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Abstract

Data-independent mass spectrometry strategies for the identification of atR A-mediated protein
signatures of differential cellular response

John D Chapman
Chair of the Supervisory Committee:
Professor David R. Goodlett
Department of Medicinal Chemistry
Mass spectrometry is a powerful proteomics tool. Advancements in instrumentation and
data acquisition techniques allow researchers to identify and quantify thousands of proteins from
cellular samples in a high throughput fashion. Here, I examine the field of data-independent
acquisition strategies. More specifically, I illustrate the development of a novel CSI PAcIFIC
approach to reduce the total sample analysis time from 4.2 days to 12 hours without deleteriously
affecting the quality and quantity of protein identifications. This CSI PAcIFIC method is then
used to expand the understanding of the divergent cellular response of MCF-7 and HepG2 cells
when treated with all-trans retinoic acid.
In this dissertation, I also propose a new technique for identifying poly-ADP-ribosylation
via CID mass spectrometry. Enzymatic simplification of the heterogeneous post-translational

modification proves valuable for the efficient identification of covalently modified amino acids.
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Chapter 1

A REVIEW OF MASS SPECTROMETRY BASED PROTEOMICS TOOLS AVAILABLE TO
STUDY RETINOID-MEDIATED ALTERATIONS IN CELLULAR FUNCTION WITH A
FOCUS ON ONCOLOGICAL APPLICATION

1.1 Retinoids and their use in clinical applications

Retinoids are a family of structural analogs of vitamin A important in mediating
transcriptionally activated cellular responses.” Here, I will introduce naturally present retinoids
and routes of dietary consumption, absorption, and cellular trafficking before I further define
retinoids, structural analogs and their role in oncology as antineoplastic agents. Vitamin A, also
known as retinol, is consumed via numerous dietary sources;’ and post-consumption, several
metabolites are enzymatically synthesized that are necessary in a diverse array of biological
processes including differentiation of epithelial tissues, embryonic development, growth,
immune response, reproduction, and vision.” * Vitamin A is a naturally occurring compound that
is sourced in the diet from two families of structurally related compounds: carotenes and
retinoids.” Compounds within the family of carotenes are found in vegetables and fruits such as
carrots, spinach, and cantaloupe melon as well as animal sources including eggs and milk. In the
brush border of the small intestine, one pathway for retinoid absorption involves the carotene
dioxygenase catalyzed break down of carotenes to retinal, the aldehyde analog of retinol. Retinal
is further reduced to retinol by retinaldehyde reductase. Subsequently, retinol is esterified with
palimitic acid to form retinyl palmitate, which is readily incorporated into chylomicrons that are
transported through the blood to the liver.’ Alternatively, vitamin A is ingested from animal
sources in the form of retinol and retinyl esters, a common storage form of vitamin A in the liver

of animals. For example, liver cod oil contains an extremely high dose of vitamin A in the form



of retinyl ester. Consumed retinyl esters are de-esterified in the small intestine and join the
pathway of absorption into the blood stream by re-esterification to retinyl palmitate. Upon
delivery by chylomicrons, the retinyl esters are stored in hepatic stellate cells. As needed, retinyl
esters are de-esterified to retinol, which binds to apo-retinol binding protein (apo-RBP). The
ligand bound retinol binding protein (halo-RBP) is the primary form of circulating vitamin A.%

Cellular delivery of vitamin A occurs when halo-RBP interacts with the transmembrane
protein, stimulated by retinoic acid gene 6 protein (STRA6), which facilitates transport of retinol
across the cell membrane. On the cytoplasmic membrane interface, STRAG6 releases retinol to
cellular retinol binding protein (CRBP), which further facilitates the deliver to enzymes
responsible for the conversion of retinol to retinoic acid.’ Retinol is oxidized by alcohol
dehydrogenases (ADH) and retinol dehydrogenases (RDH) to retinal. Further oxidation to the
acid form of vitamin A, retinoic acid, occurs enzymatically via retinaldehyde dehydrogenase
(RALDH).”"! Upon formation of retinoic acid, cellular retinoic acid binding protein 2 (CRABP-
1)’ or fatty acid binding protein 5 (FABP5)"? will transport retinoic acid to the nucleus and
deliver the compound to specific nuclear transcription factors (discussed in more detail in the
following section). Alternatively, retinoic acid can be metabolized by a family of cytochrome
P450 enzymes including CYP26A1, CYP26B1, and CYP26C1 to form polar metabolites
including 4-hydroxy-retinoic acid and 4-oxo-retinoic acid.’* These polar metabolites are then
excreted from the cell via conjugation elimination.””

Vitamin A has long been known for its role in healing. For more than 3500 years it has
been used as a factor that can cure deficiency diseases.’® More recently, the ability of retinoids to
influence the cell cycle, differentiation and apoptosis in a cell-type dependent manner has led to

the prescribed use of retinoids as human chemotherapeutic agents.’” Pharmaceutically, retinoid



compounds can be categorized into three generations of analogs (Figure 1).”* First generation
compounds constitute naturally occurring compositions comprising three currently used in
medical applications: all-trans retinoic acid (tretinoin), 9-cis retinoic acid (alitretinoin) and 13-
cis retinoic acid (isotretinoin). The high activity of retinoids in keratinocytes has led to their
prescribed use in the treatment of skin health issues such as acne vulgaris, cystic acne, keratosis
pilaris and psoriasis.”’ Additionally, all-trans retinoic acid and 13-cis retinoic acid are also used
in chemotherapeutic regiments. More specifically, atRA has demonstrated efficacy in the therapy
of acute promyelocytic leukemia,”’ and 13-cis retinoic acid is used in the treatment of
neuroblastoma.”’ Second generation retinoids include two aromatic retinoids: etretinate, and the
acid metabolite, acitretin. Both second generation compounds are not used for antineoplastic
effects, but alternatively have proven effective in the treatment of severe psoriasis.”” Third
generation retinoid compounds are tazarotene, adapalene, and bexarotene. Of the third generation
compounds, only bexarotene displays antineoplastic qualities. As illustrated in Figure 1,
bexarotene shows high structural similarity to 9-cis retinoic acid, and its selectivity as an retinoic
X receptor (RXR) agonist has proven beneficial in the treatment of cutaneous T cell
lymphoma.” Additional off-label uses of bexarotene include lung and breast cancer. The
following embodied work will focus on the use of all-frans retinoic acid, as it is the most potent
agonist of the retinoic acid receptor (RAR) in the retinoid family. Documented oncology cases of
the application of atRA include the treatment of acute promyelocytic leukemia,”” ** peripheral T-
cell lymphoma,” neuroblastoma,’® and hormone-refractory prostate cancer.””  Despite wide
spread use, the exact molecular mechanism, and more specifically, the global alterations in

protein pathways and activity that lead to the phenotypic effects of atRA are poorly understood.
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Figure 1. Family of retinoid compounds including a representative carotene, -carotene, and the

three pharmaceutically relevant generations of retinoid analogs.



1.2 Pleiotropic cellular response of all-frans retinoic acid

The challenges associated with understanding atRA-mediated changes in protein
expression are a result of the pleiotropic effects of the compound. It is well established that atRA
mediates gene expression and the resulting inhibition of cellular growth through interactions with
ligand-activated transcription factors. The most prominently affected transcription factors are the
family of retinoic acid receptors: -alpha,”® —beta,” and -gamma’’ (RAR-0, RAR-B, RAR-y).
RAR forms a heterodimer with retinoid X receptor (RXR)’’ when the two transcription factors
are bound to specific sequences of DNA defined as retinoic acid receptor elements (RARE).*
RARE:s are characterized by direct repeats (DR) of two hexanucleotides with a defined base pair
gap between the protein binding of RAR and RXR. The RAR/RXR heterodimer will bind to
sequences with 2 (DR2) and 5 (DRY) base pair gaps. When atRA binds to RAR, the protein
undergoes conformational changes that weaken protein-protein interactions and allow for
dissociation of transcription complex corepressors. Subsequently, coactivators can bind to the
atRA activated RAR/RXR heterodimer and activate downstream gene expression. Transportation
of atRA to the nucleus via binding proteins is vital in the process of atRA-mediated gene
expression. For example, cellular retinoic acid-binding protein 2 (CRABP-II), plays a role in the
process of atRA-mediated gene expression and a subsequent decrease in proliferation as
CRABP-II delivers atRA directly to RAR.’? At chemotherapeutically active doses, atRA will
activate a series of protein pathways involved in apoptosis through de novo protein expression.
For example, in the breast carcinoma cell line, MCF-7, atRA has been shown to induce
expression of intrinsic apoptosis pathway factors such as initiator caspase-9 and executioner

caspase-7. These proteins subsequently activate secondary protein pathways resulting in



impaired mitochondrial function and release of pro-apoptotic mitochondrial factors including
cytochrome C.”

Paradoxically, it has been observed that atRA can also promote cell growth and
proliferation in a tissue-specific manner, as documented in keratinocytes.”® In recent years, the
peroxisome proliferator-activated receptor beta/delta (PPAR-B/6) has been shown to interact with
and be activated by atRA; thereby providing an alternate pathway by which the pleotropic effects
of atRA can be more fully defined. Much like the RAR/RXR heterodimer, PPAR-B/5 forms a
heterodimer with RXR. Retinoic acid binds to PPAR-B/3 to promote the expression of a subset of
genes that differs from RAR-mediated gene expression.” Whereas the RAR/RXR heterodimer
binds to DR2 and DR5 RARE sequences, PPAR-B/d promotes the expression of a unique
proteome by preferential interaction with a pair of hexanucleotides separated by a 1 (DR1) base
pair gap.’® Additionally, delivery of atRA, and thus activation of the PPAR-B/5/RXR
heterodimer, is accomplished by a unique transport protein, fatty acid-binding protein 5 (FABPS).
This alternative route of atRA-mediated gene expression activates a multitude of compounding
anti-apoptotic and pro-survival signal pathways.”’ Categorically, PPAR-B/5-mediated gene
expression leads to changes in fatty acid transportation, fatty acid oxidation, adipocyte

differentiation, adaptive thermogenesis, ubiquitination, and cell survival.”””

More specifically,
atRA-activated PPAR-B/6/RXR increases transcription of a family of phosphatidylinositol 3-
kinases (PI3K), which subsequently activate the serine/threonine-specific protein kinase, Protein
Kinase B (PKB or Akt). In turn, activated Akt: 1) impedes apoptotic pathways by inhibiting
proteins such as Bcl-2-associated death promoter (BAD); 2) activates cell proliferation

mechanisms including mammalian target of rapamycin (mTOR); and 3) induces the means for

increased protein synthesis necessary for cell signaling and growth.”” */



The diverse range of cellular response attributed to atRA has long been of concern to the
research and clinical community. Increasing interest in using atRA as a chemotherapeutic for its
potential to promote differentiation, cell cycle arrest and apoptosis requires that the scientific
community also understands the diverging consequence of atRA as an activator of cell
proliferation”. Recently, Schug et al. demonstrated that the balance of CRABP-II and FABP5
are vital to the fate of the cell as they control transport of atRA to their respective nuclear
transcription factors. Basal levels of CRABP-II and FABPS are critical in partitioning atRA
between RAR and PPAR-B/6 and activating the respective pro- and anti-apoptotic cellular
responses. CRABP-II and RAR interact with atRA with high affinity, in the range of 0.1-0.2 nM.
Both FABPS and PPAR-B/3 associate with atRA at an affinity of 10-50 nM. Reasonably, it has
been noted that activation of PPAR-B/d will only be displayed in cells that have a high basal
FABPS/CRABP-II ratio due to the noted differences in atRA affinity. For example, in
keratinocytes, levels of FABP5 are much greater than CRABP-II and therefore cell proliferation
and growth are the dominantly activated cellular mechanisms.” To more fully understand the
complex cell signaling cascades generated by RAR and PPAR-B/6, there is need to further
characterize the transcribed protein alterations that occur following atRA treatment. Discovering
secondary protein activity that contributes to the delicate balance of pro- and anti-apoptotic
activation will generate a more thorough comprehension of the tissue-specific responses to atRA

and the utility of this compound in the therapy of cancer, skin care, and obesity.



1.3 Applied proteomics approaches

Mass spectrometry (MS) is an increasingly powerful tool in proteomics and is available
to be an essential technique employed in understanding the global effects on the proteome
mediated by atRA.” Unfortunately, the widespread adoption of new MS technologies and
methodologies often lags far behind development. Much of the current literature elucidating
atRA-induced differences in proteome profiles is founded on techniques that resolve proteins
using two-dimensional gel electrophoresis (2-DE).”* ** 2-DE is capable of simultaneously
resolving thousands of proteins.” But, the fundamentals of the technique impose several
limitations that negatively impact the ability of researchers to observe the global alterations of
the proteome necessary in understanding the complete molecular mechanism of atRA.?” In
addition to the caveats pertaining to gel spot excision, efficiency of protein digestion, peptide
extraction and MS characterization, it has been well characterized that both highly acidic and
basic proteins as well as large molecular weight proteins are vastly underrepresented in 2-DE.*
While improvements such as two-dimensional difference gel electrophoresis (2D-DIGE) have
improved the quantification, reproducibility, resolution and sensitivity of 2-DE,” the loss of
previously mentioned protein groups still confines the scope and application for which this
method is suitable. To expand the current understanding of atRA-mediated changes in protein
expression and protein activity we must turn to mass spectrometry-based shotgun proteomics. As
a highly refined technique, it is possible to confidently categorize a cellular proteome in a rapid,
reproducible and quantitative manner.” In the following sections I will discuss advances in
proteomics acquisition techniques and means of protein quantification as available tools to

characterize atRA-mediated proteome alterations.



1.4 Mass spectrometry acquisition techniques

Following the genomic revolution, proteomics, the study of the protein complement of a
biological system, has gained a stronghold in modern life sciences. This happened in spite of the
intricate nature of proteomes, which makes their analysis far less efficient than genomics. The
complexity of proteomic studies centers on the extremely dynamic nature of protein expression
and degradation. Nevertheless, the knowledge of the proteins present in a given biological state
is vital for our understanding of cellular functions at the molecular level. The means by which
we generate detailed lists of proteins and their relative abundance levels with respect to
environmental or patho-physiological conditions are therefore critical in solving challenging

51, 52 . . . .
*°* To derive such information, experimental approaches

questions in biology and medicine.
termed “shotgun proteomics” have been developed, in which liquid chromatography (LC) and
mass spectrometry are used in combination to analyze highly complex peptides mixtures
obtained by proteolytic digestion of protein extracts from biological or clinical samples.” An
essential aspect of this analysis is the ability to individually sequence ideally all tryptic peptides
present in such highly complex mixture, with the best analytical throughput possible.

To overcome this challenge, MS instrumentation has demonstrated remarkable
improvements in data acquisition rates with a concurrent increase in sensitivity over the past

53, 54

decade. In parallel, advances in chromatography have yielded ever greater peak capacity,

55, 56

providing enhanced proteome coverage by further lowering detection limits. Yet, despite

57,58
’s,”” °° modern

how far the field has evolved since the beginning of proteomics in the early 1990
technologies still fall short of the goal of defining a whole proteome in a single analysis.

Michalski et al. have thus recently demonstrated what most researchers in the area had observed

or surmised, i.e. that the number of peptides sequenced during a liquid chromatography-tandem



mass spectrometric (LC-MS/MS) analysis is dwarfed by the total number of detected species in
the associated precursor ion trace.”” Hence, in spite of continuing advances, mass spectrometers
still appear challenged to individually derive sequence information for each peptide observed in
the MS trace during an LC separation, prompting the quest for ever more evolved technologies to
do so. The major challenges of such a quest lie in the large dynamic range of protein expression,
the complexity of the sample mixture in terms of numbers of proteins, their relative
stoichiometry, and the lack of methods to amplify proteins in a manner analogous to the
polymerase chain reaction for DNA. As a consequence, for a particular peptide to be sequenced,
the corresponding protein must be present in sufficient quantity following multiple steps of
sample processing to yield an exploitable signal.

It is generally accepted that the dynamic range problem may be solved by sample
fractionation and/or enrichment. Therefore, most laboratories engage in various strategies to
separate proteins and/or peptides prior to mass spectrometric analysis using traditional methods
from protein chemistry, such as anion or cation exchange, one- or two-dimensional
polyacrylamide gel electrophoresis, isoelectric focusing and affinity capture or depletion.”’
Ideally, when coupled with each other and the reversed phase LC-MS/MS analysis most
commonly used in shotgun proteomics, these methods should provide orthogonal separation in
order to achieve the best peak capacity and ensure that each fraction is as unique as possible. In
order to make the most of fractionation, LC-MS/MS acquisition methods should provide
efficient sampling to thoroughly characterize all the peptides in each fraction at every moment in
chromatographic time. In practice, however, none of the separation techniques at hand provides
samples of sufficient simplicity to allow the currently available mass spectrometers to achieve

this goal of complete characterization. Additionally, each separation or enrichment step produces
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multiple fractions each of which must be characterized, which reduces the analytical throughput,
and also introduces experimental variability that renders quantitative proteomics more difficult
and challenging.”’

One of the most important advances that empowered shotgun proteomics was the advent
of automated data acquisition routines. While manufacturers tend to have their own trade name
for these computer methods that control the mass spectrometer, I will refer generically to these as
data-dependent acquisition (DDA). With DDA methods, the most abundant ionized species from
each precursor ion scan are selected for subsequent isolation, activation and tandem mass
analysis.”” In addition, in an effort to limit redundancy, a companion method referred to as
"dynamic exclusion" (DE) attempts to prevent reselection of the same precursor ion over and
over again in successive dissociation events. This allows, in theory, the maximum number of
unique ions to be selected by the DDA methods.” These processes have greatly increased
proteome coverage and extended the dynamic range of detection for shotgun proteomics by
maximizing the number of selected precursor ions most likely to lead to peptide identification,
which are generally thought to be those of highest relative abundance.” However, as alluded to
earlier, this combination of DE and DDA methods has generally failed to provide full coverage
of peptides in a complex mixture. The deficit of these otherwise remarkable methods has been
described in numerous studies showing the non-reproducible nature of peptides detected in
replicate analyses of the same sample.* *

DDA methods have two principal inherent limitations: (1) precursor ion selection is
strategically designed to pick ions in order of decreasing relative abundance while requiring an
abundance threshold minimum for ion selection, and therefore DDA methods only sample a

restricted dynamic range of the proteome; and (2) the serial nature of DDA, and use of DE,

11



makes it improbable that a tandem mass spectrum for a precursor ion will be acquired at the apex
of its chromatographic elution profile, which adversely affects the data quality for purposes of
both identification and quantification.’® For these reasons, several groups have investigated ways
to circumvent the “one peak at a time” selection process of DDA, giving rise to the concepts of
multiplexed®” and data-independent acquisition (DIA).” These approaches are aimed at fully
utilizing the capabilities of mass spectrometers to maximize MS acquisition time and to address
the need to expand the detectable dynamic range, lower the limit of detection, and improve on
the overall confidence of peptide identifications and relative protein quantification measurements.
In this review, I will inventory advancements made in the field of multiplexed and DIA methods
and characterize how specific strategies seek to overcome the current limitations of DDA and
expand the overall coverage of the proteome.

