people are affected by adverse side-effects of pharmaceutical
drugs, and approximately 100,000 die, annually in the United States [1]. The side-effects
are often the result of unanticipated and unknown, off-target protein-drug interactions
[2, 3]. Drugs can interact with proteins directly and indirectly (Figure 1). During a
direct binding event, the drug binds directly to a target protein, producing a biochemical
response. Indirect interactions are two-fold: in one case an initial protein-drug complex
is formed and then binds to another protein, causing a biochemical response; or in the
second case, the pre-formed protein-protein interaction is disrupted upon binding to the
drug.

Traditional techniques to detect protein-ligand interactions include the yeast
three-hybrid assay [4-9], microarrays [10-18], and affinity purification [19-36]. The yeast
three-hybrid assay is a variation of the yeast two-hybrid assay [7, 37-44] that was
originally designed to detect binary protein-protein interactions. As the need arose for a
high-throughput assay for protein-ligand interactions, modifications to the yeast two-
hybrid system were developed to incorporate the ligand in the binding assay and led to
the yeast-three hybrid assay. However, the yeast three-hybrid assay is plagued with
limitations. Recently, the transcription readout has been correlated to the protein-ligand

binding affinity, but the dynamic range is small and limited to tight binding affinities in



the nM range [9]. Similar to the yeast two-hybrid assay, the yeast three-hybrid assay is
also prone to high false positive rates. The yeast three-hybrid assay is also limited to the
ability to only assay two of the three types of ligand interactions, direct binding events
and indirect binding events that disrupt existing protein-protein interactions.
Microarrays struggle with limitations similar to the yeast hybrid assays: poor
quantitation of binding affinities and limited in the ability to assay all of the types of
ligand interactions, as only direct binding interactions can be detected. Affinity
purification can be achieved either through a pull-down of target proteins with the small
molecule of interest immobilized on a bead or solid structure or through a tagged
version of the small molecule of interest that covalently labels or cross-links the target
protein and purification is achieved by a pull-down specific for the small molecule tag.
Gel electrophoresis and mass spectrometry are also common analyses for protein
identification after purification. Affinity purification is limited by a high background,
the lack of quantitation of ligand binding affinity, a small affinity dynamic range
detection biased towards tighter binding affinities, a bias towards more abundant
proteins, and the lack of detecting all types of ligand interactions, as only direct binding
events and indirect binding events that include the binding of an additional protein. A
limiting factor for all of these techniques is that the small molecule of interest requires
modification which is not amenable for all molecules of interest. In the case of the yeast

three-hybrid system the small molecule requires tethering to a protein or to a protein’s



known binding molecule through a linker. Microarray assays require the molecule to
either be immobilized to a solid surface or modified with a label required for binding
detection. Affinity purification also requires the molecule to be immobilized to a solid
surface. These modifications to the small molecule are not ideal as they can interfere
with protein-ligand binding interactions and are not always easily achieved or possible

for every small molecule.

Direct Indirect

A A

¢ ¢ ¢

Figure 1: Protein-Ligand Interactions: Direct — a ligand binds directly to a target
protein, Indirect — a protein-ligand complex then binds to another protein (left) or the
disruption of an endogenous protein-protein interaction upon ligand binding (right)

While the previously mentioned traditional techniques focus on detecting the

physical interaction between the ligand and protein, more recent strategies such as
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DARTS (Drug Affinity Responsive Target Stability) [45, 46] and pulse proteolysis [47-53]
probe the protein for ligand induced changes and in these cases ligand induced protease
resistance. In the presence of a ligand that binds to a target protein, the protein is likely
to be more resistant to proteolysis compared to the protein in the absence of ligand [54-
56]. This differential proteolysis of a protein is then probed and subsequently detected
in a gel electrophoresis and mass spectrometry readout. In a DARTS experiment, a
whole-cell lysate is split into two samples and equilibrated in the presence or absence of
a drug. Then both samples are submitted to the same proteolysis conditions, typically
using a cocktail of non-specific proteases, and subsequently analyzed by gel
electrophoresis and mass spectrometry. Any gel spot in the drug sample that shows an
increase or decrease in intensity compared to the control sample after staining is then
submitted to mass spectrometry analysis for protein identification and spectral counting
quantitation. Pulse proteolysis is similar to DARTS, however it follows the chemical
denaturant dependence of the protease digestion of a protein to probe the
thermodynamic stability of a protein. A whole-cell lysate can be equilibrated in the
presence or absence of a drug, diluted into buffers with increasing amounts of the
chemical denaturant urea, and then submitted to the same short pulse of proteolysis
digestion using the non-specific protease, thermolysin. When a protein is folded
proteolytic sites are not exposed and the protein is resistant to proteolysis and digestion

will not occur and the fully folded protein will appear at a spot on the gel. When the



protein is unfolded and proteolytic sites are exposed complete digestion will occur and
the fully folded protein spot on the gel will disappear or decrease in intensity on the gel
as the smaller fragments of the protein will migrate toward the bottom of the gel. A
ligand binding to a protein increases the stability of the protein and a higher
concentration of chemical denaturant is required to unfold the protein and expose the
proteolytic sites for digestion. These techniques do offer improvements over the
traditional methods, in particular, the small molecule of interest does not need to be
modified and this probing that is not dependent on the physical interaction and allows
for the capability to assay all three types of interactions. Pulse proteolysis also has the
benefit of being a quantitative technique to calculate ligand binding affinities. However,
both techniques also have some disadvantages. In particular, both of these techniques
utilize protease digestion and a gel electrophoresis analysis and while the gel
electrophoresis allows for separation of proteins, the complex nature of proteolysis if
digestion is not complete and larger protein fragments are produced can obfuscate the
visual inspection analysis of spot intensity differences. Another disadvantage to using
proteases is that some proteins can be naturally resistant to particular proteases and
therefore are not likely to be adequately probed; this is more an issue for pulse
proteolysis that uses only thermolysin since it is the only protease resistant to urea

denaturation as DARTS uses a cocktail of proteases to assist in reducing this issue.



DARTS also lacks any quantitative capabilities; it is purely a qualitative and target
discovery technique.

Other approaches for determining drug mode-of-action that have been
established focus on a genetic or computational strategy as opposed to the previously
mentioned direct biochemical and proteomic strategies. Genetic approaches include
expression level analyses in the presence or absence of drug [22, 57-59] and RNAi
phenotypic matches to the drug phenotype [32, 59-64]. Expression level analyses look at
proteins or genes that have an increased or decreased expression that is induced by the
presence of a drug which helps elucidate the drug mode-of-action. However, since there
is not the need for the drug to have a physical interaction with the gene or protein, the
protein target(s) of the drug cannot be determined. RNAi phenotypic matching involves
testing RN libraries for phenotypes that are similar to the phenotypic response from
the drug of interest. If a known pathway or target of the drug is know, RNAI testing can
be modified to a smaller set of the RNAi libraries to determine which genes can alter the
drug response. In any case, the RNAi assay can help determine the pathways and
mode-of-action of the drug, but cannot identify the protein target(s) of the drug.
Computational methods typically compile several data sets of genomic/phenotypic
assays and biochemical/proteomic assays to elucidate patterns between different small
molecules and molecule classes [59, 65-74]. This is particularly useful if a particular

small molecule is well characterized in the mode-of-action that can be compared to



unknown small molecule mode-of-actions to help elucidate potential protein and
pathway targets. Other computational strategies involve small molecule-protein
docking studies. However, these strategies are only possible if the three-dimensional
structure of the protein is known and is only useful for direct binding events.
Ultimately the drawback to computational methods is that typically the genetic and
biochemical data is a prerequisite to mine for patterns and further elucidate mode-of-
action.

The Fitzgerald group has previously reported on an amide H/D exchange- and
mass spectrometry-based approach for the thermodynamic analysis of protein-ligand
binding interactions, termed SUPREX (Stability of Unpurified Proteins from Rates of
H/D Exchange) [75-79]. However, the current H/D protocol is not easily interfaced with
traditional bottom-up shotgun proteomics platforms due to the labile nature of the
modification. Recently, a SUPREX-like protocol was developed that involved a stable,
covalent chemical modification- and mass spectrometry-based thermodynamic assay for
protein-ligand binding interactions in complex mixtures [80-82]. This platform is based
on the SPROX (Stability of Proteins from Rates of Oxidation) technique [83], which
utilizes the chemical denaturant dependence of the hydrogen peroxide mediated
oxidation of methionine residues in proteins that is monitored with mass spectrometry.
To date this technology has been used in predominately proof-of-principle work with

cyclosporine A (an immunosuppressive drug that binds to cyclophilin) [80], NAD+ (a



common protein co-factor), and resveratrol (a small molecule commonly found in red
wine) [81]. The technique has been successful in detecting direct and indirect protein-
ligand interactions and quantifying Ka values for ligand binding equilibrium. SPROX is
a versatile tool for probing protein-ligand interactions in complex mixtures and
improves upon previously mentioned methods as it can detect direct and indirect ligand
interactions, it uses a thermodynamic readout that allows for the accurate quantitation
of the interaction, and is a general approach to probing proteins in complex mixtures for

ligand binding.

1.2 Experimental Theory
1.2.1 Protein Folding-Unfolding Equilibrium

Proteins exist in a dynamic state of structure. At any given point in time under
normal physiological conditions, a protein population exists as an ensemble of various
folded and unfolded states. The thermodynamic stability of a protein is closely related
to the biological function of the protein [75, 84]. There can be local unfolding events in
which small regions of a protein’s 3-dimensional structure unfolds, sub-globally
unfolding events in which large regions of a protein’s structure unfolds, and then there
are global unfolding events in which a protein loses its 3-dimensional structure. The
global unfolding-folding reaction is a reversible, two-state process in the presence of
chemical denaturants, such as urea and guanidine hydrochloride [84]. When plotting

the folding-unfolding protein equilibriums versus denaturant concentration a sigmoidal



curve is observed showing the transition from folded protein at low denaturant
concentrations to fully unfolded protein at high denaturant concentrations. The
relationship between the folding-unfolding protein equilibrium and AG, the folding free
energy is shown in Equation 1, where Kolais the folding-unfolding equilibrium constant,

AGt is the folding free energy in the absence of denaturant, m is a measure of the

aAGf
d[Den]

dependence of AGt on [Den] ( ) , R is the gas constant and T is temperature in

Kelvin [85]:

—(Gf+m[Den])
Krora =€  RT Equation 1

The linearization of Equation 1 yields Equation 2:

—RTInKfyq = m[Den] + AG Equation 2
Traditional calorimetric and spectroscopic methods for monitoring the folding-
unfolding equilibrium of a protein or protein-ligand complex include differential
scanning calorimetry (DSC), circular dichroism (CD), UV-Vis absorbance, fluorescence,
and NMR [86-88]. However, these techniques typically require large amounts of
purified protein which is not ideal for a proteome-wide ligand binding assay. The
SPROX experiment uses an LC-MS/MS analysis which allows for smaller amounts of
protein and is compatible with complex mixtures for a proteome-wide ligand binding

assay.



1.2.2 SPROX Methodology

In the SPROX experiment, methionine residues are oxidized and then monitored
by mass spectrometry. The generally accepted mechanism for the oxidation reaction of
methionine with hydrogen peroxide [89] can be seen in Figure 2. Methionine residues
that are globally protected can only be oxidized if the protein is globally unfolded. This
can be described by Equation 3 where P}¢* and P;W ¢tox are the fully folded protein that
is un-oxidized and oxidized, respectively, and pfet and Péw ¢tox are the unfolded protein

that is un-oxidized and oxidized, respectively:

key, K kf

- ox pMet — pMet i
pet - plret %5 pMetox _ P 0x Equation 3

kg ky

The rate constants kf and k, are the protein folding and unfolding rate, respectively,
and k,, is the pseudo-first order rate constant for the oxidation of a methionine residue.
Again this is representative of a two-state folding protein. Also, for some proteins the
oxidation reaction can affect the stability of the protein which could shift the oxidized
protein to an unfolded state; however, this stability change will not affect the folding-
unfolding equilibrium of the un-oxidized protein. For this reason, it is advantageous to

monitor the un-oxidized protein.
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Figure 2: SPROX Methionine Oxidation Mechanism

The observed oxidation rate, k., is related to Kf,4, the protein folding equilibrium

through Equations 4 and 5 [90]:

kukox

k,, = —2—
ex ku+ ket kox

Equation 4

. s . s k
Under native conditionsks » k,, and if ks > k,, and substituting Kr,q = k—f the
u
equation is simplified to:

K .
Koy = —2— Equation 5
Kfolat1

. . . - 1
Since k., is under pseudo-first order conditions,k,, = nTz and then K¢, also equals:
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Koxt
In2

Kroa = -1 Equation 6
Substituting Equation 6 into Equation 2 gives the relationship between the oxidation

reaction and the folding free energy as:

—RTIn (I;‘;’l"zt - 1) = mcs}g}zeox + AGy Equation 7

The [Den] is substituted by C;;;OX because this is the [Den] at the mid-point of the

SPROX transition and where the apparent AG in denaturant is equal to 0 [85].

1.2.3 Protein-Ligand Binding Equilibrium and K4

Proteins are generally stabilized upon ligand binding and thus protein-ligand
binding interactions can change the folding-unfolding equilibrium. Using the apparent
folding free energy change in the presence of ligand, AAG, the ligand dissociation
constant, K4, can be calculated. The change in folding free energy is found by [85]:
AAGy = —mACsllfwa Equation 8
Where AAG is the change in apparent folding free energy, m is the dependence of the
folding free energy on the [Den], and AC 5114,220 y is the change in [Den] at the mid-point of

the SPROX curve in the presence and absence of ligand. The change in folding free

energy is related to the dissociation constant through the relationship [91]:

[L]

AAGf = —nRT In(1 + e Equation 9

Where AAG is the change in apparent folding free energy, n is the number of ligand

binding sites on the protein, R is the gas constant, T is temperature in Kelvin, [L] is the

12



free ligand concentration, and Ka is the dissociation constant. This relationship is only

valid if the ligand is in excess and the initial [L] is used as the free ligand concentration.

1.3 Research Goals

The purpose of this work was primarily to apply the SPROX protocol and
methodology to real protein-ligand discovery projects. Additionally, as this work
progressed there was a need to evaluate the existing protocol in terms of its accuracy,
precision, and scope. Chapter 2 evaluates strategies to improve the scope of the
protocol. Chapter 3 focuses on defining the accuracy and precision of the SPROX
experiment. Finally, Chapters 4 and 5 describe two real protein-ligand discovery
projects.

In Chapter 2 several strategies are discussed as improvements to the SPROX
protocol. Two pre-fractionation strategies, a methionine peptide enrichment protocol
and isoelectric focusing are used to improve the methionine containing peptide and
protein coverage. Evaluating different mass spectrometers was to assess improvements
in peptide and protein coverage as well as improvements in quantitation. Finally,
another amino acid was explored as an additional probe to methionine as a way to
improve peptide and protein coverage.

The accuracy and precision of the SPROX protocol was evaluated in Chapter 3.
An estimate of the false positive rate was previously estimated to be ~5% [81] when

comparing the control or without ligand samples from two different experiments. To
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better evaluate the false positive rate a Control Experiment was designed specifically for
that purpose and implicating the source(s) of error in the experiment. This involved
submitting the same protein sample mixture to a replicate SPROX analysis. Any
peptides and proteins that exhibit different stabilities in the two replicates are false
positives.

Chapters 4 and 5 discuss two protein-ligand binding interaction applications. In
Chapter 4 two small molecules, DK-8-65 and DK-8-79, that were assayed for inhibition
of the B-catenin/Tcf signaling pathway and showed to have the highest inhibition among
several structurally similar compounds. These compounds were then studied in a
human colon cancer cell line for drug mode-of-action. Activation of the (3-catenin/Tcf
signaling pathway is implicated in human carcinogenesis by increasing cellular
proliferation [92, 93]. Chapter 5 studies the drug mode-of-action of tamoxifen and its
biologically active metabolite 4-hydroxy tamoxifen, a common breast cancer drug.
Tamoxifen has been shown to be beneficial for osteoporosis as well by reducing the
resorption of calcium from bones [94]. To better understand the drug mode-of-action of
tamoxifen, tamoxifen and 4-hydroxy tamoxifen were assayed in a yeast cell lysate. A
yeast cell lysate was used for the homology of yeast to humans and due to the tamoxifen
effects in yeast. Tamoxifen is cytotoxic to yeast despite not having an estrogen receptor,

the known protein target of tamoxifen [95]. The cytotoxicity is believed to be from the

14



effect of an increase of intracellular Ca?" concentration [95]. Determining the drug mode-

of-action in yeast could help elucidate the drug mode-of-action in humans.
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2. SPROX Methodology Development

2.1 Introduction

One limitation of the SPROX protocol is that it relies on the identification and
quantitation of methionine containing peptides. = Methionine residues have an
occurrence of ~2% in protein sequences, which makes it one of the least abundant amino
acids [96]. Despite this proteins typically have at least one methionine residue besides
the initiator methionine. However, in a typical bottom-up shotgun proteomics
experiment this low abundance leads to approximately 20% of the peptides identified
containing a methionine and the peptides map to approximately 30% of the identified
proteins [80]. Since the utility and effectiveness of the SPROX protocol is dependent on
the methionine peptide and protein coverage, strategic protocol changes were
investigated and employed to improve the methionine peptide and protein coverage.
Additionally, another chemical modification strategy that involves the modification of
tryptophan residues in a SPROX-like protocol was investigated. Using two amino acids

as a probe would also allow for a strategy to improve peptide and protein coverage.