Like multiplexing tandem MS approaches, data-independent acquisition (DIA) methods
are being developed to expand the detectable dynamic range of the proteome and increase the
accuracy of protein quantification measured via mass spectrometry. The defining characteristic
of DIA methods is that they do not use real-time ion selection based on precursor ion scans to
obtain searchable spectra for peptide identification. Therefore data acquisition is in fact
independent from prior information collected for the sample at hand (i.e. an MS survey or
precursor ion scan). To accomplish this, predetermined m/z ranges are interrogated either: (1) by
fragmenting all ions entering the mass spectrometer at a single point in chromatographic time
(broadband DIA); or (2) by dividing the full m/z range into fixed smaller m/z isolation windows
that are each independently and consecutively analyzed. In the analysis of complex proteomics
samples, the m/z range of various DIA methods affects the inherent presence of multiplexed

spectra. Therefore, DIA methods often differ in the way they deal with data analysis. Here, I will
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trace the lineage of DIA techniques from in-source fragmentation to in-cell fragmentation as well
as numerous further manipulations of in-cell fragmentation using static, predetermined m/z
ranges for batch analysis.
Broadband DIA using in-source fragmentation
Data-independent acquisition for complex proteomic samples truly began with the
development of methods involving nozzle-skimmer dissociation by Purvine et al. (vide supra).”
Shotgun CID circumvented the need for ion selection by increasing the nozzle-skimmer voltage
to induce in-source peptide fragmentation of all ions as they entered the mass spectrometer. It
was inherent that multiplexed spectra would be produced when peptides co-eluted from a
chromatrographic separation. Purvine et al. demonstrated that two unique peptide identifications
could be assigned to a single “pseudo-tandem mass spectrum” by manually generating two .dta
files containing identical tandem MS information, but different assignments of the precursor ion
m/z values in each file. This information could then be analyzed using conventional search
algorithms such as SEQUEST.”” As admitted by the authors, at the time of publication, a serious
limitation of shotgun CID was the fact that automated software for data interpretation of data-
independent acquired multiplexed spectra was not available, and presented a bottleneck in the
application of this DIA workflow for the analysis of complex proteomic samples.
Purvine’s et al. work built on previous reports of in-source fragmentation for proteomics

applications.””

In particular, van Dongen et al. had previously demonstrated that peptide
fragment ions generated in the source region of mass spectrometers closely resembled those
formed by conventional CID in the collision cell.” While improvements to in-source

fragmentation for complex proteomic applications have been explored,”* it should be

acknowledged that, compared to in-cell fragmentation techniques, spectra recorded using nozzle-
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skimmer fragmentation contain increased chemical noise in the low m/z region, which can be
attributed, in part, to over fragmentation of peptides.”” Regardless, the work of Purvine et al. was
critical in the development of DIA for proteomic applications, as it constituted a proof-of-
concept on how multiplexed spectra recorded on moderate resolution and mass accuracy
instruments and independent from precursor ion workflows could be used to assign unique
sequences to co-fragmented peptides.
Broadband DIA using in-cell fragmentation

Soon after shotgun CID was described, Waters Corporation put forth a related method
they referred to as MS", developed for use on their Q-TOF instruments. The MS" method
constituted an enhancement of the shotgun CID approach that instead implemented peptide ion
fragmentation in the more controlled environment of a collision cell.”® Silva et al. utilized an
LC/MS-TOF and cycled the collision cell energy voltage between a low energy value (10 eV) to
capture MS information, and a high energy value (28-35 eV) to fragment all incoming precursor
ions and produce a high mass accuracy multiplexed tandem mass spectrum (called a MS*
spectrum). The ability to rapidly switch between low and high collision energy in the collision
cell allowed for alternating scans to be collected in rapid succession during a single LC-MS
analysis. As a result, all precursor and fragment ion information could be captured at multiple
points during the elution of a chromatographic peak — a clear advantage compared to serial CID
acquisition methods. The generation of multiplexed spectra was a major data analysis challenge
for the MS* technique and a dedicated search algorithm termed “Ion accounting” was developed
specifically for this purpose (vide infra). The original 2005 publication by Silva et al. also
demonstrated that the relative quantification values assigned in the above process showed strong

linear correlation over a concentration gradient of 0.1 pmol to 5 pmol of exogenous protein
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spiked into a human serum sample, illustrating for the first time the utility of broadband DIA for
quantitative purposes.

Since its inception, MS" has become a routine acquisition method on several Waters
instruments and has been successfully utilized in studies including: the drug-induced changes in
Mycobacteria Tuberculosis,”” a quantitative analysis of the Escherichia coli proteome,”” the
proteomic analysis of the root-not nematode Meloidogyne hapla™ as well as metabolomics

750 More recently, the technology was successful in characterizing the secretome

applications.
of human embryo prior to implantation®’ revealing differences between positive and negative-
implantation groups, and thus providing putative secreted biomarkers of competent embryos.
Another interesting study using MS® yielded a novel potential target to control cisplatin
resistance in neuroblastomas.*

In several reports, DIA approaches have demonstrated significant increases in the number

83-86
For

of identifications and much improved sequence coverage for the analyzed proteins.
instance, Blackburn et al. reported dramatic improvement in individual protein sequence
coverage and overall proteome coverage obtained by the DIA MS" approach for three samples
ranging in complexity from a simple mixture of four commercially available proteins to a highly
complex in-solution digest of the protein content of a whole tomato leaf.”” For the four-protein
mixture, although all four proteins could be readily identified by both methods, the sequence
coverage for individual components was increased by a factor of 2- to 32-fold using the DIA-
derived data. For the more complex tomato leaf proteome sample, the average number of
peptides per protein increased from 1.4 to 2.6 from the DDA to the DIA approach. In addition,

the overall proteome coverage as determined by the number of unique identified proteins was

substantially higher using the DIA dataset (576 proteins) than with the corresponding DDA
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dataset (162 proteins). Moreover, the authors insisted that improvements were most pronounced
for the lowest abundance sample components. In their analysis, they found many instances of
precursor ions identified during DIA that were either sampled by DDA at unfavorable time
during their chromatographic separation, thus resulting in poor quality MS/MS spectra, or not
sampled at all due to dynamic exclusion of adjacent peaks.

One apparent exception to this trend of improved proteome coverage using DIA comes
from an article by Bern et al. who stated that the DDA method yielded more identifications than
the DIA.? In this case, however, it is important to note that the DIA method was performed on a
fraction of the total m/z range used in the DDA experiment. When this element was factored in,
the actual identification yield was higher by 12% for proteins and 20% for peptides in favor of
DIA.

In analytical sciences, reproducibility is a synonym of reliability, and in this respect, DIA
methods, and in particular MS® and PACIFIC (vide infra) have shown significantly better
reproducibility than their DDA counterparts on the basis of identical chromatographic
separations. For example, in the analysis of a simple protein mixture of only four components
using DDA, Blackburn et al. reported that only 12.5% of the peptides were observed across all
three replicate injections using, whereas nearly 70% of the peptides were observed in only one
out of three replicate.” Conversely, in the MS" analysis of the same sample, nearly 80% of the
identified peptides were observed across all three replicate injections, with less than 7% of them

occurring in only one of the three replicates. Similar results have also been reported by

1.5 1.’66

Geromanos et a and Bern et a who announced 88% reproducibility of peptide
identification in replicate DIA analyses of a rat blood plasma sample. In this latter article, they

also pointed out increased reproducibility of spectral counts in DIA compared to DDA.
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The implementation of in-cell fragmentation and the inherent benefits of data-
independent acquisition have been demonstrated in numerous robust biological applications.
Since conception of MSF, this mode of data-independent acquisition has been adapted and
implemented on other instrumental platforms for the analysis of complex samples, including
those of interest in proteomics. In particular, it has been coupled with ion mobility in an effort to
provide enhanced peak capacity. Building on an initial demonstration by Hoaglund-Hyzer et
al.,’” Baker et al.” thus demonstrated that the ramping of collisional energy with drift time
yielded better quality tandem mass spectra across the whole ion mobility spectrum. They noted
that this method had the potential to substantially reduce the under-sampling problem associated
with DDA methods while preserving the specificity of peptide identifications, thus providing
enhanced proteome coverage. It should be noted though that ramping collision energy over time
in a collision cell was a common practice in use on triple quadruple mass spectrometers prior to
the advent of ion trap mass spectrometers in proteomics.

A recent alteration of MS” is the so-called “all-ion fragmentation” (AIF) which was
developed specifically for the Thermo Exactive instrument, a benchtop Orbitrap equipped with a
C-trap and an HCD collision cell. Unlike conventional Orbitrap hybrid instruments featuring
linear ion traps,” the Exactive is not capable of precursor ion isolation as required for DDA. As
a consequence, the only applicable MS/MS method was one that did not involve ion selection,
hence the term AIF.”” The authors demonstrated that confident qualitative peptide assignments
and accurate quantitative measurements could be obtained with AIF using alternating scans
between: (1) an accurate precursor ion mass measurements accomplished by accumulating ions
in the C-trap prior to injection into the orbitrap; and (2) an all-ion fragmentation scan obtained by

injecting accumulated ions from the C-trap into the HCD cell for fragmentation, and then
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transferring fragment ions back to the C-trap before injection into the orbitrap for mass analysis.
In addition, the authors implemented a three-step fragmentation technique that ramped the
collision energy during ion accumulation to enhance peptide sequence coverage. The observation
that peptides require varying degrees of collision energy to generate comprehensive peptide ion
coverage for purposes of confident identification is a common issue with shotgun CID
approaches. Ramos et al. also addressed this problem on a Q-TOF by performing parallel in-
source fragmentation and in-cell fragmentation, termed p”CID.” The resulting total ion
fragmentation information was more comprehensive due to the presence of additional
complementary fragment ions. The authors noted that this technique was useful for larger
peptides for which additional fragment ion information can be necessary for confident
identification. In AIF experiments, the speed of the Exactive allowed for ultra-high resolution
scans (100,000 at 200 m/z) to be obtained every second, for an overall duty cycle of two seconds.
Typically, precursor-fragment ion lineage is lost in data-independent acquisition due to a lack of
ion selection. Like in the MSF process, this information can be reconciled by considering the
fact that a precursor ion and its respective fragment ions have the same elution profile since they
both result from the same eluting peptide. In AIF, an elution profile is generated in which
intensity values of precursor and fragment ions must precisely change in concert with one
another. Based on a correlation coefficient of the determined elution profiles, AIF peaks are
assigned to potential precursor ions and the generated tandem-mass spectra are searched just like
conventional datasets.
DIA on selected m/z ranges
Up to this point I have discussed data-independent acquisition methods that revolve

around fragmenting all ions entering a mass spectrometer at each single point in

1R



chromatographic time. The other possibility is that all ions in a narrow, select m/z range are
fragmented. Depending on the m/z window width and the scanning rate of the instrument, this
may require multiple LC-MS/MS analyses to be conducted, each covering a select section of the
entire m/z range of interest. In practice these contiguous m/z ranges of interest can either overlap
or not as each successive m/z range is profiled.

In 2004, Venable et al. demonstrated this novel approach to data-independent acquisition
by employing a relatively small isolation window (10 m/z wide).” The experimental sequence
operated in a cycle that covered a desired total m/z region by sliding the initial isolation window.
The use of a restricted window size had two distinct advantages: (1) a relative small window
limits the m/z diversity of precursor ions that can contribute to a tandem mass spectrum, thereby
simplifying downstream data analysis; and (2) this strategy can effectively increase the measured
dynamic range since highly abundant species only affect a narrow portion of the m/z space. As
this process occurred in a single LC analysis, it was critical to allow for repetitive sampling of
each isolation width during a single chromatographic peak to ensure confident peptide
identification and improved accuracy of quantification. In contrast to conventional DDA
techniques that employ “dynamic exclusion” to minimize precursor ion oversampling in an effort
to increase throughput and detectable dynamic range, Venable et al. sought to capitalize on the
data-independent strategy to more thoroughly sample each chromatographic peak (i.e. sampling
each peptide multiple times) effectively increasing identification confidence and, more
importantly, the accuracy of quantification. This quantitative advantage was demonstrated with
superior DIA measurements compared to a conventional DDA method when analyzing a 1:1 and
10:1 trypsin digested unlabelled and '*N-labeled yeast-whole cell lysates. Additionally, the

authors noted the advantages of performing quantification measurements from fragment ion
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mass spectra as opposed to precursor ion scans: (1) increased signal to noise ratios (up to 350%),
(2) increased sensitivity, and (3) increased specificity based on peptide fragmentation, similar to
what is obtained using selected reaction monitoring experiments (SRM). This technique also has
an efficiency advantage over conventional DDA methods in that no time is spent acquiring
precursor ion information. By only acquiring tandem mass spectra, 20% more spectra were
obtained in a single LC analysis over that of a comparable DDA method. Although this did not
correspond with an increase in peptide identifications in the Venable study, it was noted that by
utilizing a DIA strategy with an isolation width of 10 m/z, the acquired spectra were inherently
multiplexed. The authors did not address the need for assigning identifications from multiple
peptide fragments in a single spectrum and instead only assigned one peptide per spectrum,
thereby negating some of the advantages of the proposed methodology. The latter point is likely
due to the lack of dedicated software solutions to address multiplexed data at that time.

In developing this novel technique, Venable et al. investigated many parameters
associated with selecting an optimal isolation width with respect to the resulting spectral noise
and peptide fragmentation efficiency. The authors generalized that spectra generated with larger
isolation width typically contained increased noise over those generated with smaller isolation
widths. At the selected precursor ion isolation width of 10 m/z, the effect of this noise did not
appear to impact peptide identifications. Due to the data-independent nature of this acquisition
method, it was also not known at the time if the location of the precursor ion within the isolation
window affected the degree of fragmentation. In other words, would a peptide ion with an m/z at
the periphery of an isolation window fragment with the same efficiency as one with an m/z at the
center of the isolation window? To answer this question, Venable et al. characterized the

fragmentation efficiency of a precursor ion by shifting the center m/z of the isolation window
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with respect to the actual precursor ion m/z. Again, no effect on fragmentation efficiency was
noted for a 10 m/z isolation width.

Over the past few years, innovative methods have been proposed that extend the initial
concept put forth by Venable in ways that may well transfigure the analysis of complex
proteomic samples. These methods include: Precursor Acquisition Independent From Ion Count
(PACIFIC),” extended data-independent acquisition (XDIA),”> SWATH-MS,” and Fourier
transform-all reaction monitoring (FT-ARM).” All methods proceed in accordance with the
following motif: (1) accumulate precursor ions from a selected m/z window; (2) collectively
fragment the accumulated precursor ions; (3) record the resulting (multiplexed) tandem mass
spectrum; (4) shift the m/z accumulation window and repeat beginning with step (1). These
methods thus rely on selective precursor ion accumulation and subsequent fragmentation that is
achievable only in instruments with trapping capabilities. Depending on the design of the
acquisition method and the size of the sliding m/z isolation window, these data-independent
methods may or not employ dedicated methods for deciphering inherently acquired multiplexed
Spectra.

PAcIFIC

Recently, Panchaud et al. proposed a novel data-independent acquisition technique
referred to as Precursor Acquisition Independent From Ion Count (PACIFIC)” that attempts to
embody the best of DDA and DIA methods. Namely, data-independent tandem MS of peptides
in narrow m/z ranges to maximize the detectable dynamic range. PACIFIC was initially
developed as the natural extension of the DDA method Gas-Phase Fractionation (GPF)” where
the entire m/z range of a mass analyzer is divided up into 4-12 narrow regions from which DDA

ion selection is done. Like the GPF experiment, PACIFIC is iterative in the sense that a sample
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must be analyzed n times for n designated m/z ranges. The GPF method has been shown to
greatly increase the dynamic range by forcing the DDA process to examine ions of lower and
lower relative abundance. In an attempt to maximize identifications, however, Scherl et al.
observed that the efficiency of identifications reached a plateau beyond which further use of
narrower m/z ranges (~ < 50 m/z) failed to provide additional identifications. This likely
stemmed from the fact that, in DDA analysis, the total number of identification that could be
made from a complex sample depends directly on the number of detected precursor ions in each
survey scan. This observation led in turn to the development of PAcIFIC where peptides present
in all m/z channels are systematically subjected to tandem MS regardless of the presence of a
precursor ion, thus acquiring tandem mass spectra even when no precursor ion is present.
Specifically, each successive 2.5 m/z channel is subjected to MS/MS across an entire
1000 m/z range. As with GPF, a sample must be examined multiple times, with the number of
injections required being directly proportional to the scan rate of the ion trap used and the
chromatographic conditions. For example, the first analysis might cover the m/z range from 400-
430 with multiple selection channels centered on contiguous 2.5 m/z segments, overlapping by
1.5 m/z in order to select isotopic distributions that would otherwise be missed (see Figure 2A).
The use of an isolation width that is similar to that used by DDA methods means that the ion trap
is filled to its maximum capacity with ion originating only from a narrow m/z range at a time.
This is similar to selected reaction monitoring (SRM) and differs from the way most DDA
methods work, where the ion trap is filled by ions from the whole m/z range of interest, and all
ions are ejected, save for the ones of interest for tandem MS. Consequently, the PAcCIFIC
approach provides an effective gain in detectable dynamic range, while the analytical throughput

is dictated by the scanning rate of the mass spectrometer employed. Initially, this constraint
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limited PACIFIC analysis to 10 adjacent m/z channels per LC-MS/MS acquisition, but
subsequent developments of the method and faster scanning ion trap instrumentation have
extended this to ~ 25 m/z channels per run, for a total analysis time of 2.5 days. As depicted in
Figure 2B, to cover the entire m/z range of interest for proteomic analysis, e.g. 400-1400 m/z, the
initial PACIFIC method required 67 injections of the same sample, resulting in a total sample
analysis time of 4.2 days. On the other hand, the design of the small 2.5 m/z isolation width
allowed for several other distinct advantages over other DIA techniques that utilize relatively
large m/z isolation widths. First, there is typically no need to reconstruct the lineage between
precursor and fragment ions, a step that is often necessary with other DIA methods. By default,
the fragment ions of each PACIFIC generated tandem mass spectrum originate from a specific
precursor ion within the narrow m/z range and, as depicted in Figure 2C, the assigned precursor
ion m/z value for a scan event is represented by the center of the 2.5 m/z channel. Using standard
database search algorithms, one can thus accommodate the presence of any possible precursor
ion that may be in the trap after isolation by simply increasing the precursor ion mass tolerance.
Second, as mentioned above in comparison to DDA methods, the use of the small 2.5 m/z
isolation width greatly increases the measureable dynamic range of the overall PAcIFIC analysis
by negating the effect of highly abundant species outside of the narrow m/z window being
interrogated. The authors thus reported an exceptional detectable dynamic range of eight orders
of magnitude at an FDR of 0.5%. Finally, a quantitative advantage is achieved with such DIA
techniques because iterative methods such as PACIFIC allow for each chromatographic peak to

be interrogated multiple times for each unique m/z channel.
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Figure 2. Reprinted from Panchaud et al. Anal. Chem. 2009, 81, 6481-6488: Principle of
PACIFIC. With this method, the sample is repeatedly analyzed by LC-MS/MS. (A) During each
injection, a different precursor-ion m/z range is selected for tandem mass spectrometry
independent of the precursor ion measurement. (B) In each narrow m/z range, all precursor ions
are isolated in the ion trap and subjected to collision-induced dissociation until the desired m/z
range is achieved. (C) Each spectrum is then searched against a database using the center of the
window as the precursor mass and a tolerance corresponding to maximum charge state allowed

times the isolation width divided by 2, e.g., 3(2.5/2) = 3.75 Da
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One of the most popular schemes for quantitative proteomics using DDA-based mass
spectrometry has been the convenience provided by tandem mass tags (TMT)”’ and the iTRAQ
reagent kits.”” Both approaches allow n > 2 samples to be combined after each is uniquely coded
with a mass tag. The use of such mass tags has become very popular because it greatly increases
throughput, provides quantitative analysis and can identify thousands of proteins from a complex
sample in a single analysis. In 2011, Panchaud et al. published the results of coupling PAcIFIC
with TMT and demonstrated increased throughput compared to DDA methods. In this report, the
authors described three unique advancements to the PACIFIC method:* (1) With the release of
the LTQ Velos (Thermo-Fisher Scientific), a dual pressure ion trap capable of approximately
twice the scan rate of the prior generation ion trap from the same manufacturer, PACIFIC
analysis of a single sample was decreased from the original 4.2 days to 2.5 days. Notably, this
decrease in analysis, which provided a 68% increase in analytical throughput, did not affect the
number of peptide identifications. Additionally, a reduction in the number of sample injections
needed to cover a single PACIFIC analysis decreased the total sample consumed during the
experiment. (2) PAcIFIC was adapted to be compatible with the use of isobaric tags such as
TMTs or iTRAQ. Release of quantitative information encoded in the tagged peptides when
using an ion trap requires the use of pulsed Q-dissociation (PQD) fragmentation scan that forces
the ion trap to scan out ions far below its preset cutoff. To accommodate these scans in the
PACIFIC method, a PQD scan was inserted after every CID scan so that each unique 2.5 m/z
channel was consecutively analyzed with a CID scan to record qualitative peptide fragmentation
and a PQD scan for quantitative information. Post-acquisition, this information was combined
into a single searchable spectrum for every interrogated 2.5 m/z channel. This increased the

quantitative capabilities of PACIFIC, and also allowed for the simultaneous and comparative
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analysis of several individual isobarically-labelled samples that were pooled prior to MS analysis.
(3) Panchaud et al. devised an extension of the PAciFIC method that made it possible to expand
the number of identifiable peptides by providing a means for deciphering multiplexed or
chimeric tandem mass spectra. To accomplish this, precursor ions scans were recorded after
every five DIA m/z channels. These survey scans were used to identify isotopic distributions
during post-acquisition data processing. This information was processed much like many
previously discuss DIA methods (e.g. shotgun CID, MSF): software developed for PACIFIC*
creates multiple dta files for a multiplexed spectrum that replicates the MS/MS information of a
given tandem mass spectrum differing only by assignment of the unique precursor monoisotopic
m/z values. This allowed the authors to estimate the number of chimeric spectra in a PACIFIC
data set to be between ~ 8-16%, a number similar to that found by Scherl et al. for DDA-based
shotgun proteomic data using similar HPLC gradient conditions.” Finally, the authors reported
that PACIFIC analysis of a yeast proteome, where protein copy number had been previously
determined by non-MS methods, identified yeast proteins across the full proteome dynamic
range. This is not surprising because the PAcIFIC method is conceptually similar to an SRM
experiment: specifically, the ion trap is filled only with a precursor ion of interest (providing a
gain in effective sensitivity) and only fragment ions from precursors residing in that narrow m/z
window are recorded.