2.2 Experimental Design

The SPROX protocol was originally designed for use with a purified protein or
small protein mixture sample [83], similar to the SUPREX protocol [75-79, 97, 98].
However, one of the benefits of SPROX over SUPREX is that the oxidation modification
of methionine is a relatively stable modification versus the hydrogen/deuterium

16



exchange modification, which is relatively labile. This allows SPROX to be interfaced
with an LC-MS/MS analysis of complex mixtures [80]. Figure 3 shows the standard
quantitative bottom-up shotgun proteomic protocol that was established. The starting
material is a whole cell lysate that can be equilibrated in the presence or absence of
ligand which is then diluted into a series of chemical denaturant containing buffers.
Proteins are allowed to reach a folding-unfolding equilibrium in the chemical
denaturant, typically urea or GdmCl, before oxidation with hydrogen peroxide. The
oxidation reaction is allowed to proceed for the same amount of time in each buffer to
selectively oxidize methionine residues before being quenched with excess free
methionine. After the oxidation reaction is quenched, the samples are prepared for a
standard bottom-up proteomic analysis that beings with TCA precipitation of the
proteins, followed by re-dissolution, reduction and alkylation of cysteine residues, and
trypsin digestion. The resulting peptides are then labeled with iTRAQ® 8-plex reagents.
A series of samples can be combined into one sample after iTRAQ® 8-plex labeling and
them submitted to LC-MS/MS analysis to follow the appearance of oxidized or

disappearance of the un-oxidized methionine containing peptides.
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2.2.1 Methionine Enrichment Strategy

The first addition to the above protocol was a strategy that involved the use of a
solid-phase resin that chemo-selectively isolates un-oxidized methionine containing
peptides. This was possible through the commercially available Pi*™ Methionine
Reagent from The Nest Group in Southboro, MA. Using the chemistry shown in Figure
4, un-oxidized methionine containing peptides are bound to the resin at low pH,
unbound and non-methionine containing peptides are then washed away, and finally
the un-oxidized methionine containing peptides are released at basic pH in the presence

of a nucleophile.
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Figure 4: Pi*™ Methionine Reagent Reaction a) Shows the binding of
methionine to the resin with a bromoacetyl group in acidic conditions b) Shows the
releasing of the methionine peptide with a nucleophile and in basic conditions

By using this isolation strategy it decreases the complexity of the mixture and
enriches the sample for methionine containing peptides. In a comparison of 2 peptide
mixtures that were analyzed by LC-MS/MS before and after the methionine enrichment
strategy, the frequency of un-oxidized methionine containing peptides identified at the
99% confidence level improved ~5-fold from ~15% without the enrichment to ~72% with
enrichment [81]. The ~70% enrichment of methionine containing peptides is a similar
efficiency to what Shen and co-workers found using the same selection strategy [99].

Any oxidized methionine containing peptides or non-methionine containing peptides
20



that were present in the sample are likely due to nonspecific binding or in the case of the
oxidized methionine containing peptides, post-isolation oxidation, as the binding
reaction with the bromoacetyl group is highly specific for un-oxidized methionine
containing peptides at pH 2-3 [100]. In addition to the high selectivity of the reagent, the
peptide and protein coverage increased ~1.5- and 2- fold, respectively as shown in
Figure 5a. There was no preference for higher or lower abundant proteins selected as
shown in Figure 5b, the overall distribution of expression level is similar to that of the

population.
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Figure 5: Methionine Enrichment Strategy Efficiency of a SPROX with 6 LC-
MS/MS analysis runs with and without methionine enrichment a) Bar graphs
showing the number of methionine containing peptides with a 99% identification
confidence (left) and corresponding proteins (right) identified with (purple) and
without methionine (blue) enrichment and the overlap of identifications (turquoise)
b) Distribution of protein expression level for the proteins identified with a
methionine peptide from the without the methionine enrichment (filled circles) and
with the methionine enrichment protocol (open circles) Figure used with permission
from [81].
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The methionine enrichment strategy was utilized in the experiments in this work
to assay as many methionine containing peptides and proteins as possible and increase

the applicability of the SPROX protocol for ligand binding assays.

2.2.2 Isoelectric Focusing Fractionation

Another fractionation strategy investigated to increase the peptide and protein
coverage was isoelectric focusing. When using MudPIT, a 2-dimensional online
chromatography separation strategy, 889 methionine containing peptides were assayed
in a SPROX experiment for binding to cyclosporine A without the use of the methionine
enrichment protocol [83]. However, when 1-dimensional chromatographic separation is
employed, only ~200 proteins are assayed when using triplicate LC-MS/MS methionine
enrichment strategy. Increasing the separation or decreasing the complexity of the
sample before LC-MS/MS analysis can improve the methionine peptide and protein
coverage and proteins assayed for ligand binding. Isoelectric focusing (IEF) provides a
complimentary fractionation strategy to implement after digestion and peptide labeling,
but prior to LC-MS/MS analysis.

To assess the utility of IEF, two experiments were performed. The first was a
comparison of the peptide and protein coverage of an endogenous yeast lysate with and
without IEF and the second was a methionine enriched endogenous yeast lysate with
and without IEF. All samples were submitted to the SPROX protocol in Figure 3. The

instrument used for these experiments was the Agilent 3100 OFFGEL Fractionator and
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further experimental details about the sample preparation are discussed in Chapter 5.
IEF can be used with protein or peptide samples. An immobilized pH gradient gel strip
(pH 3-10 or pH 4-7) is placed under a 12- or 24- well frame, depending on the resolution
desired. Sample is aliquoted into the wells and when a voltage is applied the peptides
or proteins will migrated through the gel to where the pH equals the pl. After
separation, the sample can then be extracted from the gel in-solution and submitted to
further down-stream analysis, ie. LC-MS/MS. For the purposes of the SPROX
experiment, the IPG gel strip with pH gradient 3-10 and 12 wells was utilized.

In Table 1, the proteomic results of the two samples with and without IEF are
shown. The samples without IEF were a summation of 3-LC-MS/MS runs and the
samples with IEF were a single LC-MS/MS run of each fraction, for a total of 12-LC-
MS/MS runs. For the yeast lysates without methionine enrichment, the total peptide and
protein coverage improved ~4-fold and the methionine peptide and protein coverage
improved ~5-fold. When looking at the methionine enriched samples that are
significantly less complex, the improvement with and without IEF is the approximately
~3-fold, slightly less than without methionine enrichment. However, it is clear when
comparing the sample without IEF or methionine enrichment to the sample using both
IEF and methionine enrichment, that the improvement is ~6-fold showing the scalability
of the two techniques as the improvement is the combination of the ~2-fold

improvement from methionine enrichment and the ~3-fold improvement from IEF.
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However, the utility of IEF is limited by the time it takes to fractionate the sample and

run 12-LC-MS/MS analyses which is at least twice that of the time required for samples

without IEF.
Table 1: Isoelectric Focusing Proteomic Results
Endogenous Yeast Cell Total Peptide (Protein) Methionine Peptide
Lysate Samples Identifications (Protein) Identifications
Without IEF 510 (345) 98 (89)
With IEF 2047 (1283) 496 (441)
Methionine Enriched
without IEF - 259 (181)
Methlomnellé;rlched with B 645 (417)

2.2.3 Mass Spectrometer Comparison

The mass spectrometer used for the work described, so far, was an Agilent 6520B
Q-ToF with a Chip Cube interface to a 1200 series LC system. However, there are newer
and faster mass spectrometers on the market. To determine what affect the “speed” of
the mass spectrometer has on the peptide and protein identifications and quantitation,
samples that were submitted to the SPROX protocol outlined in Figure 3 were also
analyzed with a Thermo Scientific Q-Exactive Orbitrap and on an ABSciex 5600 Triple
ToF mass spectrometer. TMT Sixplex™ tags were used for quantitation on the Thermo
instrument, while iTRAQ® 8-plex tags were used for quantitation on the Agilent and

ABSciex instruments.
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The standard cycle of the Agilent Q-ToF used for optimum identifications in
shot-gun proteomics is 4 precursor ions/cycle. For the Q-Exactive this is 10 precursor
ions/cycle, and for the Triple ToF it is 25 precursor ions/cycle. The collision energy used
in the experiment is important for the quantitation of isobaric mass tags; the Agilent Q-
ToF allows the manual manipulation of collision energy which was set to 3.9 V/100 m/z
with an offset of 2.9 V, however, the Thermo Scientific and ABSciex instruments have
settings specific for TMT™ and iTRAQ® isobaric mass tags, respectively, to improve
quantitation. The Thermo Scientific mass spectrometer also utilizes a different
fragmentation mode, high collision dissociation (HCD), compared to the Agilent and
ABSciex mass spectrometers that use collision induced dissociation (CID). These
parameters are most likely to significantly affect the peptide and protein coverage and
quantitation.

Table 2: Peptide and Protein Identification Comparison of Different Mass
Spectrometers and Different Manufacturers

Total Unique Unique Methionine Averave Reporter
Mass Spectrometer | Peptide (Protein) Peptide (Protein) gesep .
e e Ion Sum Intensity
Identifications Identifications
Agilent 6520B
146 (79 21 (17 ~10%4
O-Tor 79) 17)
ABSciex 6500 Tripl
crex Hpie 4,669 (817) 717 (339) ~10¢
ToF
Thermo Scientific
1,04 488 (262 ~106
Q-Exactive Orbitrap 5,605 (1,046) 88 (262) 0

26



As shown in Table 2, both the ABSciex and the Thermo Scientific mass
spectrometers increase the total peptide and protein coverage ~32-fold and 38-fold,
respectively. Methionine peptide and protein identifications are increased as well by
~23-34-fold. The numbers from each manufacturer comes from a single LC-MS/MS run
of an isobaric tagged SPROX sample with 99% confidence level of identifications. Even
as the identifications increase, the average reporter ion sum intensity also increases.
This improvement in signal intensity is expected to improve quantitation as well.
Shown in Table 3 is a summary of the normalized reporter ion intensities of non-
methionine containing peptides and the reporter standard deviations. A general trend is
that the increase in signal intensity does in fact decrease the standard deviation. The
Thermo Scientific Q-Exactive has the largest sum intensity at ~10° and has the lowest
standard deviation that is less than half of the Agilent mass spectrometer. There are 8
reporter ions for the Agilent and ABSciex mass spectrometers and only 6 for the Thermo

Scientific.
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Table 3: Quantitative Comparison of Different Mass Spectrometers and from
Different Manufacturers

Mass Normalized Reporter Ion Values (Standard Deviation) for TMT
Spectrometers Sixplex™ (*) and iTRAQ® 8-Plex (**)
1 2 3 4 5 6 7 8

Agilent 6520B | 1.43 1.38 0.98 1.38 0.71 0.43 0.71 0.47
Q-ToF** (#0.50) (+0.53) (+0.40) (+0.45) (+0.36) (+0.32) (x0.46) (+0.39)
ABSciex 6500 | 0.98 0.89 0.96 1.11 1.07 0.91 1.11 0.98
Triple ToF** | (£0.30) (+0.24) (+0.21) (x0.23) (+0.22) (+0.21) (x0.23) (+0.25)
Thermo
Scientific 1.16 0.92 0.99 0.93 1.01 0.97
Q-Exactive | (#0.17) (0.13) (+0.14) (20.12) (+0.13) (z0.16)
Orbitrap*

2.3 Tryptophan Modification Strategy
2.3.1 Introduction

This work was helped in part by Yingrong Xu of the Fitzgerald Lab at Duke
University. Xu performed the reaction rate, lysozyme, chymotrypsinogen A, BCA 1I,
and SPROX/HNSB combination experiments. The author performed specificity and pH
reactions, assisted with the NBS reactions, as well as developed the idea of using
tryptophan as a probe and selecting the initial reactants of N-bromosuccinimide (NBS)
and 2-hydroxy-5-nitrobenzyl bromide (HNB) and mentoring Xu through the process of
the experiment. Xu discovered the dimethyl (2-hydroxy-5-nitrobenzyl) sulfonium
bromide (HNSB) reactant to use in place of HNB.

Another way to improve the peptide and protein coverage of SPROX is to use it

along with another amino acid probe modification. In the past lysine has been explored
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as a secondary probe to methionine [101]. However, even though the lysine amidination
protocol did prove to be complimentary to SPROX by improving coverage using a
complimentary probe but only ~36% of lysines appear to be globally protected [101] and
there are facets of the experiment that would prevent the two protocols from being
combined into a single experiment to improve throughput of the two techniques. In
particular, the pseudo-first order reaction rates does not easily allow for the two
experiments to be performed simultaneously and the lysine amidination uses an acetone
precipitation which is incompatible with SPROX since free methionine will precipitate in
acetone, which is why TCA precipitation is used in SPROX. So while the lysine protocol
is useful, it cannot be combined with SPROX.

Tryptophan was chosen to investigate as a probe to develop a protocol that could
be combined with SPROX. One motivation to use tryptophan is that The Nest Group,
which produces the Pi*™ Methionine Reagent, also produces a tryptophan selective
reagent. This would allow an enrichment strategy for tryptophan containing peptides to
improve peptide and protein coverage similar to the methionine enrichment above.
Secondly, there are known chemistries that are specific for tryptophan in the neutral pH
range. For example, tryptophan specific reagents include N-bromosuccinimide (NBS)
and 2-hydroxy-5-nitrobenzyl bromide (HNB). However, due to the excessive
bromination occurring with NBS (See Appendix A) and the hydrolysis of the HNB that

limited the reactivity and proved otherwise non-ideal (See Appendix A), ultimately,
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another reactant had to be chosen. A sulfonium ion version of HNB, that is resistant to
hydrolysis, dimethyl (2-hydroxy-5-nitrobenzyl) sulfonium bromide (HNSB), was

investigated instead. The structures of HNB and HNSB can be seen in Figure 6 a and b,

respectively.
A OH
Br
NO,
B OH
® P
S Br
NO,

Figure 6: Structures of a) 2-hydroxy-5-nitrobenzyl bromide (HNB) and b)
dimethyl (2-hydroxy-5-nitrobenzyl) sulfonium bromide (HNSB)

Tryptophan, like methionine, is not an abundant amino acid. It has an
occurrence around 1%, making it the rarest amino acid, but for most species ~90% of
proteins contain at least 1 tryptophan residue [102]. Due to the hydrophobic nature of

tryptophan it is also a good probe for SPROX-like experiments as it has a high
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probability of being globally protected in a protein’s 3-D structure. It is also interesting
to note that by using tryptophan as a probe it is complimentary to methionine in that
few peptides contain both a tryptophan and methionine, so the peptide and protein
coverage can be increased by approximately 50% when using both residues as a probe as

shown in Figure 7.

Total Peptide (Protein) Coverage
1,988 (1,499

Methionine Tryptophan
Peptide Peptide
(Protein) (Protein)
Coverage Coverage
663 (598) 323 (299)

Methionine & Tryptophan
Peptide (Protein) Coverage
112 (109)

Figure 7: Methionine and tryptophan peptide and protein coverage, 663
peptides from 598 proteins and 323 peptides from 299 proteins, respectively in context
with the total peptide and protein coverage, 1,988 peptides from 1,499 proteins, from
an endogenous yeast lysate SPROX sample with triplicate LC-MS/MS analysis runs.
Peptides with both a methionine and tryptophan residue are in the overlap of the
circles, representing 112 peptides from 109 proteins.

Using HNSB to modify tryptophan gives the reaction shown in Figure 8 in which
the indole ring of tryptophan is subjected to electrophilic attack by HNSB and yields a
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+151 Da mass shift. Initially the goals of this work were to determine the rate of

reaction, to determine the specificity of the reaction, to evaluate if this reaction could be

used to calculate AGs values, and finally to determine if it would be compatible with

SPROX.
OH

Iz
I
A

NO,

Figure 8: Reaction of Dimethyl (2-hydroxy-5-nitrobenzyl) sulfonium bromide
(HNSB) with tryptophan

32



2.3.2 Results & Discussion
2.3.2.1 Reaction Rate

Unless otherwise noted all products were purchased from Sigma-Aldrich, St.
Louis, MO. Rate reactions were performed with luteinizing-hormone-releasing-
hormone (LH-RH), a small peptide that contains 1 tryptophan residue. This allowed the
calculation of the rate of reaction of an unprotected tryptophan. Insulin oxidized B
chain was used as an internal standard and spectra were collected on a Bruker MALDI-
ToF Ultraflex II. Optimal reaction conditions were found to be where HNSB was in 49-
fold excess of the LH-RH. This ensured pseudo-first order conditions for measuring the
reaction rate. The reaction was also performed in several concentrations of GdmCl to
ensure that there was no denaturant dependence on the reaction as observed with HNB
(See Appendix A). Time course curves were fit to Equation 12 where AMassmt is the
mass value at time 0, A is the amplitude of the curve, kobs is the pseudo-first order rate
constant, and t is time:
AMass = AMass;,; + A(1 — e Fobst) Equation 12
Second order rate constants were found by dividing ks by the concentration of HNSB.
Summarized in Table 4 are the calculated rate constants at several different GdmCl
concentrations as well as the amplitude of the curve. Based on these results the average

second-order rate is 283 M1 s
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Table 4: HNSB Reaction Rate

[GdmCI] (M) Rate (M-1s7) AMass (Da)
0.25 206 153
1 346 133
4 335 144
5 226 136
6 215 133
8 372 123

2.3.2.2 Evaluation of Specificity of HNSB Reaction for Tryptophan

An important requirement for the tryptophan modification reaction in SPROX is
that it is specific for tryptophan. To test the specificity of the reaction two model
proteins, ubiquitin and RNase A, which do not contain a tryptophan residue, were
unfolded after 30 min equilibration in 6.7 M [GdmCl], and then reacted with 1.61 mM of
HNSB for 5 min and then quenched with a 5-fold molar excess of L-tryptophan.
Proteins were spotted on a MALDI plate with sinapinic acid as the matrix and MALDI-
MS spectra were collected for the proteins before and after the modification reaction.
The MALDI-MS spectrum obtained are shown in Figure 9 and 10. If the proteins were
being modified by HNSB there would be other peaks in the mass spectrum other than
the wild-type ion signal. The top spectra in both Figure 9 and 10 are the unmodified
RNase A and ubiquitin spectra, respectively. The bottom spectra correspond to the
proteins after reaction. While there are peaks that do not correspond to the wild-type

peaks of RNase A and ubiquitin, 13683.9 and 8565.7 m/z, respectively, they are present
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in both the before and after spectra. There are also no additional peaks that are
observed after the treatment with HNSB, therefore the reaction is specific for

tryptophan.
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Figure 9: RNase A MALDI Spectra: Before (top) and after (bottom) HNSB
reaction. The wild-type, singly charged RNase A peak is at 13,656 and 13,650 m/z,
respectively, other peaks are unknown by-products
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Figure 10: Ubiquitin MALDI Spectra: Before (top) and after (bottom) HNSB
reaction. The wild-type, singly charged ubiquitin peak is at 8,701 and 8,696 m/z,
respectively; other peaks are unknown by-products
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2.3.2.3 Determination of Thermodynamic Values for Model Proteins Using
Tryptophan Modification Protocol

Purified Protein

I

v
HNSB Reaction l M
Quench with l l
L-Tryptophan ' ' ' ' ve
[Denaturant] h .
Desalt with C-18 Zip-
l Tips and Spoton
MALDI Plate
oo‘,ooooﬂoo‘;ﬂ?eﬁ%ﬂ,ﬂ Xy
|
MALDI-ToF Analysis
i l of intact protein
wild-
Type