PACIFIC analysis demonstrated great promise for biological applications due to the
ability to identify a much larger dynamic range of proteins over DDA and other DIA methods.”’
While the cost in terms of instrument time and sample amount needed is increased, the promise
of thoroughly cataloging a proteome and the ability to quantitatively monitor small dynamic

changes in the vast complexity of cell culture and biological samples is of great interest for the
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elucidation of potential biomarkers.””*> PACIFIC was thus used in the identification of plasma

100, 101

biomarkers for abdominal aortic aneurysms, urinary proteome analysis of irritable bowel

102 103

syndrome patients, ~ and the identification of novel Tamoxifen agonists.”~ In the latter recent
report by Hengel et al., comparative DDA analysis of identical samples did not uncover the same
up-regulated proteins as PAcIFIC which provided higher individual protein sequence coverage
than the DDA method and thus more accurate label-free quantitative data. Additionally, the
added detectable dynamic range available from PACIFIC has been used to characterize global
changes in protein re-distribution, trafficking, expression and degradation in yeast peroxisomes
grown on different carbon sources without the need to purify peroxisomes (Jung, S. et al, MCP,
2013 [Epub ahead of print])). In conjunction with this work, a more thorough investigation of
orphan peptides (i.e. identified by tandem mass spectra from m/z channels where no precursor
ion could be detected) originally reported by Panchaud et al. suggests that orphan peptides
predominantly originate from low copy number yeast proteins (Jung, S. et al., in revision, JPR)
again pointing a gain in detectable dynamic range.
XDIA
With the aforementioned successes of DIA techniques to provide more comprehensive
proteome characterization, additional variations of the fundamental acquisition theme were
developed. Carvalho et al. adapted DIA to middle-down proteomics;’’ a process of shotgun
proteomics wherein the targeted proteolytic peptide size is much larger than that resulting from a
trypsin digestion. As noted, the analysis of larger protein fragments leads to the possibility of
increasing overall protein sequence coverage and therefore increasing confidence of correct

peptide-to-protein assignment. The XDIA duty cycle is as follows: (1) a single survey scan is

acquired; (2) followed by sequential 20 m/z DIA scans, spaced with 1 m/z overlap between
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adjacent windows, covering the region of 400-1000 m/z. Each 20 m/z region of space is analyzed
in two consecutive and distinct scan events; the first being an electron transfer dissociation
(ETD) scan, and the second a scan that combined ETD and CID fragmentation for increased
peptide ion fragmentation. The resulting data was process by deconvoluting the precursor ion
scan and correlating, based on m/z, the monoisotopic mass of possible precursor peptide ions
with the respective DIA ETD and ETD-CID fragment ion information. Carvalho et al.
demonstrated for the XDIA analysis of a yeast cell lysate, that an increase in the number of
peptide identifications as well as the number and accuracy of spectral counts per protein was
achievable compared to standard DDA experiments. Additionally, the development of XDIA in
compatibility with middle-down proteomics increases protein sequence coverage and therefore is
an asset to monitoring post-translational modifications.
SWATH

Quite recently, AB Sciex and the Aebersold laboratory reported on the development of a
new DIA method referred to as SWATH.”’ In SWATH, multiplexed tandem mass spectra (called
MSA™ are collected over predefined precursor ion windows, and the resulting signals are
interpreted using prior knowledge of the peptides present in the mixture and their experimental
fragmentation spectra. Developed for use with a QqTof, SWATH performs data-independent
fragmentation of all precursor ions entering the mass spectrometer by breaking down the m/z
field into 25 m/z isolation windows, termed swaths. Analogous to the other methods discussed in
this section, 32 consecutive 25 m/z swaths are used to cover the 400-1200 m/z region in the span
of 3.2 seconds. This allows numerous repeat analyses of each window during the elution of a
single chromatographic peak and results in a complete fragment ion map of the sample. The true

novelty of this method lies in how the data is processed. The authors insisted that data analysis
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capabilities for modern proteomics applications should cover two essential tasks: (1) identify as
many proteins as possible in a given sample; (2) provide accurate quantitative measurements. To
accomplish this, Gillet et al. used a peptide spectral library (PeptideAtlas, see
www.peptideatlas.org) to parse the fragment ion spectra generated during DIA, and in
accordance with retention time and relative intensities, to positively link ion fragmentation
patterns to peptide identifications. Thus, the SWATH process is somewhat related to the
accurate mass and time tag concept’” that relies on a predefined library of identified peptides for
making subsequent signal assignments. The data reduction technology of the SWATH method is
also quite similar to that of an SRM experiment in that the specificity of peptide fragmentation is
exploited to make positive peptide identification and provide accurate quantification. The major
difference with SRM being that SWATH entirely circumvents the often complicated task of
target peptide selection and transition optimization, since all precursors are fragmented during
the experiment and all fragments detected. Also, all assays in a given swath are conducted in
parallel instead of sequentially when using SRM. The use of SWATH for the analysis of S.
cerevisiae demonstrated the capability to identify proteins over a detectable dynamic range of 4
orders of magnitude, which was still less than that achieved for an equivalent SRM experiment,
but more than using a classical precursor extracted ion chromatogram method.
FT-ARM

Fourier transform-all reaction monitoring or FT-ARM is an independent DIA strategy that
shares some common features with SWATH, although it was developed independently.”’ In
particular, FT-ARM also relies of upon the selectivity of high mass accuracy data and the
specificity of peptide fragmentation patterns to perform peptide identification and quantification.

In the FT-ARM experimental sequence, all ions from a broad m/z range (typically 100 m/z) are
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accumulated together and subject to simultaneous activation using various means (CID, IRMDP).
Fragment ions are then analyzed on a high resolution/ ultra high mass accuracy instrument. It
should be noted that the experiment does not incorporate precursor mass determination. The
originality of the FT-ARM strategy lies in the matching of the multiplexed data with a database
of theoretical or empirical peptide fragmentation patterns. These patterns are used to calculate a
dot product score for each peptide against each DIA scan event across an LC separation,
resulting in a score chromatogram for each peptide in the database. Thus, contrary to
conventional database searches where the actual precursor masses are used as a filter for putative
matches in the database, in FT-ARM, all tryptic peptides within the acquired m/z range are
scored against all the recorded spectra. Interestingly, this method does not explicitly make use of
precursor/fragments co-elution as an initial filter of putative lineage. As a matter of fact, the
simultaneous presence of multiple fragments matching a particular peptide is a requisite for the
detection of a peak in the score chromatogram for the corresponding sequence. Not unlike
SWATH, FT-ARM relies on the specificity in peptide fragmentation and high mass
measurement accuracy in a process that is essentially independent of precursor mass. In addition,
it provides an effective means to wrest all the information from an acquired multiplexed dataset.
Additionally, this search method is able to seamlessly identify numerous peptides from a single
tandem mass spectrum that are inherently recorded when using such relatively large DIA
isolation widths. Simulations indicate that sufficient mass accuracy and number of matching
fragment ions permits low false discovery rates (FDR), even when considering large databases.
Finally, the authors also demonstrated that the area under the peak of the score chromatogram, in
addition to providing information on the quality of the match between the sequence and the

observed spectra, scales linearly as a function of concentration of the corresponding peptide.
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1.5 Quantitative proteomics techniques

Shotgun proteomics is not an inherently quantitative technique largely due to the diverse
range of responses exhibited by peptides in the mass spectrometer. These responses are
determined by the physicochemical properties of proteolytic peptides (amino acid composition,
size, hydrophobicity, gas basicity, etc.); all of which, in combination, have an effect on the
accuracy of quantification.’”” To moderate differences in peptide characteristics and to minimize
quantitative deviation, the proteomics community has developed various techniques for absolute,
semi-, and relative protein quantification. These techniques avoid a quantitative comparison
across all peptide species contained in a sample, and instead allow for a direct comparison of one
species across multiple samples or introduced standards. Each mass spectrometry-based protein
quantification approach is defined by a unique sample preparation method and can be broken
down into four distinct categories: metabolic incorporation, enzymatic and chemical alteration,
introduced standards, and label-free.”’

Metabolic incorporation of stable isotopes is a multiplexed quantitative technique that
uses the mass difference between ‘light’ and ‘heavy’ stable isotopes to measure and differentiate
the relative intensities of each uniquely labeled sample contributing to the total peptide
abundance. The metabolic incorporation of such stable isotopes is accomplished by providing a
growing organism with '>C, °C, "N, or "N labeled amino acids so that the labeled amino acids
are incorporated into protein composition.”” A very common approach to metabolic
incorporation of stable isotopes is termed stable isotope labeling by amino acids in cell culture
(SILAC). Here, a ‘heavy’ labeled arginine and/or lysine is provided in the culture media of one
sample and a ‘light’ arginine and/or lysine is provided in the second. Following treatment or

exposure to the stimulus, protein samples are collected and combined for proteomics workup.
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This one pot workup is an advantage of SILAC that eliminates the variability observed when
samples are processed separately. Trypsin is commonly used to proteolytically digest protein
samples. Therefore, SILAC methods typically employ the use of labeled arginine and lysine as it
will result in all tryptic peptides containing at least one labeled amino acid, excluding the C-
terminal peptide of each protein. Identically sequenced peptides, containing either a ‘light’ or
‘heavy’ arginine and/or lysine, will elute from the chromatography system at the same time due
to the fact that the different isotopes of carbon and nitrogen will not change amino acid affinity
with the chromatography material. The m/z shift due to incorporation of ‘heavy’ labeled amino
acids is known and therefore the precursor ion information of identified peptides can be used to
calculate the relative difference in abundance of uniquely labeled peptides. The information for
each peptide is then computed to a difference in relative abundance of the entire protein to gain
an understanding of protein expression and degradation that occurs due to the stimulus.’’”
Alternatively, the incorporation of traceable stable isotopes can occur following
proteolytic digestion. These approaches involve chemical alteration of proteolytic peptides with
isobaric tags designed to fragment into unique m/z reporter ions based on the distribution of
stable isotopes within the tag. Common examples of this approach are: isotope coded affinity
tags (ICAT);'” isobaric tags for relative and absolute quantitation iTRAQ);”” and tandem mass
tags (TMT).”” In each of these techniques, multiple proteolytically digested samples are
independently labeled with a unique isobaric tag and then pooled into one sample prior to MS
analysis. A precursor ion represents a specific peptide sequence, composed of species from
various sample origins labeled with unique isobaric tags. When fragmented, a distinct reporter
ion specific to each isobaric tag will be released. The intensity of the reporter ions is then used to

calculate the relative level of the specific peptide present in each sample. The advantage of this
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technique over metabolic incorporation methods is the ability to multiplex up to eight samples,
thereby drastically improving analysis throughput.
It is also possible to quantify peptides via mass spectrometry without biosynthetic or

109

chemical manipulation using method such as absolution quantification (AQUA) ™ and multiple

reaction monitoring (MRM).'"’

Both of these methods represent a targeted quantification
approach wherein user defined proteins are tracked, via selected proteolytic peptides, utilizing
the introduction of ‘heavy’ labeled peptides of identical sequence. As ‘heavy’ labeled peptides
will elute at the same time as their ’light’ counterparts, the chromatographic peak of ‘heavy’ and
‘light’ labeled peptides can be compared to calculate an absolute value of quantification (i.e.,

M While effective in targeted proteomics, this method is laborious to apply to global

mg)
proteomics studies as each additional peptide or protein of interest requires a new standard and
the necessary assay development.

Label-free quantitative proteomics methods are more suitable to global proteomics
studies. These methods do not require the addition of biosynthetic or chemical manipulation of
samples and rely on two demonstrated theories for measuring relative protein quantities. The
first, termed spectral counting, is simply the summation of spectra contributing to the
identification of a protein. Liu et al. demonstrated that the spectral counting method was valid
was for a standard set of proteins and provided a linear dynamic range over 2 orders of

magnitude.’’?

When compared across samples acquired in a parallel fashion, spectral counting
can define the magnitude of change in protein abundance. The second method for label-free
quantification associates peptide identification information with the area under the curve of the

precursor ion over time. Much like spectral counting, the area value can be used to compare

relative abundances of peptides and proteins across sample analyses.’’’
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Worked embodied in this dissertation will utilize the data-independent PAcIFIC method
as the main technique of data-acquisition. As noted by Gillet et al. in their publication of the
SWATH method,” the PACIFIC method is capable of identifying proteins over the largest
dynamic range (eight orders of magnitude) of other currently available DDA and DIA schemes.”’
Sample analysis completed in this dissertation is done with the focus of identifying proteins over
the widest range of abundance as possible. With this in mind, I will utilize a quantitative
approach that is fully compatible with the PAcIFIC method. The quantitative PAcIFIC approach
is spectral counting. Spectral counting only counts the tandem mass spectra contributing to a
protein identification and therefore no manipulation to the original PACIFIC scheme is

necessary.
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1.6 Conclusions

Systems biology is a quickly growing field of science. The narrow focus of targeted
studies, while informative, is giving way to the desire of researchers to be able to more quickly
gain an understanding of environmental responses at the system level. The power of cataloging a
cellular state (RNA, DNA or protein) holds the promise of defining the holistic role of cellular
drug response. For proteomics, this is a daunting task. The human genome is composed of
roughly 25,000 genes. By including RNA splicing and proteolysis events, these genes will
translate to roughly 50,000 to 500,000 uniquely expressed proteins. Factor in post-translational
modifications, and defining the complete protein complement of a human cell will require the
analysis of millions of proteins.

Advances in faster, high resolution/high mass accuracy instrumentation and more
thorough acquisition techniques are extending our capabilities to explore the proteome. While
complete proteome coverage may never be feasible, we must place an emphasis on ourselves and
our colleagues to use the technological advances have developed to gain a scientific edge in our
research endeavors. Quicker adoption of modern instrumentation and data acquisition schemes is

paramount to maximizing the potential data we can attain from every proteomics research study.
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Chapter 2

COUPLING CAPTIVE SPRAY IONIZATION WITH THE PACIFIC METHOD FOR
IMPROVED RATES OF DATA-INDEPENDENT MASS SPECTROMETRY ACQUISITION

2.1 Introduction

The race to sequence the human genome captivated the scientific and medical community
during the late 1990°s.”’* The promise of a better understanding of human health and a figurative
roadmap to improve medical therapies appeared to hinge on the knowledge locked inside the
genes that encode our very being. In 2000, the first-draft of the nearly complete genome was
published by the publically funded, Human Genome Project, and industry rival, Celara

. 115-117
Genomics.

It was not until 2006 that the final pieces to the puzzle were completed when the
annotated sequence of chromosome 1 was published; the largest chromosome of the human
genome containing over 3,000 genes.’’® Over a decade after the first-draft, it is apparent that
information beyond the genome is needed to truly understand dynamic cellular responses and
causative factors of human illness. Naturally, this scientific pursuit extended to the products of
gene expression — proteins.’’ Distinctive from the relatively static genome, proteomes — the
entire protein complement of the cell — are living, breathing and dying networks that control the
outcomes of cellular response.””” The inherent intricacies of proteomes make their analysis far
less efficient than genomics. Nevertheless, the knowledge of the proteins present in a given
biological state is vital for our understanding of cellular functions at the molecular level. The
means by which we generate detailed lists of proteins and their relative abundance levels with
respect to environmental or patho-physiological conditions are therefore critical in solving

challenging questions in biology and medicine.”” 2
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Advancements in mass spectrometry-based proteomics and acquisition techniques are the
critical driving forces that will lead to the ability to more completely characterize a proteome.
‘Shotgun proteomics’, the analysis of highly complex peptide mixtures obtained by proteolytic
digestion of protein extracts from biological or clinical samples, is an efficient means by which
we can categorize whole proteomes.” Techniques of ‘shotgun proteomics’ can be delineated by
two unique approaches: data-dependent acquisition (DDA) and data-independent acquisition
(DIA). DDA relies on precursor ion information from a survey scan of ions entering the mass
spectrometer. Precursor ions are subsequently selected, typically based on descending abundance,
for the fragmentation and tandem-mass spectrum acquisition necessary for peptide
sequencing.’”’ While DDA has been a cornerstone of proteomics, recent advancements in DIA
show great promise for extending the dynamic range of peptide identifications that can be
obtained during a single analysis.(Chapman et al. Mass Spectrom Rev, in press) DIA techniques
differ from DDA in that ion selection is not based on information captured in concurrent survey
ion scans and thus is truly independent from measured sample signal. Conceptual approaches of
DIA have become quite diverse with techniques such as XDIA,”” SWATH,” FT-ARM,” MSE,”
and PACIFIC.” Here, I will focus on the approach developed by Panchaud et al., Precursor
Acquisition Independent From Ion Count (PACIFIC).””** As cited by Gillet et al.,”” PACIFIC is
capable of recording the largest dynamic range of all the currently available DIA techniques.

PACIFIC is a data-independent acquisition method that operates by successively
interrogating predefined 2.5 m/z isolation widths, or channels, by tandem-MS across a user-
defined m/z range (typically 1000 m/z). Batches of n continuous 2.5 m/z channels, overlapping
by 1 m/z to allow for the selection of isotopic distributions, are analyzed per sample injection

and chromatographic gradient. The n number of channels comprises the PAcIFIC duty cycle and
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based on the scan rate of the instrument, n is adjusted to allow for repetitive sampling of each
chromatographic peak. Each successive sample injection and chromatographic gradient will
analyze the next n channels; and the PACIFIC analysis continues until a total desired m/z range is
complete.”’ Current optimized methods have been established for the LTQ Orbitrap and LTQ
Velos (Thermo Scientific, San Jose, CA, USA): 27 sample injections each covering 25 2.5 m/z
channels (2.5 days), and 44 sample injections each covering 15 2.5 m/z channels (4.2 days),
respectively. As opposed to a precursor ion scan used in data-dependent methods, the use of the
small 2.5 m/z isolation width greatly increases the measureable dynamic range of the total
PACIFIC analysis by negating the effect of highly abundant precursor ions outside of the narrow
m/z window being interrogated. As a result, Panchaud et al. reported a detectable dynamic range
of eight orders of magnitude at an FDR of 0.5%.”" The data-independent acquisition method,
PACIFIC, has significantly increased the detectable dynamic range of complex proteomics
samples over other data-dependent and data-independent acquisition schemes.” The PACIFIC
method has proven an invaluable tool for researchers looking to increase proteome coverage of
complex biological matrices such as serum, tissue culture and urine samples.'”’/% %
Additionally, it has been cited that the PAcIFIC method provides a quantitative advantage over
other data-dependent acquisition techniques due to the repetitive sampling of each m/z channel
during a single chromatographic peak.” '’ The current drawbacks of the PACIFIC method are
the time intensive nature of and the amount of sample consumed for each sample analysis.