Modified
J\_/L
[Den]
Data Analysis Transition Midpoint =?
v AG,="?

m/z

fiMass

[Denaturant]

Figure 11: HNSB Purified Protein and MALDI Protocol

Figure 11 shows the established tryptophan modification protocol. A purified
protein is aliquoted into buffers with increasing concentrations of chemical denaturant
(i.e., urea or GAmCl) and allowed to reach a folding-unfolding equilibrium. HNSB is
added to each sample to initiate the reaction that is allowed to proceed for the same

amount of time in all samples before being quenched with excess tryptophan. Samples
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are desalted with C-18 Zip-Tips and spotted onto a MALDI sample plate with sinapinic
acid as the matrix, prior to collection of MALDI-MS spectra. The change in mass using a
weighted average is plotted versus denaturant concentration to produce a sigmoidal
unfolding curve. The described protocol in Figure 11 was used to study the protein
folding-unfolding reactions of three model proteins including, lysozyme, BCA 1II, and a-
chymotrypsinogen A that contain 6, 7, and 8 tryptophan residues, respectively. Initially
the protein mixture was aliquoted into a series of buffers with increasing concentrations
of chemical denaturant (GdmCl) and allowed to equilibrate for ~30 min before the
addition of HNSB. The final concentration of protein in each case was 33 uM and the
final concentration of HNSB was 1.61 mM. The reaction proceeded for 5 min before
being quenched with 0.2 pmol of L-tryptophan. Chemical denaturant unfolding curves
for lysozyme, BCAII, and a-chymotrypsinogen A are shown in Figure 12 a, b, and ¢,
respectively, and were fit to a 4-parameter sigmoidal function in SigmaPlot. The
resulting calculated AGt and m-values are shown in Table 5. Lysozyme values are in
relatively good agreement, however, the BCA II values are not in agreement. This
disagreement is probably due to the fact that literature values are for Zn? bound BCA II

and the experimental values for the HNSB reaction is for the apo-BCA 1L
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Table 5: Thermodynamic Data for Model Proteins: Literature values are shown

for Lysozyme and BCA

II in parenthesis along with the citation in brackets

Protein
Lysozyme
BCAII
a-Chymotrypsinogen A

m-value (kcal/(mol M))
1.8 (1.9)[103]
0.8 (6.1)[79]
6.6

AGy(kcal/mol)

-10 (-8.9)[103]

4.5 (-16.1)[79]
-22.7

800 4

AMass (Da)

200 4

Lysozyme

200 4

L = R

[+ 2 4 -3
IGdmEI] (M)

BCAII

1200 T

80O 1

AMass (Da)

600 1

200 4

o H ]

(GAmCI) (M)

a-Chymotrypsinogen A

AMass (Da)

P

a 2 ' L]

[GAmCT] (M)

Figure 12: HNSB Chemical Denaturant Curves for a) Lysozyme b) BCA II and

¢) a-Chymotrypsinogen A
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2.3.2.4 Combination SPROX and HNSB Reaction

Another goal was to determine if the SPROX and HNSB reaction could be
combined. Initial tests used Substance P and LH-RH, as Substance P is an unstructured
peptide that contains a single methionine and LH-RH is an unstructured peptide that
contains a single tryptophan residue. This would allow the determination on whether
there would be any issues with cross reactions between the H-0O2 and HNSB. As shown
in Figure 13, there was no cross-reaction and both reactions are complete in the time
allowed. Oxidation was performed with 0.5 M H20: for 6 min and the HNSB reaction
was performed with 1.61 mM HNSB for 5 min. HNSB was added 1 min after H2Oz and
both reactions were quenched with a cocktail of L-methionine and L-tryptophan before
being spotted on a MALDI plate and analyzed. The top spectra in Figure 13 a and b are
of the un-modified Substance P and LH-RH, respectively. The bottom spectra in Figure
13 a and b show Substance P reacted with H20O: and LH-RH reacted with HNSB,
respectively. In Figure 13 c spectra for both LH-RH and Substance P are reacted with
H:0: and HNSB, however, the oxidized Substance P and the HNSB modified LH-RH are
the only peaks observed. This rudimentary test shows that the SPROX and HNSB

reaction are compatible.
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Figure 13: MALDI Spectra of SPROX and HNSB Combination Test Experiment
a) LH-RH wild-type peak at 1,192 m/z (top) and HNSB modified LH-RH at 1,344 m/z
and doubly HNSB modified at 1,496 m/z (bottom) (other peaks in the modified LH-
RH spectra are artifacts of the loss of oxygen from the nitro groups from the laser
power, -16 Da) b) Substance P wild-type peak at 1,357 m/z (top) and oxidized
Substance P at 1,373 m/z (bottom) ¢) HNSB and SPROX combined — HNSB modified
LH-RH at 1,344 and 1,496 m/z, oxidized Substance P at 1,373 m/z

2.3.3 Conclusions and Future Directions

Overall, it has been established that the HNSB tryptophan modification can be
used to calculate thermodynamic information for proteins in a protocol similar to that of
SPROX. It has also been shown that HNSB can effectively be combined with the H20:
oxidation of methionine residues without any interference with either reaction. While
much has been accomplished to establish these initial reaction conditions, there is still
much that needs to be tested before this protocol is ready for real applications. First,
experiments using model systems for protein-ligand binding need to be conducted to
determine that the reaction can detect and quantify ligand induced stabilization. After
that, the system can be moved to an endogenous yeast lysate to test that the HNSB and
SPROX reaction could be combined and used in a bottom-up shotgun proteomic
protocol similar to Figure 3 and be used to calculate thermodynamic stability of
proteins. At that point moving into ligand binding application studies would be

appropriate.

43



2.4 Conclusions

It has been shown that different fractionation strategies can be used to improve
the peptide and protein coverage of the bottom-up shotgun proteomic SPROX protocol.
Using a methionine peptide isolation strategy, the peptide and protein coverage can be
improved ~2-fold. Isoelectric focusing alone can also improve peptide and protein
coverage ~3-fold. However, when these techniques are combined the methionine
peptide and protein coverage is ~6-fold showing that the benefits of the two techniques
are scalable. The only drawback to these pre-fractionation strategies is the extra time to
prepare the samples and the increase the number of LC-MS/MS runs needed to collect
adequate data.

Another strategy to improve peptide and protein coverage is using a different
mass spectrometer. As newer mass spectrometers are equipped with faster electronics
that can collect data faster, more peptides can be sequenced and identified, as shown by
the ~30-fold improvement of the ABSciex 6500 Triple ToF and the Thermo Scientific Q-
Exactive Orbitrap in peptide and protein coverage over the Agilent 6520B Q-ToF.
Despite that the fact that the ABSciex 6500 Triple ToF had a faster scan rate than the
Thermo Scientific Q-Exactive Orbitrap the Orbitrap was able to produce more high
quality identifications. Another observation noted was the improved reporter ion
intensities as the result of HCD in the Thermo Scientific Q-Exactive over the CID in the

Agilent 6520B Q-ToF and ABSciex 6500 Triple ToF. This increase in reporter ion
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intensity resulted in the decrease of the coefficient of error in the quantitation of reporter
ions normalized to the average intensity for non-methionine containing peptides, as
measured by the ~50% decrease in the standard deviation. Samples that were run on the
instruments for comparison purposes did not include any pre-fractionation strategies,
however, it likely that these fractionation strategies will show similar scalability as
before to increase the peptide and protein coverage by an additional ~2-3 fold,
depending on the strategy used. Another added benefit of using a different mass
spectrometer for the analysis is that the improvement in peptide and protein coverage
does not come at a cost of time as with the fractionation strategies.

Finally, the prospect of using another amino acid as a probe was investigated.
Modifying tryptophan residues with HNSB shows promise to provide data similar to
SPROX and also be compatible with the SPROX reaction. The benefit to using
tryptophan as a probe is that it has a high probability of being globally protected in the
proteins 3-dimensional structure, complementary to SPROX as it can improve peptide
and protein coverage by ~50%, and finally a reagent is available similar to the Pi*™
Methionine Reagent to chemo-selectively isolate tryptophan containing peptides. If the
improvement of the chemo-selective isolation of tryptophan is similar to the methionine
isolation the improvement in peptide and protein coverage would be an additional ~2-
fold. These benefits make tryptophan an advantageous probe to improve the peptide

and protein coverage of the current SPROX protocol.
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3. Accuracy and Precision of a New Covalent
Modification- and Quantitative MS-Based Proteomics
Approach for Protein-Ligand Binding Analyses in
Complex Mixtures

3.1 Introduction

Applications of the SPROX protocol [83] to date have involved comparative
SPROX analyses of protein samples in the presence and in the absence of ligand [80, 81].
Control experiments in which the same protein sample is subjected to replicate SPROX
analyses have not been performed to directly evaluate the precision of the technique’s
ability to measure the thermodynamic stability of proteins and therefore the false
discovery rate of protein binding interactions using the methodology has not been well-
established. In DeArmond et al.[81] there was an attempt to estimate the false positive
rate of the protocol by comparing two control data sets (without ligand) of similar yeast
lysates to determine the mid-point reproducibility of commonly identified methionine
containing peptides. However, the mass spectrometers and the isobaric mass tags in the
two SPROX experiments that were prepared were different. One involved the use of
TMT Sixplex™ tags and an orbitrap mass spectrometer and the other involved the use of
iTRAQ® 8-plex tags and a Q-ToF mass spectrometer. Nonetheless the false positive rate
of approximately 5% was calculated based on a total of 93 methionine containing

peptides that were common between the two data sets, of which 95% had a mid-point
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difference less than 0.5 M [GdmCI]. Only 1 peptide had a mid-point difference greater
than 1 M [GdmCl].

Understanding the false positive rate of a methodology is important for
interpretation of results in experiments where the methodology is used to discover novel
protein-ligand interactions. To this end, a control experiment was specifically designed
to evaluate and quantify the false positive rate of the protocol. In the experiment
described here, the SPROX protocol for protein-ligand binding was performed with no
ligand; thus, any protein-ligand binding “hits” identified in this control experiment are
deemed false positives. Ultimately, a false positive rate associated with the discovery of
protein-ligand binding “hits” was determined from the data. As part of this work the
factors that impact the precision of protein stability measurements using the SPROX

protocol were also investigated.

3.2 Experimental
3.2.1 Materials

The yeast strain used in this experiment (Y258) was purchased from Open
Biosystems (Waltham, MA) and it was grown as described below. The Bradford
reagent, formic acid, and tris (2-carboxyethyl) phosphine hydrochloride (TCEP HCI)
were purchased from Thermo Scientific. Guanidine hydrochloride (GdmCl), 30%
hydrogen peroxide, trichloroacetic acid (TCA), trifluoroacetic acid (TFA),

triethylammonium bicarbonate (TEAB), s-methyl methanethiosulfonate (MMTS),
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ammonium bicarbonate (AmBic), L-methionine, L-tryptophan, L-histidine, L-leucine,
sodium dodecyl sulfate (SDS), and proteomics grade porcine pancreas trypsin were
purchased from Sigma-Aldrich (St. Louis, MO). Ethanol and methanol were purchased
from VWR International (Radnor, PA). Solvents for the LC mobile phases, acetonitrile
(ACN) and high purity water were purchased from Honeywell Burdick & Jackson
(Morristown, NJ). Sodium phosphate dibasic, anhydrous was purchased from EM
Science (Gardena, CA) and acetic acid was purchased from Mallinckrodt (Hazelwood,
MO). The Pi®™ - Methionine Reagent Kit and the macro C-18 spin columns were
purchased from The Nest Group (Southboro, MA). Micro-centrifuge tubes were
purchased from either Genesee Scientific (San Diego, CA) or Eppendorf (Hamburg,
Germany). iTRAQ® 8-plex reagents were purchased from ABSciex (Framingham, MA).
Yeast media, YPD, was made with 10 g yeast extract, 20 g peptone, and 20 g
dextrose in a total volume of 1 L. All chemicals in the yeast media were purchased from
VWR International. The yeast agar plates were made with 20 g agar in 500 mL of water
mixed with 1.7 g yeast nitrogen base, 5 g ammonium sulfate, 1.4 g supplemental amino
acid mix (without histidine, leucine, tryptophan, or uracil) in 450 mL of water, pH 5.9,
after autoclaving. Additionally, 40 mL of 50% dextrose and 10 mL of ~-URA solution (0.2
g histidine, 1.0 g leucine, 0.5 g tryptophan in 100 mL of water) was added. The agar was
purchased from VWR International, while all other chemicals were purchased from

Sigma-Aldrich.
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The protease inhibitor cocktail was prepared from AEBSF (dissolved in water),
bestatin (dissolved in methanol), E-64 (dissolved in 50/50 v/v ethanol/water), leupeptin
(dissolved in water), and pepstatin A (dissolved in methanol) that were purchased from
Thermo Scientific. To make a 20X inhibitor cocktail, proteases were mixed to have a
final concentration of 0.2 mM pepstatin A, 0.4 mM leupeptin, 0.3 mM E-64, 1 mM

bestatin, and 20 mM AEBSF.

3.2.2 SPROX Buffer Preparation

A series of solutions containing 20 mM sodium phosphate buffer, pH 7.4,
containing increasing amounts of GdmCI ranging from 0 M to 8 M were prepared. This
was accomplished by diluting a 20 mM sodium phosphate buffer, 8 M [GdmCl] solution
with a 20 mM sodium phosphate buffer. Each solution was then adjusted to a pH of 7.4
using a Jenco microcomputer pH-Vision 6072 pH meter equipped with a Futura calomel
pH electrode from Beckman (Fullerton, CA) or a Mettler-Toldeo Seven Easy pH Meter
with an Inlab Micro electrode (Schwerzenbach, Switzerland). The concentration of
GdmCl was measured using a refractometer (Bausch & Lomb, Rochester, NY) following

the method reported by Nozaki [104].

3.2.3 Yeast Growth

Yeast open reading frame host strain, Y258 (Open Biosystems, Thermo Scientific,
Waltham, MA) was streaked out on a -URA agar plate and allowed to grow at 30 "C for

approximately 3 days. One colony was then used to inoculate 50 mL of YPD media and
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allowed to grow overnight at 30 °C while shaking. An appropriate aliquot was added to
600 mL of YPD media so that the ODew was approximately 0.3. The solution was then
allowed to grow, approximately 5-6 hr, to an ODsw of 1.2-1.4. The yeast was centrifuged
at 5,000 rcf for 5 min, discarding the supernatant. Then the yeast was re-suspended in
H:O, divided into pellets from 125-250 mL of culture to centrifuge again at 15,000 rcf for
10 min, and the supernatant was removed. Cell pellets were stored in the freezer at -20

°C until further use.

3.2.4 SPROX Analysis

One yeast pellet was lysed in 500 uL of 20 mM phosphate buffer, pH 7.4, 10 pL of
protease inhibitor cocktail with glass beads by vortexing using a Disrupter Genie
(Scientific Industries, Bohemia, NY) for 20 s with 1 min break on ice. The vortexing and
ice break was repeated 20 times, then the lysate was centrifuged at 15,000 rcf for 15 min,
and the supernatant was collected. The protein concentration was measured with a
Bradford Assay [105] and determined to be ~20 mg/mL. Two 180 pL aliquots of the
lysate were separated and equilibrated with 20 uL of 20 mM phosphate buffer for ~30
min. After equilibration, 20 uL of lysate solution was added to 25 uL of SPROX buffer
with final concentrations of 0, 0.56, 0.97, 1.39, 1.65, 1.97, 2.38, 3.00 M [GdmCl] to produce
two sets of eight samples that were equilibrated for 30 min before a 5 uL aliquot of 30%
H:0: was added to a final concentration of 0.98 M to selectively oxidize the methionine

residues. The oxidation reaction was quenched after 3 min with 1 mL of 300 mM L-
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methionine. To precipitate the proteins, 300 uL of 100% w/v TCA was added to each
sample and set on ice in the refrigerator at 4 “C overnight.

After overnight precipitation, the samples were centrifuged at 8,000 rcf for 30
min at 4 °C. The supernatant was then decanted and the protein pellets were washed 3
times with 300 uL of ice-cold ethanol. Protein pellets were re-dissolved in 30 puL of 0.5 M
TEAB buffer and 1.5 uL of 2% SDS by heating at 60 °C for 10 min, sonicating for 30 min,
and vortexing for 15 min. After dissolution, the protein concentration was measured by
Bradford Assay [105] and the average protein concentration from the samples was 1.41
mg/mL. The proteins’ cysteine residues were reduced with 2.5 pL of 50 mM TCEP by
heating at 60 "C for 1 hr and alkylated with 1.25 uL of 200 mM MMTS by incubating at
room temperature for 10 min. Digestion was achieved by adding 1ug of trypsin and
incubating at 37 °C overnight while shaking on a Thermomixer (Eppendorf, Hamburg,
Germany).

The samples were centrifuged at 5,000 rcf for 5 min after digestion. One unit of
each iTRAQ®8-plex reagent was mixed with 100 pL of isopropanol. Half a unit of
iTRAQ® 8-plex reagent, equaling ~60 uL, was mixed with each sample. The 113-iTRAQ®
tag was mixed with the low denaturant concentration, the 114-iTRAQ® tag was mixed
with the next highest denaturant concentration, and so on, for each sample set. The pH

was checked and adjusted if needed with 1 N NaOH to ensure that it was 7.5-8.5. The
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labeling was allowed to proceed for 2 hr at room temperature before being stored at -20

°C until further use.