Here, I aim to reduce the overall analysis time of the PACIFIC method to 24 hours by
coupling this approach with the captive spray ionization (CSI) source (Bruker, Billerica, MA,
USA). The CSI source is a high-voltage non-tapered capillary emitter situated precisely in front

of the mass spectrometer inlet to allow for the vacuum of the mass spectrometer to pull ambient
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air into the source, directing a high percentage of sample ions into the mass spectrometer. The
CSI source provides (1) axial gas flow that keeps the capillary emitter clean for prolonged spray
stability; (2) gas flow directed at the spray tip to aid in desolvation and to nebulize the solvent
into a Taylor cone; and (3) gas flow to create a vortex around the Taylor cone to funnel all of the

'23 In turn, it is possible to achieve a higher solvent flow

sample into the mass spectrometer inlet.
rate with comparable sensitivity to nano-electrospray ionization.’”” The higher flow rate will
allow for the efficient use of larger bore nano-columns, increased gradient control, as well as
faster trapping, peptide elution, and column equilibration times. Initial work to optimize the CSI
PACIFIC method will be completed using Saccharomyces cerevisiae harvested during log-phase
growth, a condition where comprehensive protein quantification using non-mass spectrometry
techniques has been performed and can be applied to the mass spectrometry-derived protein
identifications.”” By working to decrease the overall sample analysis time, I hope to make the

PACIFIC acquisition method a more reasonable time investment for thoroughly cataloging

proteomics samples and therefore expand its use in the scientific community.
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2.2 Experimental procedures

Unless otherwise noted, all chemicals and solvents were purchased from Sigma Aldrich

(St. Louis, MO, USA).

Saccharomyces cerevisiae growth

A single colony of strain BY4742 was grown in yeast extract peptone dextrose (YEPD)
media overnight. The following day, the media was diluted and the yeast were grown to mid-log
phase (OD600 = 0.56) at conditions matching those of Ghaemmaghami et al.’*’ Saccharomyces
cerevisiae were harvested by centrifugation at 5,000 x g for 10 minutes at 4 °C. The supernatant
was removed and the cells were washed twice with ice cold PBS, each time quickly repelleting
the cells at 5,000 x g for 2 mins. After the final wash, the PBS was removed and the resulting
Saccharomyces cerevisiae cell pellets were stored at -80 °C until protein extraction and mass

spectrometry sample preparation.

Protein extraction and quantification
Saccharomyces cerevisiae pellets were suspended in 1 mL of 100 mM ammonium
bicarbonate by gently, but repetitively, vorexting and then lysed using probe sonicator. In short,
suspended Saccharomyces cerevisiae were sonicated for roughly 5 seconds and then placed on
ice to cool the suspension. This process was repeated twice more for each aliquot. Subsequently,
lysed Saccharomyces cerevisiae suspensions were centrifuged at 5,000 rpm at 4 °C for 10
minutes to pellet cellular debris. The supernatant, containing cellular proteins, was removed and

placed in a clean eppendorf on ice.
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Each aliquot of Saccharomyces cerevisiae protein suspension was quantified using a
BCA protein assay according to the manufacturer’s instructions (Thermo Scientific/Pierce,
Rockford, II, USA). Sample protein concentrations were normalized by making aliquots of 200
ng/100 uL. Saccharomyces cerevisiae protein with the dilution of a necessary amount of 100 mM

ammonium bicarbonate.

Protein digestion and peptide preparation

Each 200 pg/100 uL. Saccharomyces cerevisiae protein sample was denatured with the
addition of urea to 6M. Subsequently, samples were buffered with the addition of 7 uL 1.5 M
Tris pH 8.8, reduced with 2.5 pLL of 200 mM tris(2-carboxyethyl)phosphine (TCEP) for 1 hour at
37 °C, alkylated with 20 pL of 200 mM iodoacetamide for 1 hour at room temperature in the
dark, and then quenched with 20 uL of 200 mM dithiothreitol at room temperature. Prior to
addition of sequencing-grade porcine trypsin (Promega, Madison, WI, USA) at a protein to
enzyme ratio of 50:1, samples were diluted with 900 pL of 50 mM ammonium bicarbonate and
200 uL. of MeOH. After an overnight incubation, peptides were desalted on a Vydac C18
macrospin column (The Nest Group, Southborough, MA, USA) according to the manufacturer's
protocol. Resulting eluent was concentrated to near dryness on a SPD 111V SpeedVac (Thermo
Savant, San Jose, CA, USA) and ecither stored at -80 °C for future use or reconstituted with a
solution of 95% water/5% acetonitrile/0.1% formic acid peptide for immediate mass

spectrometry analysis.
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Nano-electrospray ionization mass spectrometry

Nano-HPLC was performed using a Waters NanoAquity (Milford, MA, USA). A
homemade trapping column was made from 100 pm inner diameter (ID) capillary (Polymicro
Technologies, Phoenix, AZ, USA) packed with 2 cm of 200 A, 5 pm Magic C18AQ particles
(Michrom, Auburn, CA, USA). Successive analytical separation was performed on a
homemade laser-pulled 75 um ID (Polymicro Technologies, Phoenix, AZ, USA) column packed
with 15 cm of 100 A, 5 pm Magic C18AQ particles (Michrom, Auburn, CA, USA). For each
sample injection, approximately 1 pg, unless otherwise noted, of the peptide sample was loaded
on the trapping column at 4 pL/min with 95% water/5% acetonitrile/0.1% formic acid for 5
minutes. Trapped peptides were then eluted from the trapping column onto the analytical
column using a variable gradient with a flow rate of 0.25 pL/min. The gradient utilized two
mobile phase solutions: A, water/0.1% formic acid; and B, acetonitrile/0.1% formic acid. The
variable gradient used is as follows: 0 minutes, A (95%), B (5%); 55 minutes, A (65%), B
(35%); 65 minutes, A (15%), B (85%); 75 minutes, A (15%), B (85%); 80 minutes, A (95%), B
(5%); 80-100 minutes, A (95%), B (5%). Peptide digests were analyzed on both a LTQ Oribtrap
and a LTQ Velos (Thermo Fisher, San Jose, CA, USA) by nano-electrospray ionization in
positive ion mode. Ion source conditions were optimized using the tuning and calibration
solution suggested by the instrument provider. For full range data-dependent acquisition,
precursor ion scans were performed from 400-2000 m/z and data-dependent ion selection for
MS/MS analysis operated within that m/z range. For gas-phase fractionation (GPF), precursor
ion scans and data-dependent ion selection for MS/MS analysis were performed in the following
four restricted m/z ranges: 400-520 m/z; 515-690 m/z; 685-970 m/z; or 965-2000 m/z. For

tandem MS analysis, the isolation window was set to 2 Thompsons and a normalized collision
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energy of 35% was used for all fragmentation events. Singly charged ions were excluded from
analysis and dynamic exclusion was enabled with a repeat count of 1, a repeat duration of 30
seconds, an exclusion duration of 45 seconds and an exclusion list of 250. For PACcIFIC

acquisition, the mass spectrometer parameters were set as defined by Panchaud et al.””

Captive spray ionization mass spectrometry

Captive spray ionization was performed using a Waters NanoAquity (Milford, MA,
USA). A manufactured fused silica 200 pm ID trapping column purchased from New Objective
(Woburn, MA, USA) and packed with 2 cm of 200 A, 5 um Magic C18AQ particles (Michrom,
Auburn, CA, USA). Successive analytical separation was performed on a manufactured fused
silica 200 pm ID trapping column purchased from New Objective (Woburn, MA, USA) and
packed with 15 cm of 100 A, 5 um Magic C18AQ particles (Michrom, Auburn, CA, USA). For
each sample injection, approximately 1 pg, unless otherwise noted, of the peptide sample was
loaded on the trapping column at 6 pL/min with 95% water/5% acetonitrile/0.1% formic acid for
2.5 minutes. Trapped peptides were then eluted from the trapping column onto the analytical
column using a variable gradient with a flow rate of 2.5 puL/min, unless otherwise noted. The
gradient utilized two mobile phase solutions: A, water/0.1% formic acid; and B,
acetonitrile/0.1% formic acid. The variable gradient used for data-dependent acquisition
methods is as follows: 0 minutes, A (95%), B (5%); 62 minutes, A (58%), B (42%); 65 minutes,
A (15%), B (85%); 65.7 minutes, A (15%), B (85%); 65.75 minutes, A (95%), B (5%); 65.75-68
minutes, A (95%), B (5%). Peptide digests were analyzed on both a LTQ Oribtrap and a LTQ
Velos (Thermo Fisher, San Jose, CA, USA) by captive spray ionization in positive ion mode.

Ion source conditions were optimized using the tuning and calibration solution suggested by the
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instrument provider and under conditions recommended by the CSI manufacturer (Bruker,
Billerica, MA, USA). For full range data-dependent acquisition, precursor ion scans were
performed from 400-2000 m/z and data-dependent ion selection for MS/MS analysis operated
within that m/z range. For gas-phase fractionation (GPF), precursor ion scans and data-dependent
ion selection for MS/MS analysis were performed in the following four restricted m/z ranges:
400-520 m/z; 515-690 m/z; 685-970 m/z; or 965-2000 m/z. For tandem MS analysis, the
isolation window was set to 2 Thompsons and a normalized collision energy of 35% was used
for all fragmentation events. Singly charged ions were excluded from analysis and dynamic
exclusion was enabled with a repeat count of 1, a repeat duration of 30 seconds, an exclusion

duration of 45 seconds and an exclusion list of 250.

Captive spray ionization PAcIFIC mass spectrometry
For CSI PACIFIC acquisition, the mass spectrometry parameters employed are as defined

1.”%%¥ To optimize the number of injections per total analysis, the following

by Panchaud et a
conditions were tested on the LTQ Orbitrap. 44 sample injections using the variable gradient as
follows: 0 minutes, A (95%), B (5%); 26 minutes, A (58%), B (42%); 29 minutes, A (15%), B
(85%); 29.7 minutes, A (15%), B (85%); 29.75 minutes, A (95%), B (5%); 29.75-32 minutes, A
(95%), B (5%). 33 sample injections using the variable gradient as follows: 0 minutes, A (95%),
B (5%); 34 minutes, A (58%), B (42%); 37 minutes, A (15%), B (85%); 37.7 minutes, A (15%),
B (85%); 37.75 minutes, A (95%), B (5%); 37.75-40 minutes, A (95%), B (5%). 22 sample
injections using the variable gradient as follows: 0 minutes, A (95%), B (5%); 56 minutes, A

(58%), B (42%); 59 minutes, A (15%), B (85%); 59.7 minutes, A (15%), B (85%); 59.75

minutes, A (95%), B (5%); 59.75-62 minutes, A (95%), B (5%). To optimize the number of
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injections per total analysis, the following conditions were tested on the LTQ Velos. 44 sample
injections using the variable gradient as follows: 0 minutes, A (95%), B (5%); 26 minutes, A
(58%), B (42%); 29 minutes, A (15%), B (85%); 29.7 minutes, A (15%), B (85%); 29.75
minutes, A (95%), B (5%); 29.75-32 minutes, A (95%), B (5%). 27 sample injections using the
variable gradient as follows: 0 minutes, A (95%), B (5%); 42 minutes, A (58%), B (42%); 46
minutes, A (15%), B (85%); 47.7 minutes, A (15%), B (85%); 47.75 minutes, A (95%), B (5%);
47.75-50 minutes, A (95%), B (5%). 19 sample injections using the variable gradient as follows:
0 minutes, A (95%), B (5%); 64 minutes, A (58%), B (42%); 68.5 minutes, A (15%), B (85%);
70.2 minutes, A (15%), B (85%); 70.25 minutes, A (95%), B (5%); 70.25-72.5 minutes, A (95%),
B (5%). 15 sample injections using the variable gradient as follows: 0 minutes, A (95%), B (5%);
85 minutes, A (58%), B (42%); 89 minutes, A (15%), B (85%); 90.7 minutes, A (15%), B (85%);

90.75 minutes, A (95%), B (5%); 90.75-93 minutes, A (95%), B (5%).

Database search and protein quantification

Data acquired on the LTQ Orbitrap and LTQ Velos was converted from Thermo’s RAW
format to the universal mzXML format and searched against a database containing all known
Saccharomyces cerevisiae proteins using SEQUEST.””  For the data-dependent acquisition
techniques (400-2000 m/z and 4-window GPF), search parameters for SEQUEST included a
precursor ion tolerance of 2.1 Da, trypsin enzyme specificity, cysteines modified with
iodoacetamide and the variable option for methionines in reduced or oxidized form. PACcIFIC
search parameters for SEQUEST were modified to increase the precursor ion tolerance to 3.75

126, 127

Da. Results were analyzed with Peptide Prophet ensuring that peptide hits with a

probability of >0.99 were accepted and linked to protein entries. Protein identifications were
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linked to the protein molecule per cell value as quantified by Ghaemmaghami et al.”*’ in order to

assess a quantification value for each identified protein.

Hardklor analysis
Isotopic distributions were identified using software developed in the MacCoss
laboratory (University of Washington, Seattle, WA, USA) by Hoopmann et al.””® All settings
were used in default mode. Subsequent to Hardklor analysis, summation of possible precursor
ions was completed on the assumption that potentially activated peptides (i.e. fragmentation and

tandem-MS scan) were represented by isotopic distributions where z > 2+.
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2.3 Results

Captive spray ionization gradient optimization
The directed ambient gas flow established by the CSI source allows for sensitivity

comparable to nESI at increased solvent flow rates’”’

. To capitalize on this feature of the CSI
source, I in turn aim to use the higher solvent flow rate to increase sample throughput. Initially, I
intend to establish a more rapid chromatographic gradient for use with the CSI source that will
produce a similar quality of peptide and protein identifications in comparison to a data-
dependent nESI method used in our laboratory.

A generic nESI chromatography column system used in our laboratory is a 100 pm inner
diameter (ID) trapping column packed with 2 cm of Magic C18 packing material, linked through
a four-way fitting to a 15 cm 75 pm ID analytical column situated in proximity to the mass
spectrometer inlet. The trapping flow rate is 4 uL/minute and maintains a pressure of 1800 psi,
and the analytical flow rate is 0.25 pL/minute and reaches a maximum pressure of approximately
900 psi. Following a trapping period of 5-minutes, peptides are eluted from the analytical column
and enter the mass spectrometer using a 100-minute sample analysis that contains a 65-minute
gradient optimized peptide elution (Figure 1-A). As indicated by the red triangles in Figure 1-B,
peptides from 1 pg of a trypsin-digested yeast cell lysate elute from the column after 10-minutes
and continue to elute till approximately 67-minutes into the total chromatographic gradient. Due
to the low flow rate of nESI, it takes approximately 17-minutes for a complete change in solvent
to fully equilibrate the HPLC and chromatography column system, from HPLC pump to
analytical column tip. Therefore, following the 85% ACN wash step, an equilibration time of 20-

minutes is allowed to ensure that before the start of the next sample injection the solvent in the
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HPLC and chromatography system has returned to trapping conditions of 5% ACN/0.1% FA

(Figure 1-A).
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Figure 1. Chromatographic gradients used for (A) nESI and (B) CSI methods, with the time
indicated before 0-minutes as the period allowed for solvent flow through the trapping column
only. Total ion chromatograms from the analysis of 1 pg of trypsin-digested yeast cell lysate
using the above chromatographic gradients for both (C) nESI and (D) CSI analysis. The end time
of each analysis is denoted by a red x-axis tick mark. Additionally, the beginning and end time of

peptide elution is denoted by red triangles.
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Working from the above nESI gradient conditions, I created a CSI-compatible
chromatographic gradient to increase the throughput of sample analysis while maintaining a
similar signal sensitivity and peptide identification profile to our nESI results. To modulate the
increase of pressure associated with an increase in solvent flow rate, I elected to use 200 pm ID
trapping and analytical columns, both packed with the same length of Magic C18 packing
material described in our nESI system. I tested a spectrum of solvent flow rates and observed
that at 2.5 pL/minute I reached a maximum level of sensitivity based on recorded intensities of a
standard. In addition, the flow rate of 2.5 pL/minute greatly increases the possibility for
improved sample throughput. Using the same gradient slope as indicated in the nESI anslysis, it
is observed that with a 1 pmol sample injection of angiotensin II the CSI signal intensity is 0.1 to
0.5 orders of magnitude lower than recorded with nESI (data not shown). The increase in
capillary column ID for the CSI chromatography system increases the total volume within the
trapping and analytical columns 5.42 times that of the described nESI system. But, the ten-fold
increase in solvent flow rate used with the CSI source allows for an equilibration of the entire
HPLC and chromatography column system, from pump to analytical column tip, in roughly 2.5-
minutes. Using the higher solvent flow rate of 2.5 pL/minute, it is possible to drastically shorten
both the lapse time for peptides to elute from the analytical column at the beginning of the
chromatographic gradient and the equilibration period at the end of each sample analysis. The
result is a 68-minute chromatographic gradient with a similar gradient slope and time to the nESI
sample analysis - a reduction of 32-minutes (Figure 1-C). As shown in Figure 1-D, using the CSI
chromatographic gradient, peptides start to elute at approximately 3-minutes and continue to
elute till 60-minutes into the sample analysis. Additionally, the larger ID trapping column allows

for an increase in the solvent flow rate during the trapping period to 6 plL/minute; effectively
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reducing the needed trapping period to 2.5-minutes while maintaining a similar back pressure to

that of the nESI system.

A primary goal of optimizing the chromatographic gradient for use with the CSI source is
to maximize throughput by improving the percentage of time the mass spectrometer spends
identifying peptides during a sample analysis. As illustrated in Figure 1, the total ion current
(TIC) is depicted for a sample injection of 1 pg trypsin-digested yeast cell lysate for both nESI
(Figure 1-B) and CSI (Figure 1-D). While all steps of the gradient are essential, for this
comparison | equate the amount of time that peptides elute from the analytical column as the MS
time utilization for the sample analysis. MS time utilization is the period of time during the
sample analysis where the mass spectrometer can be productive in attaining spectra for positive
peptide identification. As a baseline, the 100-minute gradient of the nESI analysis has a percent
time utilization of 57.1%. Using the established CSI conditions, I was able to reduce the time it
takes for peptides to elute from the analytical column and minimize the equilibration period at
the end of the sample run, shortening the total gradient to 68-minutes. For the standard data-
dependent acquisition method, 2702 peptides were identified using the nESI configuration and
2620 peptides were identified using the CSI setup. This calculates to an improved percent time
utilization of 82.4%. This in turn can be calculated to an increase in the rate of peptide
identifications; 38.5 peptides per minute using the CSI method established here, compared to
27.0 peptides per minute with the nESI method. Additionally, the same analysis can be done on
the data collected from the gas-phase fractionation (GPF) analyses. The total gradient time for
the nESI GPF method is 400-minutes and results in 4459 peptide identifications. The total
gradient time for the CSI GPF method is 272-minutes and results in 4408 peptides. In

recognition of multi-injection sample analyses (i.e. GPF and PACIFIC) it is worthy to note that
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the time saved per sample injection and chromatography gradient is additive and the CSI GPF is
more than a 25% reduction in analysis time.

Furthermore, I used the assigned copy number information available for yeast proteins’*
to compare the protein molecules per cell value of identified proteins from each ionization source
(Figure 2). This was done for both a standard data-dependent (400-2000 m/z) and a four-window
(GPF) acquisition technique.” As mentioned, peptide and protein quantities are very close in
quantity between the nESI and CSI methods. Additionally, as illustrated in Figure 2, the
frequency distribution of peptide identifications for nESI and CSI follow a similar pattern.
Although, it should be noted that the median value of the assigned protein molecule per cell,

denoted by the black triangle (¥), is lower in both of the CSI analyzes.