3.2.5 Methionine Enrichment

The iTRAQ® labeled samples were removed from the freezer and allowed to
reach room temperature, vortexed 15 s, and centrifuged at 5,000 rcf for 5 min. A portion
of each sample equaling 10-15 ug was combined for each set and then concentrated by
speedvac to less than 50 uL. De-ionized water was added to the two samples to bring
the volume to 75 pL and 25 pL of glacial acetic acid was added to decrease the pH to 2-3.
Two Pi*™ - Methionine Reagent columns were used, one for each sample, to chemo-
selectively isolate un-oxidized methionine containing peptides following the
manufacturer’s protocol, which is briefly described here. The columns and resin were
prepared by adding 200 puL of methanol and vortexing for 15 min. The columns were
centrifuged at 2,500 rcf for 2 min, and the flow through was discarded as waste. Both
columns were then washed three times by adding 400 pL of H2O, vortexing for 15 s,
spinning down at 2,500 rcf for 2 min, and discarding the flow through as waste. The
iTRAQ® labeled samples were added to a Pi*™ - Met column and vortexed for 1.5 hr to
allow the un-oxidized methionine containing peptides to bind to the resin. After the
allotted time vortexing was stopped to add 100 uL of 0.2 M BME in 25% acetic acid to
the resin and vortexing was resumed for 30 min. To remove the un-bound peptides the

resin were washed three times with 400 puL of 0.2 M BME in 25% acetic acid, three times
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with 400 pL of 70% ACN/0.1% TFA, and three times with 400 uL of H:O, by vortexing
for 15 s, centrifuging at 2,500 rcf for 2 min, and discarding the flow through as waste
each time. To release the bound, un-oxidized methionine containing peptides, 86 uL of
1.0 M AmBic, pH 9.0 and 14 uL of BME was added to the column and vortexed again for
2 hr. Then the samples were centrifuged at 2,500 rcf for 2 min, collected, and saved in a
separate collection tube. To wash all methionine containing peptides, 50 pL of 20%
ACN/0.1% TFA was added to each resin and vortexed for 15 min. The resin was
centrifuged again at 2,500 rcf for 2 min and combined in the collection tube with the
previous sample. A final washing of 400 pL of 2% TFA was performed by vortexing for
15 s before centrifuging at 2,500 rcf for 2 min and adding to the collection tube. To dilute
the organic content and lower the pH, 400 uL of 2% TFA was added and mixed with the
eluted peptides.

The samples were then cleaned-up with silica C-18 resin. The silica was wetted
by adding 400 uL of methanol, vortexing for 15 s, centrifuging at 2,500 rcf for 2 min, and
the flow through was discarded as waste. The silica column was equilibrated by
centrifuging 400 puL 2% TFA through at 2,500 rcf for 2 min and discarding the flow
through as waste. Half of the sample was added to the silica column, centrifuged at
2,500 rcf for 2 min to bind the peptides, and the flow through was discarded as waste.
The second half of the sample was added in the same manner. The column was then

washed with 400 uL of 2% TFA two times by centrifuging at 2,500 rcf for 2 min and

53



discarding the flow through as waste. To elute the peptides, three 50 uL aliquots of 20%
ACN/0.1% TFA followed by three 50 uL aliquots of 70% ACN/0.1% TFA by centrifuging
at 2,500 rcf for 2 min and collecting the eluent in a collection tube. The samples were
concentrated by speedvac to less than 50 uL, brought to a final volume of 300 uL with
0.1% TFA, heated to 60 °C for 15 min, centrifuged at 15,000 rcf for 10 min, and the
supernatant was added to sample vials for LC-MS/MS analysis.

The methionine enrichment protocol was preformed twice; once for replicate set

1 and once for replicate sets 2 and 3.

3.2.6 Non-Enriched Samples

Portions of the samples that were not submitted to the methionine enrichment
protocol were prepared in the following manner to remove excess un-reacted iTRAQ®
reagent and other compounds that might be present in the sample and interfere with the
MS analysis. Sample clean-up was performed with a macro C-18 resin column. A 5-10
uL fraction of each iTRAQ?® labeled sample was combined from each set that equaled 25-
30 ug of total protein and was then diluted to 1.5 mL with 0.1% TFA. The resin was
wetted with 400 puL of methanol by vortexing for 15 s, centrifuged at 2,500 rcf for 2 min,
and the flow through was discarded as waste. To equilibrate the column, 400 puL of 2%
TFA was added to the column, centrifuged at 2,500 rcf for 2 min, and the flow through
was discarded as waste. The sample was then loaded in 475 uL aliquots, centrifuged at

2,500 rcf for 2 min, and the flow through was discarded as waste. After the sample was
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completely loaded, the column was washed again with two aliquots of 400 uL of 2%
TFA by centrifuging at 2,500 rcf for 2 min, and discarding the flow through as waste. To
elute the peptides, three 50 pL aliquots of 20% ACN/0.1% TFA and three 50 pL aliquots
of 70% ACN/0.1% TFA were centrifuged at 2,500 rcf for 2 min and collected in a separate
micro-centrifuge tube. Then the samples were concentrated by speedvac to less than 50
uL to remove the organic content of the samples. The volume was increased to 300 uL
by adding 0.1% TFA, heated at 60 "C for 15 min, centrifuged at 15,000 rcf for 10 min, and
the supernatant was collected and added to sample vials for LC-MS/MS analysis.

The non-enrichment protocol was performed twice; once for replicate set 1 and

once for replicate sets 2 and 3.

3.2.7 LC-MS/MS Analysis

Samples were run on an Agilent LC-MS/MS system that was comprised of a 1200
series Nano and Cap pump with a micro-well plate sampler and a 6520B Q-ToF with a
Chip Cube interface. The methionine enrichment sample preparation was performed
twice on the two sample sets as was the non-enriched sample preparation. This allowed
for a total of 11 technical replicate runs of the methionine enriched and the non-enriched
samples. These were divided into 3 technical replicate sets — two of the technical
replicate sets were comprised of 3 technical replicate LC-MS/MS analysis runs and one
of technical replicate sets was comprised of 5 technical replicate LC-MS/MS analysis

runs.
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The column used was a 75 pm x 150 mm with a 160 nL trapping column with 300
A Zorbax C-18 packing. Samples were run on a gradient that increased linearly at a flow
of 0.4 uL/min from 3-15% B in 2.5 min, 15-45% B in 78 min, and 45-100% B in 10 min.
Solvent A was 0.1% FA in H20O and solvent B was 0.1% FA in ACN. The drying gas flow
rate was set to 4 or 6 L/min and a temperature of 350 ‘C. The capillary voltage,
fragmentor, skimmer, and octopole RF were set to 1900-1975 V, 175, 65.0, and 750,
respectively. Precursor ion scans were collected at a rate of 3 scans/sec and product ion
scans were collected at a rate of 2 scans/sec. Product ion scans were collected for the top
4 most intense peaks in a given precursor scan with an intensity threshold of 1000, and
dynamic exclusion of a given m/z ratio was set at 2 scans in a 0.6 min window. The
precursor isolation width was ~4 m/z, the scan range for the precursor scan was 300-3000
m/z and 100-3000 m/z for the product ion scan. Collision induced dissociation was
achieved with an energy of 3.9 V/100 m/z and an off-set of +2.9 V. For the group of 5
replicate runs in the third replicate set, an additional setting of preferred ions from the
previous groups’ “hits” were added to increase the chance of collecting additional
quantitative data for those peptides.

A total of 22 LC-MS/MS runs were completed and analyzed for each sample set,
Group A and Group B. This was broken down into the following technical replicate
sets: Replicate sets 1 and 2 consisted of triplicate technical replicate runs of the

methionine enriched portions and triplicate technical replicate runs of the non-enriched
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portions. Replicate set 3 included 5 technical replicate runs of the methionine enriched
portion and 5 technical replicate runs of the non-enriched portion, including the setting

for preferred ions.

3.2.8 Data Analysis

All data were searched on Spectrum Mill Workbench Software B.04 Rev. B
against the SwissProt Saccharomyces cerevisiaze database with trypsin digestion and 3
allowed missed cleavages. Fixed modifications were set to MMTS on cysteines and
iTRAQ® 8-Plex on the N-terminus and lysines. Oxidation was set as a variable
modification for methionines. The mass tolerance was set to 20 ppm for the precursor
ion and 50 ppm for the product ions. In the methionine enriched samples, methionine
was set as a required residue.

An Excel® export of the peptide identifications included the minimum
information of the filename, identification score, charge state, peptide sequence,
modifications, iTRAQ® 8-Plex reporter intensities, isolation purity, retention time,
protein accession number, and protein name. The iTRAQ® intensities were normalized
in the same manner as described in Strickland et al. [82]. Briefly, the iTRAQ® tag
intensities for an individual peptide were summed, averaged, and then normalized by
dividing the individual intensities by the average. The sum was used to filter out low
quality quantitative data using a cut-off of > 1000. Peptides were sorted into non-

methionine and methionine containing peptides. The non-methionine containing
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peptides were used to calculate normalization factors to adjust for labeling efficiency
differences in each denaturant concentration sample. This was accomplished by
averaging all intensities for a single reporter ion. The methionine containing peptides
were submitted to a second normalization by dividing the appropriate reporter ion by
the normalization factors calculated from the non-methionine containing peptides.

The methionine peptides along with their second normalized intensities were
averaged for peptides with multiple identifications and matched between the two
control sample groups, A and B, using an in house AWK-based program, RunCompare.
After peptides were matched, the intensity frequency for the high and low denaturant
concentration for the un-oxidized methionine containing peptides were plotted to
demonstrate that the oxidation reaction was successful and to establish the pre- and
post-transition baselines and the transition cut-off to construct a theoretical data set, as
shown in Figure 14 a and b. Using these data, mid-points were visually inspected for
every peptide data set and then compared between the two samples. Any peptide with
a difference in mid-point between the two samples that was greater than +0.5 M
[GdmCI] and spanned two tags, as shown in Figure 15, was flagged as a “hit” and

deemed a false positive.
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Figure 14: A) Distribution of normalized iTRAQ intensities for un-oxidized
methionine containing peptides at the low (solid line) and high (dashed line)
denaturant concentrations. The low denaturant distribution represents the pre-
transition region of a theoretical data set, ~1.5, and the high denaturant distribution
represents the post-transitions region of a theoretical data set, ~0.5. The dotted line at
an iTRAQ N2 Value of 1 is where the distributions overlap and where the transition
will occur. B) A theoretical data set for an un-oxidized methionine containing peptide
from a SPROX experiment with iTRAQ labeling based on the distribution in A. The
pre-transition is ~1.5, the post-transition is ~0.5, and the mid-point is at the transition
cut-off. Figure used with permission from [82].
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VIEQPITSETAMK: 60S ribosomal protein L25
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Figure 15: Sample false positive data set from an un-oxidized methionine containing
peptide from the 60S ribosomal protein L25 that was identified in technical replicate
set 3 and both samples A (dark green) and B (light green) and indicated different
stabilities in the two samples. The mid-points were determined to be 0.3M and 1.2M
for sample A and B, respectively.

3.3 Results and Discussion

The proteomic results obtained on the control samples analyzed in this work are
summarized in Table 6. Originally, the technical replicate sets, 1-3, were analyzed
separately for “hits” but later analyzed as one data set by combining all of the data as
shown in the last two rows. All false positive rates fell between 3-10%, regardless of the
strategy used to analyze data. This is similar to the previously reported rate of ~5% in

DeArmond et al.[81].
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Table 6: Control Experiment Proteomic Results

Total Unique um,qu Methionine “Hit” Peptide
. Methionine . .
Sample Peptide Peptide Peptide (Protein) and
p (Protein) P . (Protein) False Positive
Identifications (Protein) Assayed Rate
Identifications Y
Group 1A 3,239 (2,137) 1,286 (1,028)
231 (144 - 3.469
Group 1B 2,814 (1,899) 1,132 (910) 31 (144) 8(8)-3.46%
Group 2A 2,936 (2,031) 1,262 (1,031)
145 (104 10 (10) — 6.90%
Group 2B 1,822 (1,362) 754 (634) (104) 0(10) 0%
Group 3A 2,424 (1,768) 800 (686)
-10.84%
Group 3B 1,002 (804) 311 (279) 83 (65) 9 (9) - 1084%
All Group A 7,303 (3,547) 2,825 (1,935)
400 (292 4) - 8.75%
All Group B 4,780 (2,732) 1,860 (1,389) 00 (292) 35 (34) - 8.75%
All Group A 7,303 (3,547) 2,825 (1,935)
60% Purity
1 4 7)-3.92%
All Group B 4,780 (2,732) 1,860 (1,389) >3 %) 6(7)-3.92%
60% Purity

A summary of the peptide and protein “hits” can be seen in Table 7, and of the
“hits” that were identified in the replicate groups, only one peptide was observed in two
of the technical replicates. When analyzing all samples together a total of 35 peptide
“hits” were identified and 16 of the peptides are the same as those that were identified
when analyzing the samples separately. The lack of reproducible “hits” between the
replicate samples shows that error associated with the false positives is random. Using
the technical replicate sets as replicate measurements for the mid-point of peptides, the
“hits” from one replicate sample were then compared against the data of the other two
replicate samples. This produced additional quantitative data on 18 of the 26 unique

peptide “hits.” An example peptide that was invalidated with technical replicate data is
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shown in Figure 16, the same peptide that was identified as a “hit” in Figure 15. All
were invalidated because data from one or more of the replicates was inconsistent and
are marked in Table 7 with a strikethrough the peptide and protein. If a peptide was
invalidated for multiple replicates it has a double strikethrough. The remaining 8 were

not indentified in more than one replicate.

VIEQPITSETAMK: 60S ribosomal protein L25
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Figure 16: Sample false positive un-oxidized methionine containing peptide
that was invalidated with technical replicate data. The Replicate Set 3A (dark green)
and 3B (light green) data indicated different mid-point measurements of 0.3M (as
marked by the dark green arrow) and 1.2M (as marked by the black arrow),
respectively. The peptide was additionally identified in replicate sets 1 (dark and
light blue) and 2 (dark and light purple) and the mid-points for those data sets were
determined to be 1.2M, as noted by the black arrow. Outlier data are marked with an
asterisk.
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Table 7: Summary of Peptide and Protein “‘Hits’

Protein Replicate Replicate  Replicate
Peptide Sample1 Sample2  Sample 3

LPAASLGDMVim{ex)ATVK X

DNA repair protein RAD16
EYVESFMENNNK X

- -y | alohalil .

Eukaryotic translation initiation factor 5A-1
IVDMSTSK X
Glyeeraldehyde-3-phoesphate-dehydroegenase
1

UNBAEGHECEMITVHSm{ex)FATOK X
Glycerol kinase
KWVFYNGm(ox)EK X
Hexoekinase-2
EEMOOHENEEK X

I e shospl i PHOSS
YHNPHEEs{exQSISPV X
MutS protein homolog 4
IFNPDIIAEAYNm(ox)DSLLK X
Nensense-mediated-mRNA-decay protein2
NBPROENAH o NMKSAEENHHYPPSVK X
Protein CMS1
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DSLYFIATPTRm(ox)QKIHEATDLLFQGK
Protein PBP4
LFQSYTAGEKSHSm(ox)K
Protein YME1

Ribonucleoside-diphosphate reductase small
chain 2
EAEKDEILLMENSR
Serinelt] . i ki TOR1
EVSQAMYEGEFNLMK
Uncharacterized protein YGL176C
TNGMTSESRNQPIRNSLKSVVSIK

Unecharacterized-transeriptional regulatery
protein TBS1
NEEAYNMESEK

Because the quantitative error is random, the source of error must be in the

tandem mass spectrometry quantitation and collecting replicate quantitative data can be

used to validate potential hits.

While it has been shown previously that co-eluting

isobaric peptides can interfere with quantitation [106, 107] this does not seem to be the a

major source of error in our quantitation. To help test this hypothesis, another analysis

was performed on all data that involved filtering out methionine containing peptide

identifications with a purity of less than 60%; the details of this analysis are in the last

row of Table 6. While the methionine peptides assayed decreases, the false positive rate

does not significantly change from the previous calculations of ~3-10%.
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measurement also suggests that the tandem mass spectrometry quantitation is the issue
and the co-eluting isobaric peptides are not the source of error. This can be shown
further by the distribution of peptide purity for the population and for the peptide
“hits” outlined in Figure 17. There does not appear to be a clear trend for lower purity
identifications in the peptide hits, rather the distribution is similar to that of the

population.

Distribution of Peptide lon Purity

— = Population ——Hits

Frequency

0 20 40 60 80 100
Percent Purity

Figure 17: Distribution of peptide ion purity from an all 22 LC-MS/MS runs
from the Control Experiment using an endogenous yeast lysate labeled with iTRAQ®
8-plex. The dashed black line is the purity distribution of the all the peptide
identifications from the Control Experiment. The solid black line is the purity
distribution of all the “hit” peptide identifications.
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3.4 Conclusions

Based on this experiment it can be determined that the false positive rate of the
SPROX protocol, as outlined in Figure 3, is ~3-10%, similar to the previously reported
~5% [81]. This gave us an expected measure of how many “hits” in a given experiment
are likely to be appear and be false, which will be discussed in the analyses of further
experimental results. This experiment also helped us determine the greatest source of
error — tandem mass spectrometry quantitation. Knowing this can help develop
methods and improvements to reduce the error, such as by collecting technical replicate
data it is expected to validate ~70-80% of the data. Purity results suggest that the error is
not limited by co-eluting isobaric peptides but rather by the raw quantitation that can be
measured by the co-efficient of variation. This can be seen in data from non-methionine
containing peptides, which are used for normalization. Their intensities should all be
theoretically 1 when we normalize to the average as their relative abundances will not
change across the course of the experiment and denaturant concentrations. This is
observed in the distribution centering around 1 * 0.2 that approximates a normal
distribution; however the co-efficient of variation is typically 0.3-0.4. If the co-efficient of
variation is decreased, the quantitation abilities will improve and the false positive rate

will decrease.
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4. Application of SPROX to B-Catenin/Tcf Signaling
Pathway Protein-Ligand Binding Interactions to
Determine Drug Mode-of-Action of DK-8-65 and DK-8-79

4.1 Introduction

This is part of a collaborative work with Dr. Jiyong Hong (Duke University,
Durham, NC) and Dr. Seyeon Park (Dongduk Women’s University, Seoul, South Korea).
It has been established that the (3-catenin/Tcf (T-cell factor) signaling pathway has been
integral in cell proliferation for several cancers including colorectal cancer [92, 93]. Park
and Choi recently showed that a class of small molecules, the flavonoids, was successful
at interrupting this pathway through various mechanisms [108]. Additionally, another
group of small molecules with some structural similarities to the flavonoids were also
assayed for inhibition of the (3-catenin/Tcf pathway. Preliminary results of these assays
showed that the two small molecules in Figure 15, DK-8-65 and DK-8-79, had the
greatest potency in inhibiting the pathway, but the exact mechanism is still unknown.
Therefore we decided to use the SPROX protocol (outlined in Figure 3) to elucidate the

mode-of-action for DK-8-65 and DK-8-79.
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Figure 18: Structures of flavonoid-like molecules a) DK-8-65 and b) DK-8-79
4.2 Experimental

4.2.1 Materials

A Human colorectal cancer cell line, SW480, and the two small molecule ligands
of interest, DK-8-65 and DK-8-79 (Figure 18) were from collaborators, Dr. Jiyong Hong
(Duke University) and Dr. Seyeon Park (Dongduk Women’s University, Seoul, South

Korea). SW480 lysates were provided at a concentration of ~15-20 mg/mL in phosphate
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buffered saline. DK-8-65 and DK-8-79 were both provided at a concentration of 10 mM
in DMSO. The Bradford reagent, formic acid, tris (2-carboxyethyl) phosphine
hydrochloride (TCEP HCIl), and the speedvac concentrator were purchased from
Thermo Scientific (Waltham, MA). Dimethyl sulfoxide (DMSO), guanidine
hydrochloride (GdmCl), 30% hydrogen peroxide (H:0:), trichloroacetic acid (TCA),
trifluoroacetic acid (TFA), triethylammonium bicarbonate (TEAB), s-methyl
methanethiosulfonate (MMTS), ammonium bicarbonate (AmBic), L-methionine, sodium
dodecyl sulfate (SDS), and proteomics grade porcine pancreas trypsin were purchased
from Sigma-Aldrich (St. Louis, MO). Ethanol and methanol were purchased from VWR
International (Radnor, PA). Solvents for the LC mobile phases, acetonitrile (ACN) and
high purity water were purchased from Honeywell Burdick & Jackson (Morristown, NJ).
Sodium phosphate dibasic, anhydrous was purchased from EM Science (Gardena, CA).
Acetic acid was purchased from Mallinckrodt (Hazelwood, MO). The Pi*™ - Methionine
Reagent Kit and the macro C-18 spin columns were purchased from The Nest Group
(Southboro, MA). Micro-centrifuge tubes were purchased from either Genesee Scientific
(San Diego, CA) or Eppendorf (Hamburg, Germany). iTRAQ® 8-plex reagents were
purchased from ABSciex (Framingham, MA).