Coupling CSI to the PAcIFIC acquisition technique

By virtue of altering the chromatographic gradient, it is necessary to review and optimize
the PACIFIC acquisition method for use with CSI. As designed by Panchaud et al., to maximize
peptide identifications and benefit from improved quantitative measurements, the PAcIFIC duty
cycle (i.e., interrogating each designated PAcIFIC m/z channel for a sample injection) must
occur multiple times during a single chromatographic peak. Changing the gradient slope and
solvent flow rate will affect the rate at which a chromatographic peak will elute from the
analytical column into the mass spectrometer.””’ Therefore, I must optimize the acquisition
technique to mirror the increase or decrease of peptide elution time based on changes in the CSI
chromatographic gradient. To analyze the m/z region of 400-1400 m/z, there are a total of 667,
2.5 m/z PACIFIC channels to interrogate. Based on this fixed value of m/z channels and the fact

that I want to complete the total sample analysis in 24-hours, a relationship develops between the
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number of m/z channels that are interrogated per sample injection and the allowable
chromatographic gradient time. For example, the more m/z channels interrogated in a single
PACIFIC duty cycle reduces the total number of sample injections necessary to analyze all 667
PACIFIC channels. In turn, based on a fixed total analysis time of 24-hours, a reduction in
number of sample injections needed permits each individual chromatographic gradient to be
longer.

Here, using this relationship I intended to optimize a CSI PAcIFIC method based on the
total number of injections needed per PACIFIC duty cycle. Empirically, I estimated the time of
the PACIFIC duty cycle on the LTQ Orbitrap when interrogating 15, 20 and 30 channels to be
3.9-5-seconds, 5.3-6.7-seconds, and 7.9-10.0-seconds, respectively (data not shown).
Additionally, I selected these conditions to span a spectrum of PACIFIC duty cycle lengths to
determine the maximum number of peptide and protein identifications that can be made while
ensuring that each chromatographic peak is interrogated repetitively for qualitative and
quantitative purposes. As a baseline reference, I analyzed a trypsin-digest yeast cell lysate
sample with the previously optimized nESI LTQ Orbitrap PACIFIC method.” As seen in Figure
2, the 4.2-day nESI PACIFIC method identified 13,468 peptides contributing to 2,120 proteins.
As depicted by the frequency distribution of assigned protein molecules per cell, the median
copy number value of the identified proteins is 5,040. The CSI PACIFIC analysis of the same
yeast cell lysate sample was performed with the following three methods: 1) 44 sample injections
each interrogating 15 2.5 m/z channels with a single sample analysis time of 32.7-minutes; 2) 33
sample injections each interrogating 20 2.5 m/z channels with a single sample analysis time of
43.6 minutes; and 3) 22 sample injections each interrogating 30 2.5 m/z channels with a single

sample analysis time of 65.5-minutes. Based on results illustrated in Figure 2, in comparison
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Figure 2. Frequency distribution based on protein molecules per cell, as assigned from values

published in Ghaemmaghami et al.,’”’

of trypsin-digested yeast cell lysate mass spectrometry
derived protein identifications from a variety of ionization source and mass spectrometer
acquisition methods. Each pixel represents a spread of 200 protein molecules per cell, starting
from zero. Listed for each technique is the: total number of peptide and protein identifications, a

minimum and maximum value assigned from the protein molecules per cell, and the median

value for protein molecules per cell assignment, as denoted by the black triangle (V).
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between the CSI PACIFIC methods analyzed, it can be observed that the conditions associated
with 44 sample injections allows for a maximum number of peptide and protein identifications
(11277 peptides, 1753 proteins), lowest assigned copy number median value (5941 protein
molecules per cell), and the shortest PACIFIC duty cycle that will ensure repetitive

chromatographic peak sampling.

Increased sample loading and application to CSI PAcIFIC

To modulate the increase in pressure associated with higher solvent flow rates in our CSI
system, the bore size of the trapping column was increased from 100 pm to 200 pm. Doubling
the ID of the capillary quadruples the volume of Magic C18 material that can be packed in a
fixed 2 cm trapping column length. This, in turn, increases the binding capacity of the trapping
column; and I consequently recognized the potential of loading more sample per injection to
effectively increase the amount of each peptide species available for analysis. First, I compared
the peptide and protein identifications from a series of analyses completed with the 44 injection
CSI PACIFIC method to assess the effect of increasing the per sample injection amount from 1
ug to 2 ug. With no effect on the overall sample analysis time, this technique resulted in 7.2%
more peptide identifications, and a 7.6% boost in protein identifications. Notably, the mean copy
number value for the 2 ug sample load analysis decreased by 408.9 protein molecules per cell.
By identifying proteins unique to the 2 pg analysis, it was found that these identifications
originate from lower copy number per cell proteins with a mean and median value of 4062.6 and
2537.2 protein molecules per cell, respectively.

Next, I investigated the effect of further increasing the sample amount from 2 pg to 3 pg

per sample injection. Here, it was observed that the number of peptide and protein identifications
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decreased by roughly 8%. I attribute this effect to the possibility that the trapping column is no
longer binding the peptide sample discretely and the possibility that I am producing an increased
number of chimeric spectra’’ that are not properly handled with our current proteomics analysis
pipeline.

Comparatively, I tested the effect of increased sample loading on nESI data-dependent
acquisition (400-2000 m/z) using the 200 pm trapping column. Using Hardklor, available
precursor ions were counted based on identified z > 2+ isotopic distributions. While a marked
increase in precursor ions occurs with greater sample loading this did not result in a greater
number of peptide or protein identifications (data not shown). Presumably, with our relatively
short DDA nESI method, I do not spend enough time selecting available precursor ions for
tandem-MS to benefit from the increase in the number of precursor ion availability. To do so, I
would need to increase the chromatographic gradient time and/or use a faster scanning
instrument. This highlights a characteristic difference in the design of data-dependent acquisition
versus that of the data-independent technique, PACIFIC. With PACIFIC, a fixed amount of time
is allotted to interrogate every m/z channel over a designated m/z range. Therefore, as seen from
the data, it is possible to see great benefit by increasing the presence of peptide species by

increased sample loading.

12-hour CSI PAcIFIC analysis
To further decrease the time per total sample analysis, I decided to reduce the overall m/z
range analyzed. Data collected using CSI PACIFIC with 44 sample injections was reviewed to
select the m/z range with the highest rate of peptide identification. I discovered that a bulk of

peptide identifications originate from a limited m/z range and elected to focus our efforts on

5A



analyzing the 285 2.5 m/z channels located between 670 and 1096 m/z. With the trapping period
and pauses in sample analysis (i.e., waiting for contact closure signals from the liquid
chromatographer) this shortened analysis can be done in less than twelve hours. To validate this
approach the original data set was reanalyzed to only include the above mentioned 19 sample
injections. With a reduction in more than 50% of the time required to complete the PAcCIFIC
analysis, I still identify 65.3% of the peptide identifications and a staggering 90.5% of the
number of protein identifications. Additionally, I observed no effect on the dynamic range and
only a modest increase in the median value of protein molecules per cell (a rise from 5491.2 to

6210 protein molecules per cell).

CSI PACIFIC optimization on the LTQ Velos

The PACIFIC method has also been optimized for use with the faster scanning LTQ
Velos (Thermo Scientific) with a nESI source using 27 sample injections each covering 25 2.5
m/z channels.” The advancements of the LTQ Velos include a front end S-Lens that helps to
funnel a greater number of ions that enter the mass spectrometer into a dual-pressure ion trap that
aids in both sensitivity and scan rate speed.”” I have previously acknowledge the dependency of
PACIFIC method parameters on the scan rate of the instrument.”® To couple with CSI with the
PACIFIC method on the LTQ Velos, it was necessary to evaluate and optimize the acquisition
and chromatography parameters. Preliminary work coupling CSI to the LTQ Velos was done
using trypsinized cell lysates from HepG2 cells. Using the chromatography gradients from the
LTQ Orbitrap development, I first compared nESI and CSI protein identifications using a
standard data-dependent acquisition technique (400-2000 m/z). As seen in Table 1, protein and

peptide identification numbers are lower in the CSI analysis (4647 peptides identified with nESI
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versus 3969 peptides identified with CSI). This is in agreement with observations from the work
done on the LTQ Orbitrap, although counter to those experiments the average and median copy
number of proteins identified increase on the LTQ Velos with the CSI. To establish an optimized
PACIFIC method with the CSI source on the LTQ Velos, I tested 15, 19, 27, and 44 injection
PACIFIC analyses to span a range of duty cycle time lengths. Previous work by Panchaud et al.
established an optimized setting for nESI PACIFIC on the LTQ Velos of 27 sample injections
covering 2.5 days of total analysis time. Here, reviewing the data presented in Table 1, I
observed a similarity of protein and peptide identifications qualities between 15, 19 and 27
sample injection PACIFIC analyses. The most proteins were identified at 15 sample injections
(1529 proteins). The largest number of peptides was identified at 19 sample injections (10054
peptides). In addition, the 19 sample injection identified the protein with the lowest assigned

112

copy number as defined by Ghaemmaghami et al.’””’ and shared the lowest median copy number

value with the 15 sample injection PACIFIC analysis (6301.7 protein molecules per cell).

Table 1.
Max Copy Min Copy Average Copy Median Copy

# Protein IDs # Peptide IDs Number Number Number Number
nESI DDA(400-2000 m/z) 911 4647 1255722.3  105.5 40717.2 11662.8
CSI DDA (400-2000 m/z) 774 3969 1255722.3  105.5 45298.2 12937.9
nESI PACIFIC (2.5 days) 1844 11284 1589836.9 64.3 23727.0 4948.2
CSI PACIFIC (24 hrs/15 injections) 1529 9888 1255722.3 64.3 27695.4 6301.7
CSI PACIFIC (24 hrs/19 injections) 1525 10054 1255722.3 49.2 27814.4 6301.7
CSI PACIFIC (24 hrs/27 injections) 1523 9794 1255722.3 64.3 274583 6465.4
CSI PACIFIC (24 hrs/44 injections) 1304 8678 1255722.3 98.9 31239.6 6278.4
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2.4 Discussion

Recent advances in data-independent acquisition methods, especially PACIFIC, have
demonstrated encouraging advancements in the ability to expand the detectable dynamic range of
proteomics samples.” Hengel et al. illustrated the effective application of the PACIFIC method
in comparison to a data-dependent 4-window GPF mass spectrometry technique. The study
determined that the pro-metastatic protein anterior gradient 2 (AGR2) was significantly up
regulated following tamoxifen treatment and increased expression of AGR2 was implicated in
tamoxifen drug resistance. This protein was not identified in the data-dependent GPF technique
or a transcriptomic screen, highlighting the necessity of being able to more thoroughly catalog
biological and clinical samples.””” Panchaud et al. calculated that the PACIFIC method could
identify peptides over a precursor ion dynamic range of eight orders of magnitude.” But, this
comes at the cost of intensive time investment as a single PAcIFIC analysis takes 4.2 days on the
LTQ Orbitrap and 2.5 days on the LTQ Velos. Here, I demonstrated that by coupling the
PACIFIC method with the CSI source, I was able to reduce the total analysis time to 24 hours
without deleteriously affecting the quality of peptide and protein identifications. This is a
reduction of 76.8 and 36 hours for the LTQ Orbitrap and LTQ Velos, respectively. In turn, I
hope this method optimization makes PACIFIC a more reasonable time investment for
proteomics analysis of biological and clinical samples.

The fundamental acquisition features of the PACIFIC technique rely on instrument
scanning speed. As designed by Panchaud et al., the PACIFIC duty cycle (i.e. all 2.5 m/z
channels predetermined for a sample injection and chromatographic gradient) must repetitively
interrogate each chromatographic peak for qualitative and quantitative purposes.”’ Repetitive

precursor ion interrogation is a key advantage of the PACIFIC method when compared to
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standard DDA techniques. To increase peptide identifications in DDA, dynamic exclusion is
employed to eliminate oversampling of the most abundant precursor ions. But, this technique
also inhibits the probability of sampling a specific precursor ion when it reaches the apex of its
respective chromatographic peak thereby sacrificing the qualitative and quantitative properties of
a dataset. Qualitatively, improved signal to noise ratios (S/N) of fragment ions are observed
when precursor ions are interrogated at the apex of the chromatographic peak leading to
increased confidence of peptide identifications. Quantitatively, the repetitive sampling of each
precursor ion correlates to a more accurate assessment of peptide abundance when using label-
free quantitative methods such as spectral counting. Designing the PACIFIC duty cycle to be
short enough to capture multiple tandem-MS spectra across each chromatographic peak will
ensure that some of those spectra are captured closer to the chromatographic peak apex than is
typically achieved with DDA techniques.

As demonstrated here, by fixing the overall sample analysis time (i.e. 24 hours) it is
necessary to optimize the number of m/z channels that can be analyzed per PACIFIC duty cycle
in relation to the corresponding rate at which a peptide will elute from the chromatographic
system into the mass spectrometer. As illustrated in the comparison of CSI PACIFIC analyses
(Figure 1), the results indicate that the method with 44 sample injections allows for the most
peptide and protein identifications as well as the lowest median protein molecule per cell value.
As programed, the 44 injection CSI PACIFIC method interrogates 15 2.5 m/z channels and has
the shortest duty cycle (approximately 4 seconds) of the all approaches studied. Empirically, I
estimated that many peptides elute from the chromatographic gradient created for the 44
injection CSI PACIFIC method for 9-13 seconds. Therefore, this approach allows for the

necessary repetitive interrogation of each m/z channel during the elution of a single peptide
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species to generate quality data. It is our recommendation that use of the CSI PAcIFIC method
with a LTQ Orbitrap follow the established protocol for 44 sample injections.

In this study, I also investigated the effects of increasing the sample load per injection on
the number of identified peptides and proteins. The capability of the CSI source to generate and
direct a larger percentage of ions into the mass spectrometer from a high flow rate nano-
chromatography system allows the use of larger inner diameter capillaries for the trapping and
analytical columns. This in turn increased the volume of C18 packing material within a fixed
length trapping and analytical column and results in the ability to bind a greater quantity of
peptide sample. I observed that increasing the peptide sample per injection from 1 pg to 2 pg
resulted in 7.2% more peptide identifications, and a 7.6% boost in protein identifications. It was
noted that the newly identified proteins originate from lower copy number per cell proteins with
a mean and median value of 4062.6 and 2537.2 protein molecules per cell, respectively.
Therefore, I postulate that by increasing the sample amount per injection I can effectively
increase the presence of each peptide species allowing for low abundance peptides to overcome a
threshold of precursor ion abundance necessary for identification. This highlights an additional
fundamental advantage of the PACIFIC method over other DDA techniques. Since a fixed
number of m/z channels are interrogated evenly over the entire m/z region in each PACIFIC
analysis, it is possible to see great benefit in increasing the presence of peptide species by
increased sample loading. But, this is a correlation that consists of a spectrum of both beneficial
and adverse effects. On the other hand, by increasing the number of precursor ions of adequate
ion abundance for identification I increase the probability that chimeric spectra, a single
spectrum containing the fragment ions of more than one precursor ion species, will be generated.

This is an especially important consideration for the short chromatographic gradient used in the
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44 injection CSI PACIFIC method developed here. The proteomics data analysis pipeline I used
does not allow for deconvolution of chimeric spectra and therefore chimeric spectra can have a
deleterious affect on SEQUEST scoring and the increased identification of false positives. This
effect was noted when the sample amount per injection was increased from 2 pg to 3 pg and the
corresponding number of peptide and protein identifications was reduced by 8%.

I also investigated further reducing the analysis time of the PAcIFIC method by reducing
the total number of m/z channels to be interrogated. A PACIFIC analysis of 400 — 400 m/z has
667 2.5 m/z channels. To reduce the overall analysis time to less than 12 hours, I designed the
method to interrogate 285 2.5 m/z channels over the span of 670 — 1096 m/z. This m/z region
was selected for the high density of peptide identifications. By reducing the overall m/z region
interrogated, I identified roughly 65% of the peptide identifications. I anticipated a substantial
decrease in number of peptide identification by the mere justification that I am producing fewer
tandem-MS spectra for SEQUEST interrogation. But, unexpectedly, I maintained 90.5% of the
number of protein identifications. The quality of remaining peptide identifications did not differ
from those of the 24-hour PACIFIC method, as the interrogation process for the peptides
identified remains unchanged. Therefore, I find this approach to be a reasonable means for
further reducing the PACIFIC analysis time if peptide sequence coverage is not critical
component of the analysis (i.e. searching for covalent peptide modifications).

A significant portion of the CSI analysis was to determine the practical application of the
CSI source for the PACIFIC method on both the LTQ Orbitrap and the LTQ Velos. Nano-spray
ESI is a highly used technique with proven spray stability for long-term analysis. In this regard, I
found that the CSI source operated exceedingly well with the LTQ Orbitrap. Peptide standards

were used to evaluate the condition of the chromatography system and CSI spray stability during

(29



the course of multiple PACIFIC analyses. As done with our nESI experiments, the
chromatography system and CSI source performed well and could be used for several PAcIFIC
analyses before requiring replacement of the trapping and analytical column. CSI use with the
LTQ Velos was more problematic. I found that the high flow rate and increased sample loading
necessitated frequent cleaning of the S-lens. A ‘dirty’ S-lens leads to decreased ion transmission
to the ion trap, effectively reducing the observed signal of our standard peptide. With this
experimental information, I decided not to pursue further optimization of the CSI PACcIFIC
method on the LTQ Velos. Additionally, I favor use of the CSI on the LTQ Orbitrap due to the
ability to capture high mass accuracy and resolution precursor ion scans. This will allow for
future coupling of AUC quantitative approaches and will also allow users to track the presence

of precursor ions.
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2.5 Conclusions and future directions

As proteomics mass spectrometrists, we are often asked how to best analyze samples for
global proteome characterization. This question can start to be answered by understanding the
‘economies of shotgun proteomics’ or the cost advantages of increased sample analysis time. In
mass spectrometry, time is money. Therefore, understanding a researcher’s budget constraints is
critical in presenting options for how to best analyze a sample. Presented here is an advancement
of the PACIFIC method that drastically reduces the overall analysis time without deleteriously
reducing the number of peptide and protein identifications. Originally presented by Panchaud et
al. as a 100.8 hour technique (4.2 days),”’ I have significantly reduced the PACIFIC analysis time
to 24 hours without significantly reducing the number of peptide and protein identifications.
Additionally, I demonstrate further routes to reduce the analysis time to less than 12 hours by
constraining the total m/z region to be analyzed. These approaches reduce the overall time and
cost investment required, while achieving a similar proteome analysis. As we continue to
advance the field of mass spectrometry, it is important that we keep the concept of ‘economies of
shotgun proteomics’ in mind as a guideline for creating practical analysis techniques that can be
quickly adopted by the scientific community. Additionally, as instruments capable of increased
scanning speeds continue to become available, it will be necessary to continue to reevaluate DIA

techniques that have already been developed.
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Chapter 3

DATA-INDEPENDENT MASS SPECTROMETRY TECHNIQUES FOR THE
IDENTIFICATION OF PUTATIVE ALL-TRANS RETINOIC ACID-MEDIATED SECONDARY
PATHWAYS AND ALTERATIONS IN PROTEIN EXPRESSION THAT DICTATE THE FATE
OF A CELL

3.1 Introduction

All-trans retinoic acid is a highly active metabolite of the vitamin A family required by
numerous cell types for a diverse array of biological processes including differentiation of
epithelial tissues, embryonic development, growth, immune response, reproduction, fatty acid
metabolism and vision.” Sought for the potential to promote differentiation, cell cycle arrest,
apoptosis, and metabolism; atRA is used at pharmaceutically active doses in the therapy of
cancers,” °’ treatment of skin issues,”” and is being investigated as an anti-obesity medication.’*
It is well established that atRA mediates gene expression and the resulting inhibition of cellular
growth through interactions with ligand-activated transcription factors. The most prominently
affected transcription factors are the family of retinoic acid receptors: -alpha,”® —beta,”” and -
gamma’’ (RAR-0, RAR-B, RAR-y). RAR forms a heterodimer with retinoid X receptor (RXR)’’
when the two transcription factors are bound to specific sequences of DNA defined as retinoic
acid receptor elements (RARE).”> RAREs are characterized by direct repeats (DR) of two
hexanucleotides with a defined base pair gap between the protein binding of RAR and RXR. The
RAR/RXR heterodimer will bind to sequences with 2 (DR2) and 5 (DRS) base pair gaps. When
atRA binds to RAR, the protein undergoes conformational changes that weaken protein-protein
interactions and allow for dissociation of transcription complex corepressors. Subsequently,
coactivators can bind to the atRA activated RAR/RXR heterodimer and activate downstream

gene expression. Transportation of atRA to the nucleus via binding proteins is vital in the process
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of atRA-mediated gene expression. For example, cellular retinoic acid-binding protein 2
(CRABP-II), plays a role in the process of atRA-mediated gene expression and a subsequent
decrease in proliferation as CRABP-II delivers atRA directly to RAR.”” At chemotherapeutically
active doses, atRA will activate a series of protein pathways involved in apoptosis through de
novo protein expression. For example, in the breast carcinoma cell line, MCF-7, atRA has been
shown to induce expression of intrinsic apoptosis pathway factors such as initiator caspase-9 and
executioner caspase-7. These proteins subsequently activate secondary protein pathways
resulting in impaired mitochondrial function and release of pro-apoptotic mitochondrial factors
including cytochrome C.”