The same SPROX buffers previously described (See Section 3.2.2) were used

again in this experiment.
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4.2.2 SPROX Analysis

The SW480 lysates were diluted slightly to ensure there was an adequate volume
for the experiment, but the concentration was not less than 10 mg/mL. Two different
SW480 lysates were submitted to the SPROX experiment described protocol in Figure 3
as biological replicates. After the initial dilution, the lysate was split into three equal
portions of 180 uL to which each portion was equilibrated with either 20 uL. of DMSQO,
20 pL of 10 mM DK-8-65, or 20 uL of 10 mM DK-8-79 for at least 30 min. 20 pL aliquots
of the lysate mixtures were then diluted into 25 uL of SPROX buffers with increasing
amounts of GdAmCl and equilibrated for at least 30 min. The final GdAmCI concentrations
for the first biological experiment were 0.51, 1.01, 1.23, 1.50, 1.74, 2.17, 2.59, and 2.94 M;
for the second biological experiment the concentrations were 0, 0.56, 0.97, 1.39, 1.65, 1.97,
2.38, and 3.00 M. Oxidation was induced by the addition of 5 uL of 30% H202 for 3 min.
The reaction was quenched with 1 mL of 300 mM methionine. The protein was
precipitated by adding 300 pL of 100% w/v TCA and setting on ice at 4 "C overnight.

After overnight precipitation the samples were spun down at 8,000 rcf for 30 min
at 4 "C and the supernatant was decanted as waste. The pellets were washed three times
with 300 pL of ice-cold ethanol. To remove the ethanol, the samples were placed in the
speedvac for 5 min. The resulting pellets were re-dissolved in 30 uL of 0.5 M TEAB, pH
8.5, and 1.5 uL of 2% SDS by heating at 60 °C for 10 min. This was followed by two

repeating cycles of alternating sonication for 30 min and vortexing for 15 min. After the
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protein pellets were re-dissolved, the protein concentration was determined with a
Bradford Assay [105] to be approximately 0.85 — 1.00 mg/mL across the samples. The
proteins were reduced with 2.5 uL of 50 mM TCEP HCI by heating at 60 "C for 1 hr
while shaking on a Thermomixer (Eppendorf, Hamburg, Germany). Alkylation of the
cysteine residues was accomplished with the addition of 1.25 uL of 200 mM MMTS in
isopropanol; the reaction was allowed to proceed at RT for 10 min. Digestion was
initiated by adding 1 g of trypsin to each sample and placing in a Thermomixer at 37
°C while shaking overnight.

When the trypsin digestion was complete, the samples were centrifuged at 5,000
rcf for 5 min. One and a half units of each iTRAQ® 8-Plex reagent was mixed with 150
uL of isopropanol and half a unit of reagent was used for labeling each sample (~60 pL).
Additionally, the samples were labeled from the lowest denaturant concentration to the
highest with the iTRAQ® 8-Plex tags increasing from 113 to 121, and the pH was checked
and adjusted with 1 N NaOH if needed to pH 7.5-8.5. Labeling was allowed to proceed

for 2 hr. at RT. All samples were stored at -20 “C until further use.

4.2.3 Methionine Enrichment

The following protocol was used for the three separate samples; control, DK-8-
65, and DK-8-79. The samples were removed from the freezer and allowed to reach
room temperature. Each sample was then vortexed for 15 s to mix. A volume equaling

~8-10 pg from each iTRAQZ® labeled sample was combined with the others in the same
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set (i.e., control, DK-8-65, and DK-8-79). These samples were concentrated by speedvac
to a volume less than 50 pL to remove the organic content. The volume was then
adjusted to 75 pL with H2O and 25 pL of glacial acetic acid was added to acidify the
solution to have a pH ~2-3. A Pi*™ Methionine Reagent spin tube was used according to
the manufacturer’s protocol to chemo-selectively isolate the un-oxidized methionine
containing peptides. Briefly, the spin tubes were prepared first by wetting the column
with 200 uL of methanol by vortexing for 15 min and then centrifuging for 2 min at 2,500
rcf; the flow through was discarded as waste. The resin was further washed three times
with 400 puL by vortexing for 15 s, centrifuging for 2 min at 2,500 rcf and discarding the
flow through as waste. The sample was then added to the resin and allowed to bind by
incubating at RT while vortexing for 1.5 hr. After this, 100 uL of 0.2 M BME in 25%
acetic acid was added and the sample was vortexed for another 30 min. The unbound,
non-methionine containing peptides were then successively washed with each solution
three times: 400 puL of 0.2 M BME in 25% acetic acid, 400 uL of 70% ACN/0.1% TFA, and
400 pL of H20 by vortexing for 15 s, centrifuging for 2 min at 2,500 rcf, and discarding
the flow through as waste. To release the bound un-oxidized methionine containing
peptides, 86 uL of 1.0 M AmBic, pH 9.0-9.1, and 14 pL of BME were added to the spin
tube, vortexed for 2 hr, centrifuged for 2 min at 2,500 rcf and collected in a micro-
centrifuge tube. To further wash the resin of the bound peptides, 50 puL of 20%

ACN/0.1% TFA was added, and the spin tube was vortexed for 15 min, centrifuged at
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2,500 rcf for 2 min, and the flow through was combined with the previous collected
fraction. An aliquot of 400 uL of 2% TFA was vortexed for 15 s, centrifuged for 2 min at
2,500 rcf, and the flow through was combined with the previously collected fractions as
a final wash. Another 400 uL of 2% TFA was added to reduce the organic fraction of the
sample and lower the pH to facilitate binding to the C-18 resin for clean-up.

The samples were cleaned-up with a C-18 resin macro column. First, the C-18
resin was wetted with 400 uL of methanol, vortexed for 15 s, centrifuged for 2 min at
2,500 rcf, and the flow through was discarded as waste. The resin was equilibrated with
400 pL of 2% TFA by centrifuging at 2,500 rcf for 2 min and discarding the flow through
as waste. The samples were added in two 475 uL portions by centrifuging at 2,500 rcf
for 2 min and discarding the flow through as waste. The C-18 resin macro column was
washed by two rounds of centrifuging 400 uL of 2% TFA at 2,500 rcf for 2 min and
discarding the flow through as waste. Peptides were eluted by centrifuging three
aliquots of 20% ACN/0.1% TFA followed by three aliquots of 70% ACN/0.1% TFA at
2,500 rcf for 2 min. All six fractions were collected and combined in a new micro-
centrifuge tube.

This protocol was repeated twice for the first biological replicate experiment and

once for the second biological replicate experiment.
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4.2.4 Non-Enriched Sample Preparation

The following protocol was followed for the three separate samples in each
biological replicate; control, DK-8-65, and DK-8-79. The samples were removed from the
freezer and allowed to reach room temperature. Each sample was vortexed for 15 s to
mix. Next, a volume equaling ~3-5 pug from each iTRAQ® labeled sample was combined
with the others in the same set (i.e., control, DK-8-65, DK-8-79) and all samples were
diluted with 1.5 mL of 0.1% FA to decrease the organic content. A macro C-18 column
was wetted with 400 uL of methanol by vortexing for 15 s, centrifuging at 2,500 rcf for 2
min, and discarding the flow through as waste. The column was then equilibrated with
400 uL of 2% TFA by centrifuging at 2,500 rcf for 2 min and discarding the flow through
as waste. The sample was added in 475 pL portions by centrifuging at 2,500 rcf for 2
min and discarding the flow through as waste. Two washing steps of 400 uL of 2% TFA
were performed by centrifuging at 2,500 rcf for 2 min and discarding the flow through
as waste. Peptides were eluted with three 50 pL portions of 20% ACN/0.1% FA and
three 50 uL portions of 70% ACN/0.1% FA by centrifuging at 2,500 rcf for 2 min. All six
fractions were collected and combined in a new micro-centrifuge tube.

The eluted peptide sample was concentrated by speedvac to a volume less than
50 uL and was then adjusted to a volume of 300 uL with 0.1% TFA. Finally, all samples
were heated at 60 °C for 10 min, centrifuged at 15,000 rcf for 10 min and the supernatant

was placed in a sample vial for LC-MS/MS analysis.
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This protocol was repeated twice for the first biological replicate experiment and

twice for the second biological replicate experiment.

4.2.5 LC-MS/MS Analysis

Samples were run on an Agilent LC-MS/MS system comprised of a 1200 series
Nano and Cap pump with a micro-well plate sampler and a 6520B Q-ToF with a Chip
Cube interface. The methionine enrichment and non-enrichment sample preparations
were performed twice on the first biological replicate samples which allowed for the
collection of 7 methionine enriched technical replicate LC-MS/MS analysis runs and 4
non-enriched technical replicate LC-MS/MS analysis runs. For the second biological
replicate samples, the methionine enrichment preparation was performed once and the
non-enrichment protocol was performed twice which allowed for the collection of 3-4
methionine enriched technical replicate LC-MS/MS analysis runs and 7 non-enriched
technical replicate LC-MS/MS analysis runs.

The column used was 75 um x 150 mm with a 160 nL trapping column packed
with Zorbax 300 A C-18. Samples were run on a gradient that increased linearly at a
flow of 0.4 pL/min from 3-15% B in 2.5 min, 15-45% B in 78 min, and 45-100% B in 10
min. Solvent A was 0.1% FA in H20 and solvent B was 0.1% FA in ACN. The drying
gas flow rate was set to 4 or 6 L/min at a temperature of 350 "C. Settings for the capillary
voltage, fragmentor, skimmer, and octopole RF were set to 1750-2000 V, 175, 65.0, and

750, respectively. Precursor ion scans were collected at a rate of 3 scans/sec and product
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ion scans were collected at a rate of 2 scans/sec. Product ion scans were collected for the
top four most intense peaks in a given precursor scan with an intensity threshold of 1000
and dynamic exclusion was set to a limit of 2 scans for a given m/z in a 0.6 min window.
The isolation width was ~4 m/z. The scan range for the precursor scan was 300-3000
m/z, and the scan range for the product ion scan was 100-3000 m/z. Collision induced
dissociation was achieved with an energy of 3.9 V/100 m/z and an off-set of 2.9 V for the
bulk of the runs. One methionine enriched run for each with ligand sample (i.e., DK-8-
65 and DK-8-79) in the first biological experiment used a lower collision energy of a 3.5
V/100 m/z with a -4.8 V off-set. One methionine enriched run for each sample from the
second biological experiment used a higher collision energy of 5.0 V/100 m/z with a 3.8
V off-set. A selected group of 4 methionine enriched technical replicate LC-MS/MS
analysis runs were further set to the addition of preferred ions from the previous
technical replicate sets” “hits” to increase the chance of collecting additional quantitative
data for these peptides.

A total of 22 LC-MS/MS runs were completed and analyzed for each sample set:
control, DK-865, and DK8-79. This was broken down into the following replicates:
Biological replicate 1 consisted of 7 technical replicate LC-MS/MS analysis runs of the
methionine enriched portions divided into two sets, one with 3 technical replicate
analyses and one with 4 technical replicate analyses of which had the additional setting

of preferred “hit” ions, and 3 technical replicate analyses of the non-enriched portions.
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Biological replicate 2 included 4 (3 for the control sample) technical replicate LC-MS/MS
analyses of the methionine enriched portions and 7 technical replicate LC-MS/MS

analyses of the non-enriched portions.

4.2.6 Data Analysis

All data were searched on Spectrum Mill Workbench Software B.04 Rev. B
against the SwissProt Homo sapien database with trypsin digestion and three allowed
missed cleavages. Fixed modifications were set to MMTS on cysteines and iTRAQ® 8-
Plex on the N-terminus and lysines. Oxidation was set as a variable modification for
methionines. The mass tolerance was set to 20 ppm for the precursor ion and 50 ppm for
the product ions. In the methionine enriched samples, methionine was set as a required
residue.

An Excel® export of the peptide identifications included the minimum of the
filename, identification score, charge state, peptide sequence, modifications, iTRAQ® 8-
Plex intensities, isolation purity, retention time, protein accession number, and protein
name. The iTRAQ® intensities were normalized in the same manner as described in
Strickland et. al.[82]. Briefly, the iTRAQ® tag intensities for an individual peptide were
summed, averaged and then normalized by dividing the individual intensity by the
average. The sum was used to filter out low quality quantitative data, using a cut-off of
>1000. Peptides were sorted into non-methionine containing and methionine containing

peptides. The non-methionine containing peptides were used to calculate normalization
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factors to adjust for labeling efficiency differences in each sample. This was
accomplished by averaging all intensities for a single tag. The methionine containing
peptides were subjected to a second normalization by dividing the tag by the
appropriate normalization factor calculated from the non-methionine containing
peptides.

The methionine peptides along with their second normalized intensities were
averaged for peptides with multiple identifications and matched between the control
and ligand samples using an in house AWK-based program, RunCompare. After
peptides were matched, the intensity frequency for the high and low denaturant
concentrations for the un-oxidized methionine containing peptides were plotted to
demonstrate that the oxidation reaction was successful as well as to establish the pre-
and post- transition baselines and the transition cut-off to construct a theoretical data set,
similar to Figure 14. Additionally, a filtering step was applied to reduce the number of
peptides to inspect for binding. This involved plotting the distribution of differences
between the same denaturant concentrations for all the concentrations. Approximately a
normal distribution centered near 0 was observed. A 60-75% difference cut-off was
established, typically around a difference of + 0.4. Any peptide with two consecutive tag
differences outside this cut-off was filtered as a potential hit. All potential “hits” were

then visually inspected to determine the data mid-point in the presence and absence of
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ligand. Any peptide that displayed a shift in the mid-point > 0.5 M [GdmCI] was
designated a “hit.”

The chemical denaturation data collected in the technical and biological
replicates was also compared as a validation strategy. Inconsistency in the data sets

helped identify false positives.

4.3 Results and Discussion

The proteomic results can be seen in Table 8. Depending on the biological
replicate, between 1,000 and 4,000 unique peptides from 1,000-2,000 proteins were
identified. Of those peptides identified, ~600-1,200 were methionine containing peptides
that mapped to 500-1,000 proteins. When methionine containing peptides were matched
between the control and the ligand samples, 250-300 peptides from ~150 proteins were
assayed for ligand binding and led to the identification of ~5-15 protein hits in each
analysis. Based on the previous control experiment (See Chapter 3), these “hits” were
within the range of the experiment’s false positive rate (3-10%) which means that it was
possible that all of the “hits” were false positives. Nevertheless, validation was still

performed by comparing the technical and biological replicates.
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Table 8: Proteomic Results for DK-8-65 and DK-8-79

Total Unique Methionine Matched
Biological Peptide Peptide Methionine .
Replicate Sample (Protein) (Protein) Peptide Hits
Identifications Identifications (Protein)
Control 1,650 (1,092) 894 (577) N/A N/A
1 DK-8-65 1,543 (1,005) 810 (536) 310 (154) 14 (13)
DK-8-79 1,179 (810) 684 (461) 269 (140) 10 (8)
Control 2,880 (2,242) 963 (866) N/A N/A
2 DK-8-65 4,105 (3.046) 1,436 (1,264) 258 (165) 4 (4)
DK-8-79 3,499 (2,713) 1,224 (1,089) 227 (144) 7 (6)

The “hit” peptides and proteins are summarized in Table 9. There were a total of
18 peptide “hits” from 17 proteins and 17 peptide “hits” from 13 proteins for DK-8-65
and DK-8-79, respectively. None of the “hits” showed up in both biological replicate
experiments. Approximately half of the “hits” for each drug were eliminated due to
inconsistent mid-point quantitation between the technical and biological replicates and
are identified with a strikethrough in the table. If all peptides were invalidated for a
protein it is also marked as a false positive with a strikethrough. Additionally there
were three peptide “hits” from p80 protein/nucleophosim, cytokeratin, and tubulin beta-
2A chain (denoted with an asterisk), that had at least one of the data sets, control or
drug, show consistency across replicates. All other peptide “hits” did not have data to

compare to and are considered un-validated.
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Table 9: Summary of Protein Hits for DK-8-65 and DK-8-79

Protein
Peptide

DK-8-65

DK-8-79

Aetin, cytoplasmicd
DPEYANTVESGGTH ey YPCIADR
HSPAMPSEBVAHIVPIYECYAEPHAHR
Alpha-enolase isoform 1
AGYTDKVVIGMDVAASEFFR
EAMOQEEm{exH-PVGAANER
Annexin A2 isoform 2
WISIMTER
Bifunctional purine biosynthesis protein
DVSELTGFPEMLGGR
Carbonyl reductase NADPH] 1
VVNVSSIMSVR
Chromodomain-helicase-DNA-binding
protein 1-like
NHm(ox)YLFEGK
*Cytokeratin
SLDMDSITAEVK
Dynein heavy chain 7, axonemal
EFm(ox)RLK
Elengationfactor2
GPEm{ex)MYISKk
Exportin-2
MFGMVLEK

Hypoxanthine-guanine
phosphoribosyltransferase
SIPMTVDFIR
Importin subunit beta-1
SSAYESLMEIVK
NAD-dependent malic enzyme,
mitochondrial
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TWm(ox)FDK X
*p80 protein/nucleophosim
MSVQPTVSLGGFEITPPVVLR X

Peptidyl-prolyl cis-trans isemerase
EKBPIA

GWEEGVAQMSVGOR X
Profilin-1
DSLLQDGEFSm(ox)DLR X
St i nduced-phosol toin
AMADPEVOQOIMSDRPAMR X
T-cell receptor-associated transmembrane
adapter1
TTLVDSFSPESQAVEENIHDDPIR X
ATPase
MDBELQEER X
Fransketoelase
NMAEQHQEIYSQIQSK X
*Tubulin beta-2A chain
AILVDLEPGTIMDSVR X
ALTVPELTQQMFDSK
ISEQFTAMFR X
Unnamed proteinproduet
TAFDDAIAELDTENEDSYKDSTEIMQLLER X
DNSTMGYMAAK X
VIYTPMAPGSYLISIK X X
YAPSEAGEHEMDIR X
UV excision repair protein RAD23 homolog
B isoform 1
NFVVVMVTKPK X

<

Of the “hits” that showed consistency in the data sets, the p80
protein/nucleophosim, seemed to show reproducibility for both the control and drug
data sets. The original data from the first biological replicate for the peptide from p80

protein is shown in Figure 16a. A destabilization of the protein in the presence of DK-8-
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65 is clearly observed. In the technical replicate data with targeted MS/MS from the first
biological replicate sample, additional data was acquired for this peptide, shown in
Figure 16b, which indicates the same destabilization. This suggests that there is a real
indirect interaction between the DK-8-65 small molecule and the p80 protein. Based on
the control experiment discussed in Chapter 3, if the p80 protein was a false positive
none of the additional data acquired would indicate the same shift in the data.
Additionally, the data for both drugs, DK-8-65 and DK-8-79, was acquired in the second
biological replicate experiment, solidifying three measurements for the drug data set
mid-point (Figure 16c). The control data set was not quantifiable in the second
biological replicate experiment as the data was of too poor quality to determine a mid-

point.
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Figure 19: p80 Protein Hit Data a) Original peptide hit. The control data is in blue and
the DK-8-65 data is in purple; the mid-points are indicated by the arrows to be 1.6 M
and 0.9 M, respectively. b) Technical replicate data on the same peptide. The control
data is in blue and the DK-8-65 data is in purple; the mid-points are indicated by the

arrows to be 1.6 M and 0.9 M, respectively. c) Biological replicate data on the same

peptide. The DK-8-65 data is in purple and the DK-8-79 data is in turquoise; the mid-

points are indicated by the arrows to be 1.0 M for both drugs. The dashed lines are
the transition cut-off and asterisks indicate outliers.

4.4 Conclusions

In two biological replicate experiments approximately 250-300 methionine
containing peptides from around 150 proteins were assayed for binding interactions
with two small molecules, DK-8-65 and DK-8-79. These small molecules were also
assayed in a human colorectal cancer cell line lysate, SW480. This led to approximately
15-20 “hits” for each small molecule which were then reduced by about half due to the
lack of reproducible data in technical replicate LC-MS/MS analysis and biological
replicate experiments. One hit, the p80 protein/nucelophosim, did show reproducible
data. This indicated that a real interaction was occurring between the protein and small
molecules, and it can tentatively be concluded that both DK-8-65 and DK-8-79 interact
with a similar magnitude. Due to the destabilization that is occurring in the presence of
the DK molecules, it is hypothesized that the interaction is likely the result of an indirect
interaction. It is unclear what role, if any, this protein plays in relation to the (-
catenin/Tcf signaling pathway; however, the function of this protein is related to cellular
growth and cell proliferation [109]. Post-translational modifications, amino acid

substitutions, other sequence modifications to the protein have been implicated in
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various types of cancer progression [109]. More studies and validation is needed to fully

understand the importance of p80 protein and to validate the other “hits” as well.
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5. Analysis of Tamoxifen-Protein Interactions in Yeast
using a Shotgun Proteomics Approach

5.1 Introduction

Tamoxifen is a small molecule pro-drug that is used for the prevention and
treatment of ER-positive breast cancer [110, 111]. The main metabolite, 4-hydroxy
tamoxifen, acts as an estrogen receptor competitive inhibitor preventing the binding of
estradiol [112]. As with many drugs, tamoxifen also has side-effects that are not
associated with the intended use, in particular it has been shown to reduce calcium
resorption of the bones in osteoporosis [94]. Tamoxifen also interferes with ion
channels, in particular calcium [113-116] and chloride [117, 118]. Less beneficial side-
effects of tamoxifen include the risk of endometrial carcinoma [119] and hepatocellular
carcinoma in rat liver [119, 120]. The increased risk of endometrial carcinoma from
tamoxifen is possibly related to the estrogen receptor behavior of tamoxifen. Tamoxifen
is known as a SERM or selective estrogen receptor modulator, meaning that depending
on the tissue where the estrogen receptor is found, tamoxifen can act anywhere from a
partial agonist to an antagonist [121]. The mode-of-action that may be associated with
the weak promotion of liver cancer in rats is known well known or established in
humans.

To better understand the drug mode-of-action for tamoxifen, the recently
developed shotgun proteomic SPROX protocol was utilized with a yeast cell lysate. The

yeast cell lysate was chosen over a human lysate for two reasons. First, the yeast lysate
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is homologous to humans. Secondly, it is interesting to note that despite the fact that
yeast does not express an estrogen receptor, tamoxifen is cytotoxic to yeast [95]. The
cytotoxicity seems to be related to the influx of Ca?" ions into the yeast cells when in the
presence of tamoxifen [95]. However, despite these observations the mode-of-action of
tamoxifen in yeast and protein target(s) is currently unknown.

The goal of this experiment was to determine the drug mode-of-action of
tamoxifen in yeast. This involved assaying an endogenous yeast lysate with tamoxifen
(Figure 20a) and its main metabolite 4-hydroxy tamoxifen (Figure 20b) using the SPROX
protocol outlined in Figure 3. From the “hits” that are detected it is important to
validate them as protein targets and elucidate what kind of interaction, whether direct

or indirect, and the significance of the target.
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Figure 20: Tamoxifen Structures a) Structure of tamoxifen, the pro-drug and b)
Structure of 4-hydroxy tamoxifen the main metabolite
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5.2 Experimental

5.2.1 Materials

All yeast strains used in this experiment were purchased from Open Biosystems
(Waltham, MA) and the strains and specific growth is detailed below. The Bradford
reagent, formic acid, HALT® protease inhibitor cocktail, and tris (2-carboxyethyl)
phosphine hydrochloride (TCEP HCI) were purchased from Thermo Scientific
(Rockford, IL). Guanidine hydrochloride (GdmCl), 30% hydrogen peroxide (H202),
trichloroacetic acid (TCA), trifluoroacetic acid (TFA), triethylammonium bicarbonate
(TEAB), s-methyl methanethiosulfonate (MMTS), ammonium bicarbonate (AmBic), L-
methionine, L-glycine, L-tryptophan, L-histidine, L-leucine, sodium dodecyl sulfate
(SDS), dimethyl sulfoxide (DMSO), 4-hydroxy tamoxifen, tamoxifen, and proteomics
grade porcine pancreas trypsin were purchased from Sigma-Aldrich (St. Louis, MO).
Ethanol and methanol were purchased from VWR International (Radnor, PA). Solvents
for the LC mobile phases, acetonitrile (ACN) and high purity water were purchased
from Honeywell Burdick & Jackson (Morristown, NJ). Sodium phosphate dibasic,
anhydrous was purchased from EM Science (Gardena, CA). Acetic acid was purchased
from Mallinckrodt (Hazelwood, MO). The Pi*™ - Methionine Reagent Kit and the macro
C-18 spin columns were purchased from The Nest Group (Southboro, MA). Micro-

centrifuge tubes were purchased from either Genesee Scientific (San Diego, CA) or
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Eppendorf (Hamburg, Germany). iTRAQ® 8-plex reagents were purchased from
ABSciex (Framingham, MA).

Yeast media, YPD, was made with 10 g yeast extract, 20 g peptone, and 20 g
dextrose in a total volume of 1 L. All chemicals in the yeast media were purchased from
VWR International, Radnor, PA. Additional yeast media included 2x SC, -4aa solution
that contained 3.4 g yeast nitrogen base (Amresco, Solon, OH), 10.0 g of ammonium
sulfate (Sigma-Aldrich, St. Louis, MO), and 2.8 g of supplement amino acid mix (without
histidine, leucine, tryptophan, or uracil) (Sigma-Aldrich, St. Louis, MO) in 1 L of water.
URA Dropout solution was made with 0.2 g histidine, 1.0 g leucine, 0.5 g tryptophan in
100 mL of water and stored covered in aluminum foil since this the solution is light
sensitive. A —Ura, 2% Raffinose solution was made with 500 mL of 2x SC, -4aa solution,
20 g raffinose (VWR International, Radnor, PA), and 10 mL of URA dropout solution
and brought to a final volume of 1 L with water. The 3x YP, 6% Galactose solution was
made with 24 g of yeast extract (VWR International, Radnor, PA), 48 g of peptone (VWR
International, Radnor, PA), and 48 g of galactose (Sigma-Aldrich, St. Louis, MO) in 1 L of
water. All solutions were vacuum filtered through a 0.22 pm PES (polyethersulfone)
filter top into sterile polystyrene bottles from Corning® (Corning, NY). The yeast agar
plates were made with 20 g agar in 500 mL of water mixed with 1.7 g yeast nitrogen
base, 5 g ammonium sulfate, 1.4 g supplemental amino acid mix (without histidine,

leucine, tryptophan, or wuracil) in 450 mL of water, pH 5.9, after autoclaving.
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Additionally, 40 mL of 50% dextrose and 10 mL of URA dropout solution was added.
After cooling slightly, the solution was poured into sterile petri dishes, 100 x 25 mm
(VWR International Radnor, PA) and allowed to cool to RT before storing at 4 °C upside
down. The agar was purchased from VWR International (Radnor, PA), while all other
chemicals were purchased from Sigma-Aldrich.

Extraction buffer included 25 mM HEPES, 500 mM NaCl, 10% glycerol, and 2
mM BME, pH 7.51. An Equilibration/Wash buffer was made with 50 mM sodium
phosphate and 300 mM NaCl, pH 7.0. Elution buffer contained 50 mM sodium
phosphate, 300 mM NaCl, and 150 mM imidazole, pH 7.0. All chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

The protease inhibitor cocktail was prepared from AEBSF (dissolved in water),
bestatin (dissolved in methanol), E-64 (dissolved in 50/50 v/v ethanol/water), leupeptin
(dissolved in water), and pepstatin A (dissolved in methanol) that were purchased from
Thermo Scientific. To make a 20X inhibitor cocktail, proteases were mixed to have a
final concentration of 0.2 mM pepstatin A, 0.4 mM leupeptin, 0.3 mM E-64, 1 mM

bestatin, and 20 mM AEBSF.

5.2.2 Endogenous Yeast Lysate Preparation

A single Y258 yeast strain colony was added to 5 mL of YPD media shaken at 30
°C overnight. A 2 mL portion of the culture was diluted into 600 mL of YPD media and

was grown in a shaker at 30 °C until the optical density at 600 nm was between 0.8-1.2
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absorbance units and 150 mL portions of the culture were centrifuged for 10 min at 5,000
rcf to pellet the cells. The cell pellets were stored in the freezer at -20 °C until further
use.

Yeast pellets were lysed in 500 puL of 20 mM sodium phosphate buffer, pH 7.4
containing 5 uL of HALT® protease inhibitor cocktail. Lysis was accomplished by
vortexing using a Disrupter Genie (Scientific Industries, Bohemia, NY) with acid-washed
glass beads (425-600 pm in diameter) (Sigma-Aldrich, St. Louis, MO) twenty times for 20
s each time and 1 min breaks on ice between vortexing. The samples were centrifuged at
15,000 rcf for 10 min to pellet the insoluble material and the supernatant was collected
for use in the SPROX experiment. The protein concentration was determined by
Bradford Assay [105] to be ~12 mg/mL on average.

For Biological Replicate Experiments 1, 2, and 4, the endogenous yeast lysate was
divided into three 180 pL portions that were incubated for at least 30 min with either 20
uL of DMSO, 20 uL 3 mM 4-hydroxy tamoxifen in DMSQO, or 20 uL of 3 mM tamoxifen
in DMSO. In Biological Replicate Experiment 3, the endogenous yeast lysate was
divided into two 180 uL portions that were incubated with 20 uL. of DMSO or 20 uL of 3

mM tamoxifen in DMSO for at least 30 min.

5.2.3 Purified Protein Lysate Preparation

Protein strains were obtained from the S. cerevisiae Y258 strain library (MATa pep

4-3, his4-580, ura 3-53, leu2-3, 112) where over-expression is under the control of the
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GALI1 promoter and adds a C-terminal fusion protein tag. The 19-kDa tag contains an
HA epitope, a 3C protease cleavage site, a ZZ domain from Protein A, and a 6xHis-tag.
Each strain was streaked out on -URA agar plates and allowed to grow at 30 °C for
approximately 3 days. Then a single yeast colony is added to 5 mL solution containing
2.5 mL of 2x SC, -4aa solution, 2.25 mL of water, 50 uL of URA dropout solution and 200
uL of 50% dextrose and allowed to grow overnight at 30 "C while shaking. In some
cases the solution was then used to make a glycerol stock of the yeast strain by removing
the majority of the yeast media present and replacing it with 1 mL of a glycerol stock
solution containing 25 mL 2x SC, -4aa solution, 22.5 mL water, 500 uL of URA dropout
solution, 2 mL of 50% dextrose, and 10 mL glycerol and stored temporarily at -20 °C
until further use, but permanently stored at -80 °C. Yeast growth was continued by
inoculating 50 mL of -URA, 2% Raffinose solution with 2 mL the previous yeast colony
solution or 10 uL of a glycerol stock and allowed to grow overnight at 30 "C while
shaking. This solution was then diluted into 400 mL of -URA, 2% Raffinose solution so
that the OD at 600 nm was 0.3 and allowed to grow while shaking at 30 “C until the OD
reached log phase, ~0.8-1.2 ODsow. At this point over-expression was induced with 200
mL of 3x YP, 6% Galactose solution. The yeast was allowed to grow for an additional 6
hr before being harvested by centrifugation at 5,000 rcf. Pellets were then washed with
water and then divided into 2 mL micro-centrifuge tubes to spin down at 15,000 rcf for 5

min and the supernatant was removed. These final pellets were from ~150-250 mL of
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culture and stored at -20 "C until further use. A list of the strains and growth
combinations used can be found in Appendix B.

Proteins were purified utilizing the 6xHis-tag and TALON® Cobalt Metal
Affinity Resin (Clontech, Mountain View, CA). Pellets were lysed in 500 pL of
Extraction buffer and 5 uL of HALT® protease inhibitor cocktail with acid-washed glass
beads (425-600 pum diameter, Sigma-Aldrich, St. Louis, MO). A disrupter genie
(Scientific Industries, Bohemia, NY) was used to lyse the pellets by vortexing twenty
times for 20 s each time with 1 min intervals on ice between vortexes. After lysing, the
insoluble material was centrifuged down at 15,000 rcf for 10 min and the supernatant
was collected for purification. For every 2 mL of yeast lysate, 1 mL of TALON® resin
was aliquoted and washed three times with 1 mL of Extraction Buffer by centrifuging at
750 rcf for 2 min and discarding the supernatant as waste. The resin was ultimately re-
suspended in 1 mL of Extraction Buffer and added to 2 mL of lysate in 15 mL conical
tubes and nutated for at least 2 hr at 4 °C.

After binding, the lysate and resin was centrifuged at 750 rcf for 2 min and the
supernatant was discarded as waste. To remove unbound or transient bound proteins,
the resin was washed with five-1 mL portions of Equilibration/Wash Buffer by
centrifuging at 750 rcf for 2 min and then discarding the supernatant as waste. A 1 mL
portion of Equilibration/Wash Buffer was added to re-suspend the resin and transfer it

to spin cups with cellulose acetate filter (Pierce Thermo Scientific, Rockford, IL). The
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buffer was centrifuged through the filter at 750 rcf for 2 min and the flow through was
discarded as waste. The resin was further washed two more times with 500 uL by
centrifuging at 750 rcf for 2 min and discarding the flow through. Bound proteins of
interested were eluted with three 150 uL portions of Elution Buffer that were collected
by centrifugation at 750 rcf for 2 min. For strains that had more than one-2 mL portion
of lysate, the eluents were combined. If needed, the protein solutions were concentrated
using Amicon® Ultra Centrifugal Filters (Millipore, Billerica, MA) with a 0.5 mL volume
and a 10 kDa molecular weight cut-off that were used by adding the protein mixture
and centrifuging at 14,000 rcf for 30 min to a final volume of 20 uL. Protein
concentration was determined by Bradford Assay [105] to range between 1-2 mg/mL.
For SPROX analysis, the protein mixtures were combined to contain an approximate 1:1
protein ratio as determined by the Bradford Assay.

For Purified Protein Experiment 5, the volume was adjusted as needed to ensure
there was volume enough for the protein solution to be divided into three 180 uL
portions that were incubated with either 20 uL of DMSO, 20 pL of 3 mM 4-hydroxy
tamoxifen in DMSO, or 20 uL of 3 mM tamoxifen in DMSO for at least 30 min prior to

being submitted to the SPROX analysis.

5.2.4 SPROX Analysis

For Experiments 1-5, samples were submitted to the SPROX analysis outlined in

Figure 3 as described here. A 20 pL aliquot of the lysate or purified protein sample in
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the presence and absence of the tamoxifen ligands was added to 25 uL of a denaturant
containing SPROX buffer that was prepared as previously described in Section 3.2.2.
The final GdAmCI concentration in each of the eight SPROX buffers, were 0, 0.56, 0.97,
1.39, 1.65, 1.97, 2.38, and 3.00 M. The protein sample was equilibrated with the
denaturant containing buffer for at least 30 min prior to oxidation. Oxidation of the
methionine residues was initiated by the addition of 5 uL of 9.8 M H20: and allowed to
proceed for 3 min before quenching with 1 mL of 300 mM free L-methionine.