Paradoxically, it has been observed that atRA can also promote cell growth and
proliferation in a tissue-specific manner, as documented in keratinocytes.”® In recent years, the
peroxisome proliferator-activated receptor beta/delta (PPAR-B/6) has been shown to interact with
and be activated by atRA; thereby providing an alternate pathway by which the pleotropic effects
of atRA can be more fully defined. Much like the RAR/RXR heterodimer, PPAR-B/5 forms a
heterodimer with RXR. Retinoic acid binds to PPAR-B/3 to promote the expression of a subset of
genes that differs from RAR-mediated gene expression.” Whereas the RAR/RXR heterodimer
binds to DR2 and DR5 RARE sequences, PPAR-B/d promotes the expression of a unique
proteome by preferential interaction with a pair of hexanucleotides separated by a 1 (DR1) base
pair gap.’® Additionally, delivery of atRA, and thus activation of the PPAR-B/5/RXR
heterodimer, is accomplished by a unique transport protein, fatty acid-binding protein 5 (FABPS).
This alternative route of atRA-mediated gene expression activates a multitude of compounding
anti-apoptotic and pro-survival signal pathways.”’ Categorically, PPAR-B/5-mediated gene

expression leads to changes in fatty acid transportation, fatty acid oxidation, adipocyte
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differentiation, adaptive thermogenesis, ubiquitination, and cell survival.””* More specifically,
atRA-activated PPAR-B/6/RXR increases transcription of a family of phosphatidylinositol 3-
kinases (PI3K), which subsequently activate the serine/threonine-specific protein kinase, Protein
Kinase B (PKB or Akt). In turn, activated Akt: 1) impedes apoptotic pathways by inhibiting
proteins such as Bcl-2-associated death promoter (BAD); 2) activates cell proliferation
mechanisms including mammalian target of rapamycin (mTOR); and 3) induces the means for
increased protein synthesis necessary for cell signaling and growth.”” */

The diverse range of cellular response attributed to atRA has long been of concern to the
research and clinical community. Increasing interest in using atRA as a chemotherapeutic for its
potential to promote differentiation, cell cycle arrest and apoptosis requires that we also
understand the diverging consequence of atRA as an activator of cell proliferation”. Recently,
Schug et al. demonstrated that the balance of CRABP-II and FABPS are vital to the fate of the
cell as they control transport of atRA to their respective nuclear transcription factors. Basal
levels of CRABP-II and FABPS are critical in partitioning atRA between RAR and PPAR-B/
and activating the respective pro- and anti-apoptotic cellular responses. CRABP-II and RAR
interact with atRA with high affinity, in the range of 0.1-0.2 nM. Both FABP5 and PPAR-B/
associate with atRA at an affinity of 10-50 nM. Reasonably, it has been noted that activation of
PPAR-fB/6 will only be displayed in cells that have a high basal FABP5/CRABP-II ratio due to
the noted differences in atRA affinity. For example, in keratinocytes, levels of FABPS are much
greater than CRABP-II and therefore cell proliferation and growth are the dominantly activated
cellular mechanisms.” To more fully understand the complex cell signaling cascades generated
by RAR and PPAR-B/5, there is need to further characterize the transcribed protein alterations

that occur following atRA treatment. Discovering secondary protein activity that contributes to
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the delicate balance of pro- and anti-apoptotic activation will generate a more thorough
comprehension of the tissue-specific responses to atRA and the utility of this compound in the
therapy of cancer, skin care, and obesity.

Much of the current literature elucidating atRA-induced differences in proteome profiles
is founded on techniques that resolve proteins using two-dimensional gel electrophoresis (2-
DE).” # 2-DE is capable of simultaneously resolving thousands of proteins.”” But, the
fundamentals of the technique impose several limitations that negatively impact the ability of
researchers to observe the global alterations of the proteome necessary in understanding the
complete molecular mechanism of atRA.?” In addition to the caveats pertaining to gel spot
excision, efficiency of protein digestion, peptide extraction and MS characterization, it has been
well characterized that both highly acidic and basic proteins as well as large molecular weight
proteins are vastly underrepresented in 2-DE.” While improvements such as two-dimensional
difference gel electrophoresis (2D-DIGE) have improved the quantification, reproducibility,
resolution and sensitivity of 2-DE,” the loss of previously mentioned protein groups still
confines the scope and application for which this method is suitable.

Mass spectrometry based proteomics has been vital to expand the understanding of global
protein alterations in cellular systems.” Data-independent acquisition techniques have extended

76, 91,93, 94 50 q have been fruitful

the detectable dynamic range capabilities of shotgun proteomics
in the application to clinical research.’’” ‘> /22 More specifically, the data-independent
acquisition method termed Precursor Acquisition Independent From Ion Count (PAcIFIC) has
significantly increased the detectable dynamic range of complex proteomic samples over other

data-dependent and data-independent acquisition schemes.” The PACIFIC method operates by

successively interrogating predefined 2.5 m/z isolation widths, or channels, by tandem-MS
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across a 1000 m/z range. Batches of n continuous 2.5 m/z channels, overlapping by 1 m/z, are
analyzed per sample injection and chromatographic gradient. The » number of channels
comprises the PACIFIC duty cycle and each successive sample injection will analyze the next »
channels until a total desired m/z range is complete.”’ As opposed to a precursor ion scan used in
data-dependent methods, the use of the small 2.5 m/z isolation width greatly increases the
measureable dynamic range of the total PACIFIC analysis by negating the effect of highly
abundant precursor ions outside of the narrow m/z window being interrogated. As a result,
Panchaud et al. report a detectable dynamic range of eight orders of magnitude at an FDR of
0.5%.”" The PACIFIC method has proven an invaluable tool for researchers looking to increase
proteome coverage of complex biological matrices such as serum, tissue culture and urine
samples.’”% 1?? Additionally, a quantitative advantage is achieved with such DIA techniques
due to the repetitive sampling of each m/z channel during the elution of a single chromatographic
peak.’”

Here, I intend to use data-independent acquisition (DIA) mass spectrometry methods to
profile atRA-mediated protein signatures of two different global cellular responses. I will use
two model cell lines: 1) the breast carcinoma cell line, MCF-7, which displays classical RAR-
mediated cell cycle arrest followed by apoptosis;’*’ and 2) the hepatocellular carcinoma cell line,
HepG2, which is less characterized but has shown indications of alternative pathway activation.
Employing the technique, Precursor Acquisition Independent From Ion Count (PAcIFIC), with
means of semi- and relative-quantification, I will compare the proteomes of MCF-7 and HepG2
cell lines to search for signatures of atRA-induced protein alterations. In addition, I will discuss

advances to the PACIFIC method that drastically increase sample throughput.
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3.2 Experimental procedures

Cell viability

Cell growth was measured by adding WST-1 reagent (Roche, Indianapolis, IN, USA).
Briefly, cells were grown in a 96 well plate cultured in a 5% carbon dioxide environment in a
humidified incubator at 37 °C. Using 6 replicates per treatment and a DMSO control, the effect
of atRA treament (0.001 — 50 uM) on cell proliferation was measured after 72 hours of treatment.
Every 24 hours, the media was removed from each treatment group and cells were washed with
PBS, and media containing atRA was replaced. At 72 hours, 10 pL. of WST-1 reagent was added
to each well and incubated at 37 °C for 1 hour to measure cell viability and growth according to
manufactures instructions. The absorbance was measured at 450 nm with background subtraction
at 680 nm. Each treatment was normalized to the control cells and expressed as a percentage of

the control.

Cell culture

Human breast carcinoma (MCF-7) and hepatocellular carcinoma (HepG2) cell lines were
cultured in a 5% carbon dioxide environment in a humidified incubator at 37 °C. The growth
medium used was Dulbecco’s Modified Eagle Medium (DMEM) with pyruvate and low glucose.
The medium was supplemented with 10% FBS and 1% penicillin/streptomycin. 10 cm” dishes
were grown to 70% confluence prior to starting atRA and DMSO vehicle treatments. The cells
were treated with either at-RA (10 pM) or DMSO (control) for 4, 24, and 72 hours. The media
on the cells grown longer than 24 hours was replaced every 24 hours with fresh treatment media
till harvest. Cells were harvested by washing twice with ice cold PBS and scraping the cells into

0.5 mL of 100 mM ammonium bicarbonate. The resulting cell suspension was sonicated to lyse
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the cells and subsequently centrifuged at 5,000 g force to pellet cellular debris. Supernatant from
each sample was extract and placed in a clean eppendorf on ice. Protein quantification was
performed with a BCA protein quantification kit following the manufacturer’s protocol (Thermo
Scientific, Pierce). Protein quantity was normalized for each sample prior to further proteomics

sample preparation.

Protein digestion and peptide preparation

200 pg/100 pL protein sample were denatured with the addition of urea to 6M.
Subsequently, samples were buffered with the addition of 7 uL. 1.5 M Tris pH 8.8, reduced with
2.5 puL of 200 mM tris(2-carboxyethyl)phosphine (TCEP) for 1 hour at 37 °C, alkylated with 20
uL of 200 mM iodoacetamide for 1 hour at room temperature in the dark, and then quenched
with 20 uL of 200 mM dithiothreitol. Prior to addition of sequencing-grade porcine trypsin
(Promega, Madison, WI, USA) at a protein to enzyme ratio of 50:1, samples were diluted with
900 pL of 50 mM ammonium bicarbonate and 200 uL. of MeOH. After an overnight incubation,
peptides were desalted on a Vydac C18 macrospin column (The Nest Group, Southborough, MA,
USA) according to the manufacturer's protocol. Resulting eluent was concentrated on a SPD

111V SpeedVac (Thermo Savant, San Jose, CA, USA) and stored until further use.

Nano-electrospray ionization mass spectrometry
Nano-HPLC was performed using a Waters NanoAquity (Milford, MA, USA). A
homemade trapping column was made from 100 pm inner diameter (ID) capillary (Polymicro
Technologies, Phoenix, AZ, USA) packed with 2 cm of 200 A, 5 pm Magic C18AQ particles
(Michrom, Auburn, CA, USA). Successive analytical separation was performed on a

homemade laser-pulled 75 um ID (Polymicro Technologies, Phoenix, AZ, USA) column packed
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with 20 cm of 100 A, 5 pm Magic C18AQ particles (Michrom, Auburn, CA, USA). For each
sample injection, approximately 1 pg, unless otherwise noted, of the peptide sample was loaded
on the trapping column at 4 pL/min with 95% water/5% acetonitrile/0.1% formic acid for 5
minutes. Trapped peptides were then eluted from the trapping column onto the analytical
column using a variable gradient with a flow rate of 0.25 pL/min. The gradient utilized two
mobile phase solutions: A, water/0.1% formic acid; and B, acetonitrile/0.1% formic acid. The
variable gradient used is as follows: 0 minutes, A (95%), B (5§%); 55 minutes, A (65%), B
(35%); 65 minutes, A (15%), B (85%); 75 minutes, A (15%), B (85%); 80 minutes, A (95%), B
(5%); 80-100 minutes, A (95%), B (5%). Peptide digests were analyzed on both a LTQ Oribtrap
and a LTQ Velos (Thermo Fisher, San Jose, CA, USA) by nano-electrospray ionization in
positive ion mode. Ion source conditions were optimized using the tuning and calibration
solution suggested by the instrument provider. For PAcIFIC acquisition, the mass spectrometer

parameters were set as defined by Panchaud et al.”” *

Captive spray ionization mass spectrometry

Captive spray ionization was performed using a Waters NanoAquity (Milford, MA,
USA). A manufactured fused silica 200 pm ID trapping column purchased from New Objective
(Woburn, MA, USA) and packed with 2 cm of 200 A, 5 um Magic C18AQ particles (Michrom,
Auburn, CA, USA). Successive analytical separation was performed on a manufactured fused
silica 200 pm ID trapping column purchased from New Objective (Woburn, MA, USA) and
packed with 15 cm of 100 A, 5 um Magic C18AQ particles (Michrom, Auburn, CA, USA). For
each sample injection, approximately 1 pg, unless otherwise noted, of the peptide sample was

loaded on the trapping column at 6 pL/min with 95% water/5% acetonitrile/0.1% formic acid for

74



2.5 minutes. Trapped peptides were then eluted from the trapping column onto the analytical
column using a variable gradient with a flow rate of 2.5 pL/min, unless otherwise noted. The
gradient utilized two mobile phase solutions: A, water/0.1% formic acid; and B,
acetonitrile/0.1% formic acid. The variable gradient used for the optimized PACcIFIC acquisition
method is listed in Chapter 3: Section 1.2. Peptide digests were analyzed on a LTQ Oribtrap
(Thermo Fisher, San Jose, CA, USA) by captive spray ionization in positive ion mode. Ion
source conditions were optimized using the tuning and calibration solution suggested by the
instrument provider and wunder conditions recommended by the CSI manufacturer

(Bruker/Michrom).

Database search and protein quantification
Data acquired on the LTQ Orbitrap and LTQ Velos was converted from Thermo’s RAW
format to the universal mzXML format and searched against the IPI human database v3.49
(http://www.ebi.ac.uk/IPI/IPThuman.html) using SEQUEST.”  the precursor ion tolerance was
set to 3.75 and additional search parameters for SEQUEST included trypsin enzyme specificity,
cysteines modified with iodoacetamide and the variable option for methionines in reduced or

126, 127

oxidized form. Results were analyzed with Peptide Prophet ensuring that peptide hits with

a probability of >0.99 were accepted and linked to protein entries.

Protein quantification and statistical filtering
For the CSI PACIFIC dataset, protein identifications were assigned relative quantification
values using in-house spectral counting software.”’* The relative quantification value for each

protein is determined by summing all peptide tandem MS spectra correlated to a respective
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protein.’’? Following spectral counting, the data was filtered using a Student’s t-test and a p-
value cutoff of 0.05 or less to ensure that protein changes were consistent throughout the

biological triplicate and technical duplicate analyses.

Putative identification of RARE sequences within promoter regions
The DNA sequences of the identified proteins were scanned as described by Laperriere et
al. to determine if retinoic acid response elements (RAREs) existed within the respective
promoter regions.””” In-house Perl scripts were written to collect and parse stretches of genomic
information for potential RARE promoter sequences in a two-step process.””® The first step uses
the BioMart API (http://www.biomart.org) to access Ensembl (http://www.ensemble.org) and
record the user-defined gene information to a text file in FASTA format. Genes of interest are
listed in FASTA format and are accessed by the Perl script. For each gene in the input file,
10,000 DNA base pairs are captured directly upstream of the gene and amended to an output file.
The second step uses an independent Perl script to parse the aforementioned collection of gene
information for RARE sequences. Perl string matching is employed to match sequences with the
following requirement: (A|G)G(G|T)T(C|G)A(A|G|T|C)n(A|G)G(G|T)T(C|G)A, where n is one,
two or five bases as defined by DR1, DR2 and DR5 RARE sequences, respectively. As defined
by Perl, bases listed within parentheses and separated by the character " allow the string
matching algorithm to match only one of the listed bases. If a series of base pairs in a gene match

the string representing a potential RARE sequence based on the above rule, the gene name and

the determined RARE sequence found are listed in a FASTA format output file.
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3.3 Results

Differential effect of atRA on cell proliferation
The variant cellular responses to atRA are well documented in the literature, although the
cellular mechanisms of this divergence are not completely understood.” To further establish
cellular outcomes mediated by atRA, cell viability assays were performed on two cell lines of
interest to document possible changes in cell viability and ultimately the effect of atRA on cell

37 The first cell line is from a human breast carcinoma, identified as MCF-7, and

proliferation.
has been shown to have a pro-apoptotic response following atRA treatment.”” The comparative
cell line, human hepatocellular carcinoma (HepG2), was selected based on preliminary data
indicating a potential atRA-mediated anti-apoptotic response. Cell viability assays were
performed at a range of atRA concentrations (0.001, 0.01, 0.05, 0.1, 0.5, 1, 10, 30, 50 uM) due to

the well-established atRA dose-dependent cellular response.’** *

The dose-dependent effects of
atRA on MCF-7 and HepG2 cells at 72 hours are illustrated in Figure 1. It should be noted that at
atRA concentrations between 0.001 and 1 uM, minimal effects are observed on cell proliferation
at 72 hours. At atRA concentrations of 10, 30, and 50 uM, a continual decrease in MCF-7
proliferation with increasing atRA concentration is observed. Alternatively, in the HepG2 cell
line, there is no observed decrease in proliferation over the tested atRA concentration span
(0.001 — 50 uM). As shown in Figure 1, the lowest concentration where a significant difference
between the proliferation of MCF-7 and HepG2 cells occurs is at 10 uM atRA. In order to
quantitatively capture alterations in the proteome signatures responsible for the observed

divergent cellular fates of MCF-7 and HepG2 cell lines at a pharmacologically relevant

concentration, samples for proteomics analysis were collected after treatment with 10 uM atRA.
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MCF-7 vs. HepG2 Cell Proliferation
after atRA Treatment
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Figure 1. Effect of increasing concentrations of atRA on cell proliferation assay of the breast
carcinoma cell line, MCF-7, and the hepatocellular carcinoma cell line, HepG2, treated with

atRA concentrations ranging from 0.001 - 50 uM measured after 72 hours of treatment. *Figure

courtesy of Sam Arnold.

Relative quantitative proteomics analysis of MCF-7 and HepG?2 cells

I applied a recently developed 12-hour CSI PACIFIC method (see Chapter 2) to study the
proteome alterations of MCF-7 and HepG?2 cells treated with 10 uM atRA. MCF-7 samples were
analyzed over a treatment time course of 4, 24, and 72 hours and HepG2 samples were analyzed
at 72 hours. Spectral counting was used to quantify relative changes in protein abundance
between atRA treated samples and DMSO controls. Relative quantification values are reported in
Table 1 as a ratio of the spectral counts recorded in the atRA treated samples over the spectral
counts of the respective DMSO vehicle control. The biological triplicates were analyzed in

technical duplicate and a Student’s t-test was used to statistically assess significant differences
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between the DMSO control and atRA treated cell samples. The p-value from the Student’s t-test
is reported in Table 1 and a threshold of < 0.05 was used to select proteins of interest
(underlined). The number of proteins found to be significantly changed in expression over the
MCF-7 time course is as follows: 4 hours, no proteins; 24 hours, 12 proteins; and 72 hours, 44
proteins. While I did not expect to observe many changes at 4 hours, this time point was
analyzed to ascertain if there is evidence of any proteasome-directed degradation following atRA
treatment. To aid in the comprehension of the extensive list detailing significant changes in
protein abundance mediated by atRA, proteins were placed in functional categories and

discussed in the following sections.