Protein was precipitated by the addition of 300 uL of 100% TCA (w/v) and
overnight incubation on ice at 4 “C. After precipitation the protein was centrifuged at
8,000 rcf for 30 min at 4 °C to create a pellet and the supernatant was decanted as waste.
The protein pellet was washed three times with 300 uL aliquots of ice-cold ethanol by
gently inverting the tube a few times and then decanting the supernatant and discarding
it as waste while being careful to not disturb the protein pellet. To remove the ethanol,
the samples were placed in a speedvac for 5 min and then removed. The samples were
then re-dissolved in 30 uL of 0.5 M TEAB buffer, pH 8.0 and 2 uL of 2% SDS by heating
at 60 °C for no more than 10 min, vigorous vortexing with the disruptor genie, and
sonication. After the pellets were significantly dissolved, the protein concentration was
determined for each sample by Bradford Assay [105] to be ~1 mg/mL on average.
Reduction was initiated by the addition of 2.5 uL of 50 mM TCEP and setting the

samples in a thermomixer (Thermo Scientific, Rockford, IL) at 60 'C for 1 hr. The

97



samples were then alkylated with 1.25 uL of 200 mM MMTS in isopropanol and letting
the reaction proceed for 10 min at RT. Digestion was accomplished by adding 1-2 ug of
trypsin so that the trypsin:protein ratio was 1:50 and the digestion was allowed to
proceed overnight at 37 “C while shaking.

After digestion the samples were centrifuged down and then 1 uL was added to
9 pL of SA in 50% ACN/0.1% TFA and spotted on a MALDI target plate. Spectra were
collected to confirm that the digestion was successful before labeling with iTRAQ® 8-
plex reagents. Half a unit of iTRAQ® 8-plex reagent in ~50 pL of isopropanol was used
to label each sample in the order as shown in Appendix B. The pH was checked to
ensure that it was 7.5-8.5 for optimal labeling efficiency and adjusted as needed with 1 N
NaOH. Labeling was achieved by vortexing to mix, incubating the reagent with the
peptide samples for 2 hr at RT. Samples were stored in the freezer at -20 "C until further

use.

5.3.5 Methionine Enriched Sample Preparation

The iTRAQ® labeled samples were removed from the freezer and allowed to
reach room temperature, vortexed 15 s, and then centrifuged at 5,000 rcf for 5 min. A
portion of each sample equaling 10-15 pg was combined for each set and concentrated
by speedvac to less than 50 pL. De-ionized water was added to each sample to bring the
volume to 75 uL and 25 uL of glacial acetic acid was added to decrease the pH to 2-3.

Two or three Pi*™ - Methionine Reagent columns were used following the
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manufacturer’s protocol to chemo-selectively isolate un-oxidized methionine containing
peptides and is briefly described here. The columns and resin were prepared by adding
200 uL of methanol and vortexing for 15 min. The columns were centrifuged at 2,500 rcf
for 2 min and the flow through was discarded as waste. All columns were then washed
three times by adding 400 uL of H:O, vortexing for 15 s, centrifuging at 2,500 rcf for 2
min, and discarding the flow through as waste. The iTRAQ® labeled samples were
added to a Pi®™ - Met column and vortexed for 1.5 hr to allow the un-oxidized
methionine containing peptides to bind to the resin. The vortexing was stopped and 100
uL of 0.2 M BME in 25% acetic acid was added to the resin before vortexed resumed
again for 30 min. The un-bound peptides were washed three times with 400 uL of 0.2 M
BME in 25% acetic acid, three times with 400 uL of 70% ACN/0.1% TFA, and three times
with 400 puL of H2O, by vortexing for 15 s, centrifuging at 2,500 rcf for 2 min and
discarding the flow through as waste each time. To release the un-oxidized methionine
containing peptides, 86 uL of 1.0 M AmBic, pH 9.0 and 14 puL of BME is added to the
column and vortexed again for 2 hr. Then the samples were centrifuged at 2,500 rcf for 2
min, collected, and saved in a separate collection tube. To wash all methionine
containing peptides 50 puL of 20% ACN/0.1% TFA was added to each resin and vortexed
for 15 min. The resin was centrifuged again at 2,500 rcf for 2 min and combined in the
collection tube with the previous sample. A final washing of 400 uL of 2% TFA was

performed by vortexing for 15 s before centrifuging at 2,500 rcf for 2 min and adding to
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the collection tube. To dilute the organic content and lower the pH 400 uL of 2% TFA
was added and mixed with the eluted peptides.

The samples were then cleaned-up with silica C-18 resin. The silica was wetted
by adding 400 uL of methanol, vortexing for 15 s and then centrifuging at 2,500 rcf for 2
min and the flow through was discarded as waste. The silica column was equilibrated
by centrifuging 400 uL 2% TFA through at 2,500 rcf for 2 min and discarding the flow
through as waste. Half of the sample was added to the silica column and spun down at
2,500 rcf for 2 min to bind the peptides and the flow through was discarded as waste.
The second half of the sample was added in the same manner. The column was then
washed with 400 puL of 2% TFA two times by centrifuging at 2,500 rcf for 2 min and
discarding the flow through as waste. To elute the peptides, three 50 uL aliquots of 20%
ACN/0.1% TFA followed by three 50 pL aliquots of 70% ACN/0.1% TFA by centrifuging
at 2,500 rcf for 2 min and collecting the eluent in a collection tube. The samples were
concentrated by speedvac to less than 50 uL and then brought to a final volume of 300
uL with 0.1% TFA, heated to 60 ‘C for 15 min, and centrifuged at 15,000 rcf for 10 min
and the supernatant was added to sample vials for LC-MS/MS analysis.

For each Biological Replicate Experiments 1, 2, 4, and Purified Protein
Experiment 5, the methionine enrichment protocol was performed once for each sample
and submitted to technical replicate LC-MS/MS analysis. In Biological Replicate

Experiment 3, the methionine enrichment protocol was performed twice; one portion of
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the methionine enriched sample was submitted to technical replicate LC-MS/MS
analysis and the other of the methionine enriched portions for each sample was first
submitted to isoelectric focusing using an Agilent 3100 OFFGEL Fractionator using a 12-
well pH 3-10 immobilized pH strip prior to submitting the 12 fractions from each sample

to LC-MS/MS analysis.

5.2.6 Non-Enriched Sample Preparation

A portion of the samples that were not submitted to the methionine enrichment
protocol were prepared in the following manner. To remove excess un-reacted iTRAQ®
reagent and other compounds that might be present in the sample and interfere with the
MS analysis sample clean-up was performed with a macro C-18 resin column. A 5-10 uL
fraction of each iTRAQ® labeled sample was combined from each set that equaled 25-30
ug of total protein and was then diluted to 1.5 mL with 0.1% TFA. The resin was wetted
with 400 uL of methanol by vortexing for 15 s and then centrifuging at 2,500 rcf for 2
min and the flow through was discarded as waste. To equilibrate the column, 400 uL of
2% TFA was added to the column and centrifuged at 2,500 rcf for 2 min and the flow
through was discarded as waste. The sample was then loaded in 475 pL aliquots and
centrifuged at 2,500 rcf for 2 min and the flow through was discarded as waste. After all
the sample was completely loaded, the column was washed again with two aliquots of
400 pL of 2% TFA by centrifuging at 2,500 rcf for 2 min and discarding the flow through

as waste. To elute the peptides, three 50 uL aliquots of 20% ACN/0.1% TFA and three 50
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uL aliquots of 70% ACN/0.1% TFA were centrifuged at 2,500 rcf for 2 min and collected
in a separate micro-centrifuge tube. Then the samples were concentrated by speedvac to
less than 50 uL to remove the organic content of the samples. The volume was adjusted
to 300 uL by adding 0.1% TFA and then the samples were heated at 60 °C for 15 min,
centrifuged at 15,000 rcf for 10 min and the supernatant was collected and added to
sample vials for LC-MS/MS analysis.

For Biological Replicate Experiments 1, 3, 4, and Purified Protein
Experiment 5, the non-enrichment protocol was performed once for each sample and
submitted to technical replicate LC-MS/MS analysis. In Biological Replicate Experiment
2, the non-enriched protocol was performed twice; one portion of the non-enriched
sample was submitted to technical replicate LC-MS/MS analysis and the other of the
non-enriched portions for each sample was first submitted to isoelectric focusing using
an Agilent 3100 OFFGEL Fractionator using a 12-well pH 3-10 immobilized pH strip

prior to submitting the 12 fractions from each sample to LC-MS/MS analysis.

5.2.7 Isoelectric Focusing

For the methionine enriched samples from Experiment 3 and non-enriched
samples from Experiment 2, the sample preparation was performed for isoelectric
focusing. Each sample, with and without tamoxifen ligand(s), was dried down in a
speedvac concentrator and then re-dissolved in 360 puL of 10 mM TRIS buffer, pH 7.4. A

1.44 mL portion of Peptide OFFGEL Stock Solution (1.25x) that was prepared following
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manufacturer’s protocol was added to each sample before being separated using a 12-
well pH 3-10, immobilized pH strip by following manufacturer’s protocol. ~After
isoelectric focusing, samples were prepared for LC-MS/MS through speedvac

concentrator to remove organic content and then acidified with 0.1% TFA.

5.2.8 LC-MS/MS Analysis for SPROX Samples

Samples were analyzed using an Agilent 6520B Q-ToF mass spectrometer
equipped with a Chip Cube Interface. The HPLC Chip used in this experiment was a
150 mm x 75 um column with Zorbax 300SB-C18, 5 uM packing. The tryptic peptides
were eluted using a linear gradient consisting of an increase from 5% to 15% Buffer B in
2.5 min, 15% to 45% Buffer B in 78 min, and then 45% to 100% Buffer B over 10 min.
Buffer A was 0.1% FA in water and Buffer B was 0.1% FA in ACN. The flow rate was 0.4
puL/min. The capillary voltage was 1850 V. The drying gas was 350 °C at a flow rate of 6
L/min. The skimmer and fragmentor were set to 65 V and 175 V, respectively. The
inclusion window width for precursor ions was 4 m/z units. The scan rate was 3 scans/s
in the precursor scan, 2 scans/s in the product ion scan, and there were 4 precursors
selected for fragmentation per cycle. The collision energy was 3.5 V/100 m/z units with a
-4.8 V offset in Biological Replicate Experiment 1, 3.7 V/100 m/z units with no offset in
Biological Replicate Experiments 2 and 3, and 3.9 V/100 m/z units with a 2.9 V offset in

Biological Replicate Experiment 4 and Purified Protein Experiment 5.
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Multiple technical replicate LC-MS/MS analysis runs were performed for each set
of samples. In Biological Replicate Experiments 1 and 2, the methionine-containing
peptide enriched samples from the SPROX analyses with ligands and without were
subjected to three DDA technical replicate LC-MS/MS analysis runs, while the non-
enriched samples, including the non-enriched isoelectric focusing samples, were only
submitted to one DDA LC-MS/MS analysis run. In Biological Replicate Experiment 3,
the methionine-containing peptide enriched samples and the non-enriched samples
were subjected to three DDA technical replicate LC-MS/MS analysis runs, while
enriched isoelectric focusing samples were only submitted to one DDA LC-MS/MS
analysis run. In Biological Replicate Experiment 4, the non-enriched samples were
subjected to three DDA technical replicate LC-MS/MS analysis runs and five
targeted/preferred technical replicate LC-MS/MS analysis runs. The methionine-
containing peptide enriched samples were subjected to three targeted/preferred
technical replicate LC-MS/MS analysis runs. The targeted/preferred list was comprised
of the peptide potential target list acquired from the previous three biological replicate
experiments. In the Purified Protein Experiment 5, the methionine-containing peptide
enriched and non-enriched samples were submitted to three DDA technical replicate

LC-MS/MS analysis runs.
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5.2.9 iTRAQ® Data Analysis

Peptides were identified using Agilent’'s Spectrum Mill MS Proteomics
Workbench software, Rev. B.04.00.122. Search parameters included alkylation of
cysteines with MMTS as a fixed modification, both the N-terminus and lysine residues
labeled with iTRAQ® 8-plex reagent as a fixed modification, deamidation of asparagines
as a variable modification, and oxidation of methionine as a variable modification. The
precursor and product ion mass tolerance were set to 20 ppm and 50 ppm, respectively,
the protein cleavage chemistry was set for trypsin with maximum 3 missed cleavages,
and the maximum ambiguous precursor charge was set to 7. The peptide fragment
products and peptide precursor masses were searched against the SwissProt database
for S. cerevisiae. Searches performed on the methionine-containing peptide enriched
samples were searched only against a database of tryptic Met peptides. Spectrum Mill
was also used to extract the iTRAQ® 8-plex reagent intensities for each of the identified
peptides.

An Excel® export of the peptide identifications included the minimum of the
filename, identification score, charge state, peptide sequence, modifications, iTRAQ® 8-
Plex intensities, isolation purity, retention time, protein accession number, and protein
name. The iTRAQ® intensities were normalized in the same manner as described in
Strickland et al.[82]. Briefly, the iTRAQ® tag intensities for an individual peptide were

summed, averaged and then normalized by dividing the individual intensity by the
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average. The sum was used to filter out low quality quantitative data, using a cut-off of
>1000. Peptides were sorted into non-methionine containing and methionine containing
peptides. The non-methionine containing peptides were used to calculate normalization
factors to adjust for labeling efficiency differences in each sample. This was
accomplished by averaging the all intensities for a single tag. The methionine
containing peptides were submitted to a second normalization by dividing the tag by
the appropriate normalization factor calculated from the non-methionine containing
peptides.

The methionine peptides along with their second normalized intensities were
averaged for peptides with multiple identifications and matched between the control
and ligand samples using an in-house AWK-based program, RunCompare. After
peptides were matched, the intensity frequency for the high and low denaturant
concentration for the un-oxidized methionine containing peptides were plotted to
demonstrate that the oxidation reaction was successful and to establish the pre- and
post- transition baselines and the transition cut-off to construct a theoretical data set (See
Figure 14). To reduce the number of peptides to inspect for binding a filtering step was
applied. This involved plotting the distribution of differences between the same
denaturant concentrations for all the concentrations. A distribution that approximated a
normal distribution and centered near 0 was observed. This distribution was expected

as the null hypothesis is that there is no ligand binding and therefore the data for a given
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peptide in the presence and absence of ligand would be the same. A 60-75% confidence
interval cut-off was established, typically around a difference of + 0.3-0.4. Any peptide
with two consecutive tag differences outside this cut-off was filtered as a potential “hit.”
All potential “hits” were then visually inspected to determine the mid-point of the data
in the presence and absence of ligand. Then any peptide that did indicate a shift in the
mid-point > 0.5 M [GdmCl] was designated a “hit.”

Peptide quantitation for Biological Replicate Experiments 1-3 were combined and
averaged together. Biological Replicate Experiment 4 and Purified Protein Experiment 5
were used for validation. In particular, Biological Replicate Experiment 4 provided
biological replicate data to compare the previous “hits” to determine if there were any
reproducible “hits.” Purified Protein Experiment 5 was a purified protein analysis of

select protein “hits” to validate and determine if the “hit” was a direct target or not.

5.3 Results and Discussion

The overall proteomic results from the original three biological replicate
experiments can be seen in Table 10. There were approximately 5,600-6,000 peptides
from about 2,300 proteins identified in the control and tamoxifen samples and 3,600
peptides from 1,600 proteins were identified in the 4-hydroxy tamoxifen sample. Of
those peptides, about 3,200 mapping to 1,700 proteins in the control and tamoxifen
samples, and about 1,600 mapping to 1,000 proteins in the 4-hydroxy tamoxifen sample

were methionine containing. Ultimately, 311 peptides from 155 proteins were assayed
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for binding to 4-hydroxy tamoxifen and 497 peptides from 246 proteins were assayed for
binding to tamoxifen. This led to the identification of 33 and 75 peptide “hits” from 30
and 66 proteins in the 4-hydroxy tamoxifen and tamoxifen samples, respectively.
Fifteen of the “hit” proteins were identified as “hits” in both 4-hydroxy tamoxifen and
tamoxifen.

The increase in peptide and protein identifications in the control and tamoxifen
samples compared to 4-hydroxy tamoxifen is due to the third experiment where only
tamoxifen was assayed. In the third experiment there was also isoelectric focusing
performed on the methionine enriched samples which is the reason for approximately
60% increase in methionine peptides assayed.