Protein expression and integrity

Protein abundance and functionality is a tightly regulated process that is vital to cellular
health. The life of a protein begins with transcription, mRNA processing, and translation;
continues in light of environmental challenges with the help of protective agents and chaperone

140-142 . .
Here, I will examine

activity; and, ultimately ends with protease-catalyzed degradation.
each stage of the protein life cycle in search of possible atRA-mediated proteome signatures that
differentiate MCF-7 and HepG2 response pathways.

A clear deviation was observed between MCF-7 and HepG2 cell lines in identified
proteins with transcriptionally related function that are measured with significant abundance
changes. MCF-7 protein presence at 72 hours depicts a clear down regulation of proteins vital to
transcriptional activation. For example, both chromatin target of PRMT1 protein (CHTOP; p-

value = 0.038) and TATA-binding protein-associated factor 2N (TAF15; p-value = 0.038) are

down regulated. These proteins are responsible for translational initiation at distinct promoters
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and activation of target genes.'* * Additionally, the proliferating cell nuclear antigen (PCNA;
p-value = 0.040), protein machinery that aids in polymerase activity during elongation is down
regulated.’” In a dichotomy of cellular response, the HepG2 atRA-mediated proteome signature
reveals a general up regulation of transcriptional activators in concert with a down regulation of
transcriptional silencing machinery. Of note is the increase in presence of replication factor C
subunit 2 (RFC2; p-value = 0.027) responsible for promotion of DNA polymerase elongation
activity.”” And, a reduction in the protein abundance of transcriptional silencing factor,
chromobox protein homolog 3 (CBX3; p-value = 0.024) is responsible for repression of E2F-
and MY C-responsive genes.] v

A distinct signature of atRA-mediated proteome changes in the HepG2 cell line is the
number of significantly regulated proteins involved in RNA processing. In HepG2 cells I
observed an extension of the increased activity in the protein expression process with an up
regulation of machinery involved in RNA processing, maturation, and splicing. There is one
exception in the identified proteins with an observed decrease in abundance of heterogeneous
nuclear ribonucleoprotein H2 (HNRNPH2; p-value = 0.013). HNRNPH2 aids in pre-mRNA
conversion to mature translatable mRNA. The data provides evidence that additional HNRN
protein family members were simultaneously up regulated in HepG2 cells at 72 hours
(HNRNPH3; p-value = 0.008 and HNRNPUL2; p-value = 0.017)."**

Translation is a critical step in protein expression that is primarily driven by ribosomal
activity. The eukaryotic ribosome is an intricate 80S protein complex that can be divided into
two subunits: 60S and 40S. Each subunit is comprised of both RNA components and a multitude
of proteins.’” As depicted in Table 1, quantified protein identifications reveal unique signatures

for atRA-mediate changes in protein abundance for MCF-7 and HepG2 cells. In MCF-7 cells, it
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is observed that there is a down regulation of a 60S protein component (RPL28; p-value = 0.013)
with an increase in a 40S protein component (RPS20; p-value = 0.001). Alternatively, in HepG2
cells, there is a decrease in abundance of a 40S protein component (RPL13; p-value = 0.037). By
reviewing protein identifications from both MCF-7 and HepG2 cells, it is noted that both cell
lines elicit an atRA-mediated increase in abundance of proteins involved with initiating and
promoting protein translation for MCF-7 (EIF6; p-value = 0.024) and HepG2 cells (EIF3A; p-
value = 0.007, EEFIB2; p-value = 0.02, and EIF5B; p-value = 0.037).

Protein integrity and conformational maintenance is important to the life cycle of a
protein. Changes in cellular environment and oxidative damage often require the need for
chaperones and stress-induced protective measures.””’ In both the MCF-7 and HepG2 cells it is
observed that there is a general increase in proteins capable of such function at 72 hours. There
are several heat shock proteins up regulated in MCF-7 (HSPEI; p-value = 0.006) and HepG2
cells (HSPA1A; p-value = 0.031, and HSP90ABI; p-value 0.041). Additionally, several
chaperones are observed in increased abundance (CALR; p-value = 0.030, and HYOU; p-value
=0.038).

The final stage for proteins in their life cycle is often degradation by directed protease
activity. As observed in Table 1, MCF-7 cells display an increased abundance of a proteasome
component at 24 hours (PSMB7; p-value = 0.029) followed by a marked decrease in a
complimentary proteasome component at 72 hours (PSMB3; p-value = 0.008). In HepG2 protein
identifications 1 see a unique atRA-mediated protein signature of the induction of 26S
proteosome components (PSMD3; p-value = 0.007, PSMC2; p-value = 0.025, and PSMD4; p-

value = 0.047). The 26S proteasome is an ATP-dependent enzyme responsible for the
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degradation of ubiquitinated proteins and increased presence of several components of this

protein complex indicate targeted proteolysis of a specific subset of proteins.””’

Cellular Trafficking

Numerous proteins identified with significantly relevant changes in abundance due to
atRA treatment function in a capacity of trafficking cellular components. In the MCF-7 cells,
atRA-mediated changes in protein abundance increase the presence of a nuclear import protein,
importin-4 (IPO4; p-value = 0.047), at 24 hours. [PO4 is a receptor that recognized nuclear
localization signals (NLS) and promotes transport across the nuclear membrane.””” At 72 hours,
there is no differential presence of IPO4 and additional identified proteins capable of cellular
trafficking are down regulated. In HepG2 cells, I observed a unique atRA-mediated proteome
signature as most identified proteins involved with cellular trafficking of proteins, amino acids
and ions such as Ca>" and Fe’* are increased in abundance at 72 hours. Of particular importance
for future discussion of cell cycle regulation is the protein, E3 SUMO-protein ligase RanBP2
(RANBP2; p-value = 0.013). RANBP?2 is critical to the Ran-GTP-mediated import of proteins

into the nucleus for control of the cell cycle.”” ***

Metabolism

From the proteins categorized in Table 1, it can be seen that metabolic pathways account
for a large number of the quantified proteins (34 of 143) determined to be significantly altered in
abundance following atRA treatment. In recently published studies, unique cellular responses to
atRA appear to be determined by ratio of retinoic acid transport proteins, CRABPII and FABPS,

and the respective activation of either RAR or PPAR-B/5.” Of importance to the control of
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metabolism, additional pathways activated by PPAR-B/d involve fatty acid transport, fatty acid

oxidation, and adipocyte differentiation.””’

This is in correlation with the proteins involved in
fatty acid metabolism and quantified as up regulated in HepG2 cells at 72 hours (PLIN2; p-value
= 0.001, FASN; p-value = 0.002, ECHI; p-value = 0.006, ACSL3; p-value = 0.012, GOT1; p-
value = 0.014, Acyl-coenzyme A dehydrogenase; p-value = 0.019, ACSL4; p-value = 0.025,
ALDH3A2; p-value = 0.030, CYB5R3, p-value = 0.036, and PPT1; p-value = 0.049).”°
Cell cycle regulation

Cell growth and division is an intricate process in which the cell will pass through several
defined stages and checkpoints to ensure the healthy production of a daughter cell. The cyclical
process starts at the G; phase, wherein the newly divided cells will continue to grow, replicate
organelles, and prepare for DNA synthesis. Following the G; phase, the cell will enter the S
phase. Here, DNA is duplicated so that a new copy of the genome can be passed onto the
daughter cell. Subsequently, in the G, phase the cell will continue to grow for a period of time
and prepare for mitosis (M phase) wherein the cell will divide. Alternatively, the cell can enter or
exit the Gy phase, a resting or quiescent state, from the G, phase.””” Tracking the protein factors
that stimulate or repress the cell cycle is critical to understanding the unique response a cell line
may have to atRA. Here, | will review the protein identifications linked to cell cycle regulation.

It has been demonstrated that MCF-7 cells exposed to atRA treatment undergo G1/Gy cell
cycle arrest prior to apoptosis.””” Furthermore, Zhu et al. demonstrated that atRA-mediated cell
cycle control in MCF-7 cells leads to a decrease in the expression and activity of the
transcription factor E2F1 (E2F1) and the retinoblastoma-associated protein (RB1). RBI
phosphorylation (pRB) is necessary for the cellular transition from Gy to G; phase and pRBI

interrupts RB1 binding inhibition of E2F1. All-trans retinoic acid reduces phosphorylation levels

R3



of RB1 thereby promoting Gy phase and repressing RB1/E2F1 transcription activity resulting in
cell cycle arrest.””*

Here, the proteomics data presented in Table 1 implicates additional proteins and
pathways that contribute to Go/G; cell cycle arrest of MCF-7 cells. An increase in protein
expression of the lamina-associated polypeptide 2, isoform alpha (LAP2; p-value = 0.013) was
observed at 72 hours. This contributes to cellular quiescence since LAP2 will bind to RBI,
inhibiting the necessary RB1 protein interactions with the E2F family of transcription factors to
promote target gene expression critical for the transition to the S phase. Additionally, increased
expression of LAP2 led to hyporphosphorylation of RB1 further inhibiting RBI/E2F1
interaction.”””’% Tumor protein D53 (TPD52L1; p-value = 0.024), decreased in MCF-7 cells at
72 hours has been shown to play a critical role in cell cycle progression and decreased abundance
is linked to cell cycle arrest.””” Furthermore, it was observed that several members of the
minichromosome maintenance (MCM) complex were down regulated in MCF-7 cells at 72
hours: MCM4 (p-value = 0.028) and MCM7 (p-value = 0.045). The MCM complex is a strictly
regulated replicative helicase that plays a pivotal role in formation of DNA forks and elongation

that occurs ‘once per cell cycle’ during the S phase.’*

The Go/G; arrest of the cell cycle induced
by atRA in MCF-7 negates the necessity of these proteins and therefore the observed decrease in
expression of MCM complex proteins is inline with published studies.

In correlation with the above pathways, the proteomics data suggests involvement of
additional cell cycle regulating pathways that halt progression past the G; phase in MCF-7 cells.

All-trans retinoic acid decreases the expression of hematological and neurological expressed 1

HNI; p-value = 0.032) by nearly 50% at 24 hours. Varisli et al. and Laughlin et al.
p y
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demonstrated that knockdown of HN1 prolongs and arrest cell cycle progression in the G,
phase, /6 165
Comparatively, results from the cell viability assay indicate that HepG2 cells experience
proliferative effects following atRA treatment. Accordingly, significantly regulated proteins
identified in Table 1 indicate that HepG2 cells progress beyond the Go/G; phase. Increased
expression of MCM2 (p-value = 0.005), a member of the minichromosome maintenance
complex, indicates that a population of HepG2 cells are actively preparing to duplicate DNA
during the S phase.’”® Additionally, the SUMO-activating enzyme subunit 1 (SAE1; p-value =
0.029) shows increased expression at 72 hours. SAE1 mediates ATP-dependent activation of
SUMO proteins, which are critical for DNA replication that occurs during the S phase of the cell
cycle.”’

Furthermore, proteomics data from HepG2 cells at 72 hours measures that the GTP-
binding nuclear protein Ran (RAN; p-value = 0.042) is up regulated; a protein that is necessary
for coordinating the onset of mitosis and the completion of the S phase.”” RAN interacts with
the protein, regulator of chromosome condensation (RCC1; p-value = 0.011), which is up
regulated in HepG2 cells at 72 hours. The RCCI-RAN complex regulates chromosome
condensation at the tail end of the S phase and simultaneously detects unreplicated DNA. RCC1
specifically recruits RAN to nucleosomes and by generating a RAN concentration gradient

between the nucleus and cytoplasm activates RAN-mediated nucleotide exchange activity.””’

Cell survival

Cell cycle, cell death, and cell survival pathways are highly interconnected. Measuring

changes in expression of proteins involved in the stated pathways is critical to understanding the
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activation and/or deactivation of these complex signaling cascades.’”” The MTT assay, as well as
published literature, conclusively demonstrates the apoptotic effect of atRA in MCF-7 cells. Here,
I will discuss the role of several identified proteins in the positive regulation of cell survival.
While the final cellular fate of MCF-7 cell following atRA treatment is apoptosis, |
identified proteins that indicate a certain level of cellular protection is still occurring. The Ras
GTPase-activating protein-binding protein 1 (G3BP1; p-value = 0.010) is increased in expression
in MCF-7 cells at 72 hours. While the cellular localization of G3BP1 is critical to activity,
changes in expression indicate that this downstream effector protein of Ras signaling leads to cell
cycle progression.’”’ Additionally, RuvB-like 1 protein (RUVBLI; p-value = 0.024) is a protein
that is essential for cellular growth, chromatin remodeling and DNA replication.’”’ The protein,
isocitrate dehydrogenase (IDH1; p-value = 0.011) is increasingly up regulated from 24 to 72
hours. Responsible for conversion of NADP' to NADPH, IDH1 controls the redox balance of the
cell and protects against oxidative damage.’’” Additional cytoprotective proteins were also
significantly regulated. Stress-70 protein (HSPA9; p-value = 0.045) was measured as up
regulated in both MCF-7 and HepG2 cells at 72 hours. HSPA9 is important in cell cycle
progression and may act as protective protein chaperone.’”> Conversely, the down regulation of
proteins that typically promote apoptosis is a sign of directed pathway control to restrict specific
routes of apoptosis. BH3-interacting domain death agonist (BID; p-value = 0.013) is down
regulated in MCF-7 cells at 72 hours. BID induces changes in Bax to promote the release of
cytochrome C release during apoptosis.’”? Additionally, galectin-1 (LGALSI; p-value = 0.022),
a protein that induces E2F 1-mediated apoptosis in cooperation with p53 is down regulated.’” 7’
HepG2 cells continue to proliferate in the presence of atRA. Here, I review identified proteins

that implicate possible atRA-mediated pathways involved in HepG2 cell survival. 3-ketoacyl-
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CoA thiolase (ACAA2; p-value = 0.020) is up regulated in HepG2 cells at 72 hours. Cao et al.
demonstrated that ACAA2 was an inhibitory binding partner of BNIP3, a protein that belongs to
the BH3-only subset of the Bcl-2 family, and abolished BNIP3 mediated apoptosis and
mitochondrial damage.’”” Supporting cell proliferation in HepG2 cells, the proteomics data
quantified up regulation of the protein, 28 kDa heat- and acid-stable phosphoprotein (PDAP1; p-
value = 0.017). PDAPI1 enhances the PDGFA-stimulated growth observed in a variety of cell
lines.””® Similar in action to HSPA9, HepG2 cells express an additional protein to mediate
oxidative stress caused on by atRA treatment. Glutaredoxin-3 (GLRX3; p-value = 0.020) is a
protein that is up regulated in HepG2 cells at 72 hours. It is a component of cellular redox
maintenance and uses cellular glutathione to promote cell survival during oxidative stress.’”’
Thioredoxin domain-containing protein 12 (TXNDC12; p-value = 0.029), upregulated in HepG2

cells, has a functional similarity to TXN and enhances cell viability during oxidative stress.’*’

Apoptosis

Cell survival and apoptosis is a fine balance of protein signaling cascades. In contrast to
the above cell survival mechanisms, here will I discuss both a decrease in cell proliferative
proteins and an increase in apoptosis promoting networks. GDNF family receptor alpha-1
(GFRAL; p-value = 0.003) is down regulated in MCF-7 cells at 72 hours. GFRAL is a receptor
for GDNF which mediates GDNF-induced activation of RET. In turn, RET stimulates activation
of MAPK/ERK and PI3K/Akt pathways for cell survival.’”’ Additionally, cell proliferating
pathways experience a down regulation of protein components such as thioredoxin (TXN; p-
value = 0.013). TXN is a inhibitory binding partner of ASK1, a MAPKKK that is required for

TNF-alpha induced apoptosis. Normally, TXN has anti-apoptotic effects as it inhibits activation
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of this pathway by inhibition of ASK1. Down regulation reduces ASK1 inhibition and therefore
can promote pro-apoptotic signaling.’** Anterior gradient protein 2 homolog (AGR2; p-value =

'3 Down regulation, as shown by the

0.048) promotes tumor growth and proliferation.
proteomics data at 72 hours, was shown to promote cellular senescence and eventually
apoptosis.”** Voltage-dependent anion-selective channel protein 1 (VDACI; p-value = 0.015) is
up regulated in both MCF-7 and HepG2 cells at 72 hours. VDACI1 forms a channel through the

mitochondrial membrane to allow the release of apoptotic molecules such as cytochrome C,

Smac/Diablo and apoptosis inducing factors (AIF) up stream activators of caspases.

Structural Integrity

Numerous proteins were quantified with significant differences in abundance at 72 hours
in MCF-7 and HepG2 cells. There is a mixture of up and down regulated structural proteins for
both cell lines. During cellular treatments, it was observed that MCF-7 cell undergo
morphological changes at 72 hours becoming separated, shrunken and elongated in appearance.
Accordingly, structural proteins are decreased in abundance that control intercellular junctions
(DSP; p-value = 0.001) and cell structure (AHNAK; p-value = 0.008). HepG2 cells continue to

proliferate without noticeable changes in morphological appearance.
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Table 1. (Pt. 1 of 3)