Table 10: Summary of Proteomic Results for the Tamoxifen Experiment

Total Peptide Methzo.nme Methlo.nme Potential Hits
. Peptide Peptide .
Sample (Protein) . . Peptide
Identifications (Protein) (Protein) (Protein)
Identifications Assayed
Control 5649 (2317) 3290 (1709) N/A N/A
4-Hydroxy
Tamoxifen 3611 (1655) 1673 (1026) 361 (224) 33 (30)
Tamoxifen 6067 (2397) 3271 (1712) 671 (361) 75 (66)

A list of all the peptide and protein “hits” can be seen in Table 11. It is important
to note that based on the Control Experiment described in Chapter 3, the expected false
positive rate is ~3-10% and the percent of “hit” identifications in the 4-hydroxy

tamoxifen and tamoxifen experiments is ~9% and ~11%, respectively. This would
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indicate that there is a high probability that a majority, if not all of the hits are likely

false positives.
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Table 11: Summary of Peptide and Protein “Hits” for 4-Hydroxy Tamoxifen
and Tamoxifen

Hit Protein 4-Hydroxy

T .
Peptide Tamoxifen amoxifen

40S-ribesemal pretein-S14-A
ABPRBESSEYAAMEAAODVAAK X
40S ribosomal protein S15
NMIIVPEm(ox)IGSVVGIYNGK X X
*40S ribosomal protein S1-A
NLLTNFHGMDFTTDK X
*40S ribosomal protein S6
1SGGNDKOQGEPMK X X
4-nitropenylphosphatase
LMGYESLGGADSR X
SLEVVGVDNVSSQOMHEVR X
60S ribosomal protein L36-A
AKVEEMNNHAASR X
*60S ribosomal protein L9-A
SLVDNMITGVTK X
*6-phosphogluconate dehydrogenase,
decarboxylating 1
YGPSLMPGGSEEAWPHIK X
ABC transporter NFT1
MEGSVKFSAYK X
Actin

ATP-dependent RNA helicase elF4A
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VVYKFDDMELDENLLR
D-arabinose dehydrogenase [NAD(P)+]
heavy chain
TMYAADGDYLETYK
Dihydroorotate dehydrogenase
ELKDIMEAK
Dihydrexyacetone kinase 1
OMEEGMGHINEPGVK
Elongation factor 2
MMDPREWGDSEENPK
*Elongation factor 3A
MPELIPVESETMWDTK
Enolase 1
SIVPSGASTGVHEALEm(ox)R
SIVPSGASTGVHEALEMR
Eukaryotic initiation factor 4F subunit p150
IVIPPGm(ox)GRGNRSRDSGR
Eukaryotic peptide chain release factor
GTP-binding subunit
HINAPFMLPIAAK

Eattvacid 1 bunit alol
YASPNLNMK
Fatty acid synthase subunit beta
MIPGAKPLQVGDVVSTTAVIESVVNQPTGK
EK506-bindi 1 .
PFMAAENPEAIDEENKPSTER
Flavohemoprotein
NIDDLSVLMDHVK
NMLTEHTELENIENR
*Fructose-bisphosphate aldolase
DPYIMSPVENPEGPEKPNK
KDYIMSPVGNPEGPEKPNKK
Fumarate reductase

GRGVOEEMAK
GVOQEEMAK

Glucose-6-phosphate isomerase
ANKPm(ox)YVDGVNVAPEVDSVLK
HMKEFSEQVR

KITDVVNIGIGGSDLGPVMVTEALK
Glutaredoxin-1

X X X
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VLVLQLNDMK

Gyleeraldehyde-3-phosphate
dehydrogenase 1

VINDAFGHEGEm{ox)TFVHSMTATOK
Glyceraldehyde-3-phosphate

dehydrogenase 2
VVITAPSSTAPm(ox)FVMGVNEEK

Guanine nucleotide-binding protein
bunitbeta il o
VWOVMTAN
Heat shock protein homolog SSE1

LQGMLNK
Heat shock protein SSA1
ELQDIANPIMSK

Heat shock protein SSA2
ELOEVANPIMSK
Helicase SEN1

YNQSLFVRMEK
Hexokinase-1
KGSMADVPK

LKQPYIMDTSYPAR

Hexokinase-2

ELMQQIENFEK

Hypoxanthine-guanine phosphoribosyl
transferase
KADLPAEMLNDK
KADLPAEMLNDKNR
MAIEQGNDIFIPEQEHKQ
Eeueyl-tRNA-synthetase,eytoplasmie
STFENEMHAEQIVEK
Lysyl-tRNA synthetase, cytoplasmic
INMIEELEK
Maintenance of telomere capping protein 4
MPWEFVDINEK
*Malate dehydrogenase, mitochondrial
AKNGAGSATLSMAHAGAK
KPGMTRDDLFAINASIVR
Mannose-6-phosphate isomerase
VMNASDDKIK
MAP-homologous protein 1

<
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ADNSEHYNKMVENFMAK
Nascent polypeptide-associated complex
subunit alpha
LAAAQQQAQASGIMPSNEDVATK
Nuclear localization sequence-binding
protein
GFGYVQFSNMEDAKK
Peroxisomal-coenzyme A synthetase
IDEAVAFGVPDDMYGQVVQAAIVLKK
Phosphoglucomutase YMR278W
LTWNVLRREWFRPDEMNIVTK
Phosphemannemutase
TMVGGNDYEIFVDER
Phosphoribosylaminoimidazole-
succinocarboxamide synthase
MPQDIVDR
Phosphoserine aminotransferase
MNVVFTLK
Plasma membrane ATPase 1
SVEDFm(ox)AAMQR
Polyamine N-acetyltransferase
WHDMER
IPHEYITIESMGK
Protein APA1
HMVEYNSGPASGSSEDHK
Protein BMH1
FAEQAERYEEm{ex)VENMIK

Protein disulfider
FAEARNVOQEMIKC
Protein MSS2, mitochondrial
LYm(ox)SSEPMK
*Protein SIS1
VQPVQPSQTSTYPGQGMPTPK
Pyruvate decarboxylase isozyme 1
EEQTPIDMSEKPNDAESEK
NIVEFHSDHm(ox)K
Ribonuclease MRP protein subunit RMP1
NQHRAASWYGSFNEMKR
Ribosome biogenesis protein SSF2
DFRQIMQPHTAVKLK

113



Ril bi - -+ TSR1
PAIVRYMEERPEDVEWEK

S-adenosylmethionine synthetase 1
DMLDENTKYFIQPSGR
Structural maintenance of chromosomes
protein 1
SNMm(ox)DAISFVLGVRSNHLRSNILK
Superoxide dismutase [Cu-Zn]
HVGDMGNVKTDENGVAK
Threonyl-tRNA synthetase, cytoplasmic
GYEEVITPNMYNSK
Uncharacterized GTP-binding protein OLA1
LSHMSPEDAEEELKK
Uncharacterized protein YGR068W-A
EYSMLPLCSPSIVSHTSGGSIVLK
Uncharacterized protein YGR266W
DDNIWFYRYEIKLPMSNYEQMVK
Uncharacterized protein YIL092W
QNEPGMRLFLVm(ox)DEEK
Uncharacterized protein YLR179C
LGNPm(ox)PMEATQAAPTIK
Uncharacterized protein YOR296W
SFDDQNMKQVYTLR

Unel ized iotional 1

Vacuolar import & degradation protein 27
Im(ox)FHKTWDK
V-type proton ATPase subunit B
IPVSEDMLGR
Zuotin
FADEYAAMGESK
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Biological Replicate Experiment 4 and Purified Protein Experiment 5 were
specifically for identifying and eliminating the false positives or conversely identifying
any real “hits.” In Biological Replicate Experiment 4, targeted LC-MS/MS analysis was
employed to collect more data specifically on these “hit” peptides. This was successful
in identifying 24 and 6 peptides from the initial “hit” list as false positives in the
tamoxifen and 4-hydroxy tamoxifen sets, respectively. Peptides that are determined to
be a false positive for one drug has a strikethrough; if the peptide is determined to be a
false positive for both drugs it will have a double strikethrough. Any protein that has all
peptides validated as false positives and for both drugs, as applicable, the protein is a
false positive and will have a strikethrough. The remaining peptide/protein “hits” were
either not identified, quantitation data was poor quality and could not be interpreted, or
there was not enough data to eliminate or confirm the peptide as a “hit.”

Purified Protein Experiment 5 involved the purification of 10 of the “hit”
proteins, marked with an asterisk in the table above, that were assayed for direct
binding to 4-hydroxy tamoxifen and tamoxifen. Of the 10 proteins, only 2 provided
high quality data to analyze from the same “hit” peptides, SIS1, a type II Hsp40 protein,
and 6-phosphogluconate dehydrogenase. = The purified protein data from 6-
phosphogluconate dehydrogenase indicates that the interaction with tamoxifen is either
an indirect interaction mediated through protein-protein interactions, or it is possible

that it could be a false positive; however more data would need to be collected to decide
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either case. The original peptide data along with the purified protein data is shown in

Figure 21 a and b, respectively.

A. YGPSLMPGGSEEAWPHIK: 6-phosphogluconate
dehydrogenase, decarboxylating
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Figure 21: 6-phosphogluconate dehydrogenase data a) Original peptide hit
data, the control data is in blue and the tamoxifen data is in purple; the mid-points are
0.8 M and 1.5 M, respectively, marked with the arrows b) Purified peptide data, the
control data is in the dark blue, tamoxifen is in the purple, and 4-hydroxy tamoxifen
is in light blue; the mid-points are 1.2 M, 0.8 M, and 1.2 M, respectively, marked with
the arrows. The dashed line is the transition cut-off and the asterisks mark outliers.
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The other purified protein that provided high quality data was SIS1, type II
Hsp40. Original data from this protein indicated that it was stabilized in the presence of
tamoxifen. The additional data from the purified protein analysis also indicated it was
stabilized in the presence of tamoxifen and 4-hydroxy tamoxifen with similar mid-points
and a similar magnitude of the shift. Since the purified protein is also stabilized this
indicates that the interaction SIS1 has with tamoxifen is a direct interaction. The original
and purified protein control and drug data can be seen in Figure 22 a, b and ¢,

respectively.
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Figure 22: Protein SIS1 data a) Original peptide hit data, the control data is in dark
blue and the tamoxifen data is in purple; the mid-points are 0.8 M and 1.8 M,
respectively, marked with the arrows b) Purified peptide data, the control data is in
the dark blue as an un-oxidized peptide and the mid-point is 0.3 M as marked by the
arrow c) Purified peptide data, tamoxifen is in the purple, and 4-hydroxy tamoxifen is
in the light blue as an oxidized peptide the mid-points are 1.5 M and 1.5 M,
respectively, marked with the arrows. The dashed line is the transition cut-off and
the asterisks mark outliers.

5.4 Conclusions

In this experiment, 671 peptides from 361 proteins and 361 peptides from 224
proteins were assayed for binding interactions to tamoxifen and 4-hydroxy tamoxifen,
respectively. There has also been progress towards validating the exhaustive list of 75
and 33 peptide “hits” for tamoxifen and 4-hydroxy tamoxifen, respectively. Initially,
validation was from collecting additional data from a biological replicate and targeted
LC-MS/MS and this was successful in identifying 24 false positives in tamoxifen and 6
false positives in 4-hydroxy tamoxifen. Another strategy to validate was to purify
proteins and perform the SPROX experiment as outlined in Figure 3. The purified
protein analysis would only be able to validate “hits” as direct targets or not and would
not be able to eliminate any “hit” entirely as a false positive. While only 2 peptides were
assessed in the purified protein analysis, one did show evidence that the protein is a
direct target of tamoxifen and 4-hydroxy tamoxifen, SIS1.

As “hits” are validated and identified as possible targets, it is important to
understand the biological significance of these targets. While there is not much

literature research on tamoxifen effects in yeast beyond what has already been
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mentioned, there is extensive research of tamoxifen and breast cancer and due to the
homology between yeast and humans this provides a starting place to understanding
the drug mode-of-action. Protein SIS1 is a type II Hsp40 that acts as a co-chaperone
along with Hsp70 and Hsp90 [122]. The members of the heat shock protein family
complex with the estrogen receptor and then upon hormone binding dissociate [122]. It
has also been shown that in certain types of breast cancer the expression level of Hsp40
is altered, in 50% of cases it is under-expressed and in 36% of cases it is over-expressed
[122]. It is also worth noting that in a study by Hodges et al. that tamoxifen repressed
the expression level of DnaJB1 (the human homolog gene for yeast SIS1) in MCF7 cells
[123]. In the SPROX experiment it appears evident that there is also a physical
interaction between tamoxifen and the SIS1 protein. It is also important to note that a
small subset of the “hits” from the SPROX experiment also show up in other expression
level studies, which is outlined in Appendix B.

Other validation strategies are under way to validate the remaining hits on the
list which include a Pulse Proteolysis, an energetics strategy [48] and PrSUIT, a SPROX-

like experiment with oxygen isotopes [124].
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6. Conclusions and Future Directions

Improvements were made to the SPROX protocol that increased peptide and
protein coverage. The methionine enrichment strategy and the isoelectric focusing pre-
fractionation allowed for ~2-3-fold improvement of peptide and protein coverage, each.
Combined they provided a scalable improvement of ~6-fold peptide and protein
coverage over the original protocol without either fractionation strategy. Using different
mass spectrometer instrumentation showed the improvement of peptide and protein
coverage could be as great at ~38-fold. These improvements will go a long way to
improve the SPROX strategy for a global proteome assay. While the aforementioned
strategies focused primarily on the improvement in methionine containing peptide and
protein coverage, another protocol was investigated that was similar to SPROX, except
the probe was tryptophan residues. The protocol has the potential to provide an
additional 50% improvement in peptide and protein coverage as tryptophan is a
complimentary probe to methionine. Moreover, preliminary studies show that the two
modification protocols can be used simultaneously.

Further evaluation of the SPROX protocol involved defining the false positive
rate of the experiment. An experiment was designed specifically to define the false
positive rate and the source(s) of error. In this approach, two Control samples were
submitted in tandem to the same SPROX protocol and sample preparation. Analysis

revealed that the false positive rate of the SPROX experiment is ~3-10%. However, high
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that may be, it was also determined that the greatest source of error came from the
isobaric mass tag quantitation and that the error appears to be random. Therefore, false
positives can be eliminated with the collection of additional data (e.g., technical and
biological replicates).

Finally, the SPROX protocol improvements were applied to two ligand binding
studies. The first ligand binding study involved two small molecules that in preliminary
assays had shown a phenotype in human colon cancer cells of disrupting the (-
catenin/Tcf signaling pathway. SPROX was used to further investigate the protein
targets of the molecules to better understand the mode-of-action and biological
significance of protein signaling pathways in cancer. After successfully assaying
approximately 150 proteins for each drug, one protein appeared to indicate a real
interaction with both of the drugs, a p80 protein/nucelophosim. Due to the
destabilization the interaction is likely through an indirect pathway. Validation will be
needed to confirm that the p80 protein is in fact being affected by the two small
molecules and then additionally the interaction and pathway would need to be further
established. Thus, understanding the protein interactors of this protein could help better
elucidate the biological significance of this protein as a target.

The second protein-ligand interaction study involved the breast cancer drug
tamoxifen. Tamoxifen is known to inhibit yeast cellular growth [95]. Therefore the

proteins in a yeast cell lysate were used to screen for binding interactions with
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tamoxifen. However, due to the homology between humans and yeast, discovering
yeast targets could also provide useful in determining the drug mode-of-action in
humans as well. After assaying 224 and 461 proteins for binding to 4-hydroxy
tamoxifen and tamoxifen, respectively, one hit appears to be a potential target of the two
drugs, protein SISI, a type Il Hsp40. Since the protein stabilization was also observed in
a purified protein mixture, it is likely that the interaction between the tamoxifens and
protein SIS1 is a direct interaction. Protein SIS1 as a heat shock protein it is a protein co-
chaperone that aids in protein folding and is a known interactor with the human
estrogen receptor.

While the methionine enrichment strategy and isoelectric focusing provides
improved peptide and protein coverage, and the tryptophan protocol could further
improve the coverage, the protocol is still assaying a relatively small percentage of the
proteome. As the SPROX platform moves to more biologically relevant systems, such as
humans, the complexity increases and the need to assay a larger portion of the proteome
to understand the drug mode-of-action is greater. Also as the protocol is used in more
“real life” applications investigating drugs with unknown modes-of-action the need to
develop robust validation strategies will becomes even more important. As part of this
work, it was shown that biological and technical replicates are a viable strategy to

eliminate false positives. However, the further validation of “hit” proteins is important.
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Direct binding interactions can be validated with purified protein. To validate
and classify interactions as direct binding events, proteins can be purified and submitted
to the same SPROX protocol in Figure 3. If results are the same and indicate a shift in
stability as in the lysate mixture, it is a direct interaction. If the results do not indicate
the same shift in stability as in a lysate, the interaction is either a false positive or an
indirect interaction that is mediated through a protein network that is not present when
the protein is purified. Depending on the quantitation strategy, more points could be
included as well for more accurate calculations of the Ka.

Indirect binding interactions can be validated with a pull-down strategy. To
validate and classify indirect interactions, the whole proteome must be present, but
performing technical and biological replicates cannot provide the information needed,
such as the other interacting protein(s) involved. One potential strategy for validating
indirect binding interactions is a pull down strategy in the presence and absence of
ligand. The proteins that are pulled down in the two samples are then subjected to
bottom-up proteomics and tandem mass spectrometry analysis for peptide and protein
identification. Differential identification of proteins in the presence and absence of
ligand indicate the other protein(s) that are involved in the mode-of-action. Further
investigation of the pathway will help elucidate the biological significance of the protein

target(s).
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Figure 23: LH-RH Spectra after reaction with NBS. The WT is the wild-type
peak of LH-RH; the Ox is the oxidized and desired modified peak from the NBS
reaction; +1 Br, +2Br, and +3Br are brominated peaks of LH-RH an undesired side

product of the NBS reaction.
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pH Time Course of HNB Reaction
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Figure 24: pH Time Course of HNB Reaction at three different GdmCl
concentrations. The pH varies 1-2.5 pH units.

Table 12: HNB Reaction Rates and AMass

[GdmClI] k (M*s?) AMass
0.25 6.56 98.4
2 34.8 106
4 266 128
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Appendix B

Table 13: MORF Yeast Clones of Purified Proteins

Yeast Strains/Gene Name Protein Name
Type II Hsp40 co-ch hat i ith th
YNLO007C/SIS1 ype sp40 co-c aperone' that interacts with the
Hsp70 protein SSA1
YHR183W/GNDI1 6-phosphogluconate de‘hydrogenase,
decarboxylating
YGL147C/RPLOA Protein component of the }arge (60s) ribosomal
subunit
YBR118W/TEF2 Translational elongation factor EF-1 alpha
YKLO85W/MDH1 Mitochondrial malate dehydrogenase
YJLO55W Putative protein of unknown function
YKLO60C/FBA1 Fructose 1,6-bisphosphate aldolase
YBR181C/RPS6B Protein component of the §mall (40s) ribosomal
subunit
YLR441C/RPS1A Ribosomal protein 10 of the small (40s) subunit
YLR188W/MDL1 Mltochond‘rlal‘ inner membrane half-type ATP-
binding cassette transporter

Table 14: iTRAQ® 8-Plex Sample Labeling Scheme

Experiment | Sample OM 0.56M 097M 1.39M 1.656M 1.97M 2.38M 3.00M

Control 113 114 115 116 117 118 119 121
4-
1 Hydroxy 113 114 115 116 117 118 119 121
Tamoxifen
Tamoxifen 113 114 115 116 117 118 119 121
Control 113 114 115 116 117 118 119 121
4-
2 Hydroxy 113 114 115 116 117 118 119 121
Tamoxifen
Tamoxifen 113 114 115 116 117 118 119 121
Control 113 113 115 115 117 117 119 119
Tamoxifen 114 114 116 116 118 118 121 121
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Table 15: Proteins of Interest Identified in Expression Level Analyses

Protein Reference
FK506-binding protein 4 [125, 126]
Eukaryotic translation [126]
initiation factor 2 subunit 1
Proteasome subunit alpha [126]
type 6
FK506-binding protein 5 [123]
Adenylate kinase 1 [123]
Dna] homolog, subfamily B, [123]
number 1
Glucose regulated protein,
58 kDa [123]
Alpha-enolase ENO1 [127]
Glucose-6-phosphate 1- [127]
dehydrogenase, G6PD
14-3-3 protein epsilon
YWHAE [127]
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