MCE-7 HepG2
4 hrs 24 hrs 72 hrs 72 hrs
UniProt JRA/Con p-value |RA/Con p-value |RA/Con p-value |]RA/Con p-value ] Protein Name Gene Name RARE
Q9Y3Y2 - - 0.667 0.038 - - - - Chromatin target of PRMT1 protein CHTOP
Q92804 - - - - 0.667 0.038 1.000 1.000 | TATA-binding protein-associated factor 2N TAF15 DR2
= [P12004 0.698 0.288 1.092 0.606 0.828 0.040 0.933 0.233 | Proliferating cell nuclear antigen PCNA
-2 1014562 - - - - - - 1.310 0.003 ] Ubiquitin domain-containing protein UBFD1 UBFD1
£ Q9BQGO - - - - - - 1.486 0.010 ] Myb-binding protein 1A MYBBPIA
é P20290 - - 1.063  0.758 1.000 1.000 1.217  0.024 | Transcription factor BTF3 BTF3 DR2
E Q13185 - - 0.909 0.435 1.097 0.139 | 0.884 0.024 ]| Chromobox protein homolog 3 CBX3 DR2
P35250 - - - - - - 2.300 0.027 ] Replication factor C subunit 2 RFC2 DR2
Q9Y224 - - - - - - 1.409  0.029 JPF0568 protein C14orf166 CI140RF166 |DR2
Q08211 - - 1.258 0.427 1.022 0.918 1.510 0.040 | ATP-dependent RNA helicase A DHX9
043776 - - 1.438 0.135 1.520  0.001 1.156 0.331 | Asparagine--tRNA ligase, cytoplasmic NARS DR2
Q99714 - - 1.000 1.000 0.369 0.016 | 0.639 0.152 ] 3-hydroxyacyl-CoA dehydrogenase type-2 HSD17B10
075643 - - 1.087 0.729 1.154  0.538 1.700 0.004 ] U5 small nuclear ribonucleoprotein 200 kDa helicase SNRNP200 |DR2
20 [P51114 - - - - - - 2.083 0.006 |]Fragile X mental retardation syndrome-related protein 1~ |FXR1
'% P31942 1.000 1.000 1.063 0.779 0.882 0.387 1.917 0.008 ] Heterogeneous nuclear ribonucleoprotein H3 HNRNPH3 [DR2
g |QIKMD3 - - 1.196 0.091 1.108 0.283 1.364 0.017 ] Heterogeneous nuclear ribonucleoprotein U-like protein 2 | HNRNPUL2 |DR2
& [P55795 - - 1.036 0.811 0.974  0.878 0.700 0.013 ] Heterogeneous nuclear ribonucleoprotein H2 HNRNPH2
<Z‘: P62316 - - - - - - 1.357 0.024 ]| Small nuclear ribonucleoprotein Sm D2 SNRPD2 DR2
~ |P23246 0.773 0.655 0.949 0.672 1.082 0.547 1.200 0.034 | Splicing factor, proline- and glutamine-rich SFPQ
Q16630 - - - - 0.833 0.184 1.304 0.036 ] Cleavage and polyadenylation specificity factor subunit 6 | CPSF6
P49588 - - 1.354 0.266 1.145 0.245 1.320 0.040 ] Alanine--tRNA ligase, cytoplasmic AARS DR2
Q15637 - - 1.154 0.493 0.909 0.519 1.400 0.047 |Splicing factor 1 SF1 DR5
P60866 - - - - 2.091 0.001 - - 40S ribosomal protein S20 RPS20
P46779 - - 0.806 0.013 - - 0.522 0.010 ]60S ribosomal protein L28 RPL28
P56537 - - - - 1.455 0.024 0.967 0.770 ] Eukaryotic translation initiation factor 6 EIF6
= Q14152 - - - - - - 1.781 0.007 ] Eukaryotic translation initiation factor 3 subunit A EIF3A
'% P62241 0470  0.157 1.073  0.544 1.134  0.146 | 0.804  0.025 ]40S ribosomal protein S8 RPS8 DR2
Z |QINR30 - - 1.357  0.221 1.050  0.581 1.329  0.013 |Nucleolar RNA helicase 2 DDX21
E P24534 1.111 0.686 1.158  0.150 1.067  0.184 1.286  0.020 | Elongation factor 1-beta EEF1B2
Q08J23 - - - - - - 1.818 0.029 |RNA (cytosine(34)-C(5))-methyltransferase NSUN2
060841 - - - - - - 1.512 0.035 | Eukaryotic translation initiation factor 5B EIF5B DR2
P26373 - - 1.038  0.672 1.049  0.671 0.733 0.037 | 60S ribosomal protein L13 RPL13 DR2, DR5
P50914 - - - - - - 1.394 0.044 ] 60S ribosomal protein L14 RPL14 DR2
P61604 - - 1.017 0.878 1.559 0.006 | 0.780 0.276 ] 10 kDa heat shock protein, mitochondrial HSPEL
Q13765 - - - - 0.688 0.024 - - Nascent polypeptide-associated complex subunit alpha NACA
5. |Q9Y3C6 0.778 0.375 1.129 0.047 1.263 0.283 0.955 0.423 ] Peptidyl-prolyl cis-trans isomerase-like 1 PPIL1
gﬂ P13667 - - - - 1.231 0.379 1.181 0.028 | Protein disulfide-isomerase A4 PDIA4 DR2
2 Q08752 - - - - - - 0.789 0.025 ] Peptidyl-prolyl cis-trans isomerase D PPID
E P27797 - - 0.895  0.730 [ 0.625  0.179 1.246  0.030 |Calreticulin CALR DR2
.2 |P08107 - - 1.286 0.225 0.913 0.423 2.700 0.031 ]Heat shock 70 kDa protein 1A/1B HSPATA DR2
E QINYU2 - - - - - - 1.545 0.038 | UDP-glucose:glycoprotein glucosyltransferase 1 UGGTI1
Q9Y4L1 - - - - 1.273 0.139 1.505 0.038 ]| Hypoxia up-regulated protein 1 HYOU1 DR2
P11021 0.595 0.252 1.074 0.529 0.991 0.230 | 0.938 0.040 ]78 kDa glucose-regulated protein HSPAS DR2
P08238 0.733  0.387 1.060  0.573 1.066  0.502 1.132  0.041 JHeat shock protein HSP 90-beta HSPY90AB1
2 |P49720 - - - - 0.696 0.008 0.900 0.692 | Proteasome subunit beta type-3 PSMB3 DR1, DR2
% Q99436 - - 1.692 0.029 1.000 1.000 0.750 0.295 | Proteasome subunit beta type-7 PSMB7
g 043242 - - - - - - 1.600 0.007 ]26S proteasome non-ATPase regulatory subunit 3 PSMD3 DR2
§ Q06323 - - - - - - 2.000 0.020 ] Proteasome activator complex subunit 1 PSME1 DR2
‘é‘ P35998 - - 0.970 0.873 1.143 0.298 1.200 0.025 |26S protease regulatory subunit 7 PSMC2
A |P55036 - - 0.850 0.420 0.720 0296 | 1.211  0.047 ]26S proteasome non-ATPase regulatory subunit 4 PSMD4
QY678 - - 1.320  0.101 0.524  0.014 | 0.857  0.117 ]Coatomer subunit gamma-1 COPG1 DR2
Q93084 - - 1.200 0.469 0.533 0.042 - - Sarcoplasmic/endoplasmic reticulum calcium ATPase 3 |ATP2A3 DR2
Q8TEX9 - - 1.211 0.047 1.000 1.000 1.286  0.039 JImportin-4 1PO4
P05362 - - - - - - 1.351 0.001 ]Intercellular adhesion molecule 1 ICAM1
%D Q9UNL2 - - - - - - 0.619 0.040 | Translocon-associated protein subunit gamma SSR3
é Q14974 - - 1313 0.259 1.028  0.839 1.154  0.004 |Importin subunit beta-1 KPNB1
E P02787 - - - - - - 1.720 0.004 | Serotransferrin TF
g 000410 - - - - - - 1.768  0.007 JImportin-5 IPO5 DR1, DR2
g Q8IV97 - - - - - - 1.938 0.013 |]Solute carrier family 7 SLC7AS
3 [P49792 - - - - - - 1.316 0.013 ] E3 SUMO-protein ligase RanBP2 RANBP2
P28288 - - - - - - 1.643 0.020 | ATP-binding cassette sub-family D member 3 ABCD3
P51149 - - 1.095  0.628 [ 0.958  0.797 1.375  0.035 JRas-related protein Rab-7a RAB7A
Q99829 - - - - - - 1.313 0.038 | Copine-1 CPNEL
000151 - - 1.364 0.387 1.500  0.187 1.308 0.040 |PDZ and LIM domain protein 1 PDLIMI1
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Table 1. (Pt. 2 of 3)

MCE-7 HepG2
4 hrs 24 hrs 72 hrs 72 hrs
UniProt JRA/Con p-value |RA/Con p-value |RA/Con p-value |]RA/Con p-value | Protein Name Gene Name RARE
P23526 0.738  0.499 | 0971 0.780 1.213 0.001 1.053 0.594 | Adenosylhomocysteinase AHCY DR2
060701 0.605 0.332 1.018 0.745 0.751 0.012 0.934 0.163 | UDP-glucose 6-dehydrogenase UGDH
P51659 - - 1.071 0.842 1462  0.013 1.310  0.495 [Peroxisomal multifunctional enzyme type 2 HSD17B4
P40925 0.674  0.329 1.375 0.019 1.063 0.447 1.015 0.725 |Malate dehydrogenase, cytoplasmic MDH1 DR2
Q15181 - - 0.938 0.875 1.933 0.026 1.229 0.264 ] Inorganic pyrophosphatase PPA1 DR2
QINR45 - - 1.403 0.014 1416  0.041 0.982  0.892 |Sialic acid synthase NANS
043175 0.514  0.204 1.200  0.035 1.354 0.149 1.037 0.537 | D-3-phosphoglycerate dehydrogenase PHGDH
Q8NF37 - - - - 0.682 0.036 1.000 1.000 ] Lysophosphatidylcholine acyltransferase 1 LPCAT1
P54819 - - 1.435 0.042 1.529 0.058 1.031 0.649 | Adenylate kinase 2, mitochondrial AK2
Q06830 0.842  0.624 1.149  0.043 0.888 0.206 1.025 0.685 | Peroxiredoxin-1 PRDX1 DR2
P14324 - - - - 0.476 0.052 1.524 0.010 |Farnesyl pyrophosphate synthase FDPS
Q99541 - - - - - - 2.571 0.001 |Perilipin-2 PLIN2 DR2
P49327 0.542  0.287 1.080  0.482 1.071 0.459 1.271 0.002 |Fatty acid synthase FASN
P06737 - - - - - - 2.462 0.006 ] Glycogen phosphorylase, liver form PYGL
Q13011 - - 0.979 0.891 1.061 0.535 1.275 0.006 | Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase ECH1 DRS
% 095573 - - - - - - 1.563 0.012 | Long-chain-fatty-acid--CoA ligase 3 ACSL3 DR2
:% P17174 - - - - - - 2.118 0.014 ] Aspartate aminotransferase, cytoplasmic GOT1
£ |P49419 - - - - - - 1.744 0.016 ] Alpha-aminoadipic semialdehyde dehydrogenase ALDH7A1 |DR2
> |Q86SX6 - - - - - - 2.267 0.016 | Glutaredoxin-related protein 5, mitochondrial GLRX5
P12268 - - 1.097 0.535 0.690 0.152 1.500 0.019 |Inosine-5'-monophosphate dehydrogenase 2 IMPDH2
Q53HR2 - - 0.722 0.283 1.500 0.365 1.682 0.019 ] Acyl-Coenzyme A dehydrogenase -
P25705 - - - - 1.188 0.639 1.560 0.022 | ATP synthase subunit alpha, mitochondrial ATP5A1 DR2
Q8NBX0 - - - - - - 1.357 0.024 ] Saccharopine dehydrogenase-like oxidoreductase SCCPDH
060488 - - - - - - 1.389 0.025 ]| Long-chain-fatty-acid--CoA ligase 4 ACSL4
P05091 - - - - - - 1.247 0.033 ] Aldehyde dehydrogenase, mitochondrial ALDH2
P48735 - - 0.904 0.674 1.016 0.667 1.676 0.033 ] Isocitrate dehydrogenase [NADP], mitochondrial IDH2
P51648 - - - - - - 1.889 0.030 |Fatty aldehyde dehydrogenase ALDH3A2 |DR2
P52209 - - 1.214 0.326 1.253 0.141 1.449 0.035 | 6-phosphogluconate dehydrogenase, decarboxylating PGD DR2
P00387 - - - - - - 1.292 0.036 |NADH-cytochrome b5 reductase 3 CYB5R3
P12277 - - - - - - 1.380 0.040 ] Creatine kinase B-type CKB
P80404 - - - - - - 2.000 0.041 ]4-aminobutyrate aminotransferase, mitochondrial ABAT DRS
P78417 - - - - - - 1.348 0.047 ] Glutathione S-transferase omega-1 GSTO1
P50897 - - - - 1.417 0.232 1.625 0.049 | Palmitoyl-protein thioesterase 1 PPT1
P11586 0.403 0.208 1.289  0.363 0.889 0.558 1.282 0.050 ] C-1-tetrahydrofolate synthase, cytoplasmic MTHFDI1 DR2
P42166 - - - - 1.375 0.013 0.852 0.680 | Lamina-associated polypeptide 2, isoform alpha LAP2 DR2
§ Q16890 - - 1.100  0.538 0.688 0.024 - - Tumor protein D53 TPD52L1
= [P33991 - - 1.192 0.298 0.690 0.028 1.457 0.135 | DNA replication licensing factor MCM4 MCM4
% QI9UK76 0.892 0.547 0.593 0.032 1.313 0.494 - - Hematological and neurological expressed 1 protein HN1
o |P33993 - - 0.973 0.770 | 0.681 0.045 0.941 0.680 ] DNA replication licensing factor MCM7 MCM7 DR2
'S [P49736 - - 0.722  0.082 | 0.741 0.310 1.471 0.005 | DNA replication licensing factor MCM2 MCM2
; P18754 - - 1.286 0.469 1.303 0.109 1.356 0.011 JRegulator of chromosome condensation RCCl1 DR2
3 |Q9UBEO - - - - - - 1.818 0.029 | SUMO-activating enzyme subunit 1 SAE1 DR2
P62826 - - 1.194 0.309 0.949 0.711 1.143 0.042 | GTP-binding nuclear protein Ran RAN DR2
Q13283 - - - - 1.833 0.010 1.194 0.418 |Ras GTPase-activating protein-binding protein 1 G3BP1 DR2
075874 - - 1.390  0.040 | 2.304 0.011 1.210 0.087 ]Isocitrate dehydrogenase [NADP] cytoplasmic IDH1
P55957 - - - - 0.647 0.013 - - BH3-interacting domain death agonist BID
P09382 - - 0.773 0.430 | 0.615 0.022 | 0.952  0.649 |Galectin-1 LGALSI
= [Q9Y265 - - - - 1.357  0.024 1.000 1.000 JRuvB-like 1 RUVBLI1
é P38646 0.741 0.504 1.054  0.576 1.149  0.045 1.212  0.049 |Stress-70 protein, mitochondrial HSPA9 DR2
Z 000264 - - - - - - 1.733 0.008 | Membrane-associated progesterone receptor component 1 [PGRMC1 DR2
= [Q13442 - - 0.913 0.727 1.030 0.815 1.786 0.017 ]28 kDa heat- and acid-stable phosphoprotein PDAP1 DR2
© 1076003 - - - - - - 1.389  0.020 ]Glutaredoxin-3 GLRX3
P42765 - - - - - - 1.727 0.020 |]3-ketoacyl-CoA thiolase, mitochondrial ACAA2
Q92597 - - - - - - 1.415 0.024 |Protein NDRGI NDRG!
095881 - - - - - - 1.818 0.029 ] Thioredoxin domain-containing protein 12 TXNDC12 |DR2
P21741 - - - - - - 1.308  0.047 |Midkine MDK
-2 |P56159 0.778 0.616 1.000 1.000 | 0.469 0.003 - - GDNF family receptor alpha-1 GFRALI
% P10599 - - 1.095  0.729 | 0.571 0.013 1.000 1.000 | Thioredoxin TXN
2 |P21796 - - 0.962 0.891 1.410 0.015 1.286 0.017 |] Voltage-dependent anion-selective channel protein 1 VDACI
< [Q4IM47 - - 0.955 0.553 0.661 0.048 - - Anterior gradient protein 2 homolog AGR2
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Table 1. (Pt. 3 of 3)

MCE-7 HepG2
4 hrs 24 hrs 72 hrs 72 hrs
UniProt JRA/Con p-value |RA/Con p-value |RA/Con p-value |RA/Con p-value | Protein Name Gene Name RARE
P15924 0.607  0.366 | 0.857  0.321 0.490  0.001 0.936  0.289 ]Desmoplakin DSP
Q09666 0732 0.653 | 0.753  0.192 [ 0.116  0.008 1.649  0.191 JNeuroblast differentiation-associated protein AHNAK AHNAK
P37802 0.542  0.334 | 0922  0.650 [ 0.649  0.011 - - Transgelin-2 TAGLN2 DR2
5, Q15149 - - 0.907  0.533 0.580  0.014 | 0.857  0.328 |Plectin PLEC DR1
;50 Q01082 - - 1.081 0.708 1.712 0.016 1.028 0.895 | Spectrin beta chain SPTBN1 DR2
2 P63313 - - 0.765 0.345 0.679  0.033 0.727 _0.101 JThymosin beta-10 TMSB10
= 1Q9Y2B0 - - 1.240  0.289 1.680  0.036 1.098  0.394 |Protein canopy homolog 2 CNPY2 DR2
g Q8N392 - - - - - - 0.519 0.006 JRho GTPase-activating protein 18 ARHGAP18
9 1Q16658 - - - - - - 2.643 0.011 |Fascin FSCN1 DR2
g P35579 - - 1.125 0.414 1.964  0.058 | 2.619  0.028 |Myosin-9 MYH9 DR2
P67936 - - - - 2.900 0.085 2.583 0.019 | Tropomyosin alpha-4 chain TPM4 DR2
P46939 - - - - - - 0.417  0.033 JUtrophin UTRN
QoUDY2 - - - - - - 1.375 0.033 ] Tight junction protein ZO-2 TJP2 DR2
QI9HC35 - - - - - - 0.698 0.039 | Echinoderm microtubule-associated protein-like 4 EML4
P08758 - - 1.222  0.070 | 0.806  0.013 1.122 0.311 JAnnexin A5 ANXAS
6 QI96CN7 - - 1.098 0.742 0.489  0.024 0.722 0.232 ]Isochorismatase domain-containing protein 1 ISOC1 DRS
Z |Q9H3K6 - - 1.042 0.819 | 1.526  0.043 1.385 0.303 |BolA-like protein 2 BOLA2
= P01024 - - - - - - 1.400  0.005 JComplement C3 C3 DR2, DRS
Q99536 - - - - - - 1.345 0.022 | Synaptic vesicle membrane protein VAT-1 homolog VAT1

Identification of RARE sequences in gene promoters

To supplement the proteomics data, a Perl script was written to identify putative RARE

sequences for each identified protein contained within their respective gene promoter region

(defined as 10,000 base pairs upstream of the gene). The genomic data for each gene was

captured and subsequently searched for direct repeats (DR) with a base pair spacing of 1 (DR1),

2 (DR2), and 5 (DRS5) as defined by Laperriere et al.’”*” The results, indicating putative RARE

sequences, are listed alongside quantitative proteomics data in Table 1, Table 3 and Table 4.
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3.4 Discussion

The underlying cellular mechanisms involved with atRA-mediated cellular response are of
great interest to research and clinical communities. Prescribing retinoids in a broader application
of chemotherapeutic regimens hinges on a more thorough comprehension of the divergent
cellular response observed in specific tissue types. Additionally, understanding atRA-activated
secondary protein pathways may lead to new drug targets. As established in the literature, it is
apparent that the basal levels of CRABP-II and FABPS determine the extent of PPAR-B/6/RXR
and RAR/RXR activated gene expression.”” Detailing the resulting delicate balance of pro- and
anti-apoptotic protein expression and activation will generate a more thorough comprehension of
the tissue-specific responses to atRA. Here, I have demonstrated the utility of the data-
independent acquisition method, PACIFIC, and its ability to quantitatively categorize differences
in protein abundance following atRA treatment. The CSI PAcIFIC method is well designed for
high throughput proteomics analysis as they significantly reduce the overall analysis time of the
PACIFIC method.” Additionally, I find that this mass spectrometry-based approach is a much
more thorough and sensitive technique for confidently and quantitatively cataloging changes in
global protein abundance than the 2D-gel approaches that previous have been used to studied
atRA-mediated changes in protein expression. " *

The CSI PACIFIC dataset shown in Table 1 is the combination of results from three
biological replicates, each run in technical duplicate. To qualify as a protein listed in Table 1, the
identification must be found in all six proteomics analyses as well as have a Student’s t-test p-
value < 0.05. The strict qualification and statistical filtering applied to this dataset ensure that
only the most probable identifications are considered in pathway analysis. In addition, I

developed a series of Perl scripts to identify putative RARE sequences. RAR/RXR heterodimers
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have known affinity for DR2 and DR5 RARE sequences.’”” And, PPAR-B/3/RXR heterodimers
have known affinity for DR1 RARE sequences.’*’ Although it should be noted that RXR/RAR
heterodimers can bind to DR1 RARE sequences with reverse polarity to typical RAR/RXR
binding, thereby inhibiting targeted gene expression.’”” The confounding possible effects of
RAR/RXR and PPAR-B/6/RXR binding require that the information presented in Table 1, Table
3, and Table 4 be evaluated with extreme care. While it is known that MCF-7 cells contain a
greater amount of CRABP-II than FABP5 and therefore it can be assumed that PPAR-B/6/RXR
activation is minimal, the ratio of CRABP-II and FABP5 in HepG2 cells is unknown.”

In a life or death situation, the fine balance of pro- and anti-apoptotic signaling events
mediated by atRA create a cellular environment where one route of this divergent response
pathway must prevail. From the cell viability assay results illustrated in Figure 1, I observe that
at 10 uM atRA MCF-7 cells exhibit a dramatic decrease in proliferation while HepG2 growth is
not negatively impacted by the presence of a high concentration of atRA. The atRA-mediated

133,138 Here our results confirm and

effects in MCF-7 cells are well characterized in the literature.
expand the understanding of proteins linked to control of atRA-mediated MCF-7 cell cycle
regulation, survival, and apoptosis. Following a treatment of atRA, MCF-7 cells undergo Go/G;
cell cycle arrest. Proteins involved in this process inhibit signaling mediated by the transcription
factor E2F1 (E2F1), a critical protein pathway involved progression of the cell cycle. E2F1 and
retinoblastoma-associated protein (Rb) form an activated complex that regulates initiation of
DNA replication by controlling the expression of necessary protein machinery. Rb can be
phosphorylated (pRb) by various kinases in the cell and pRb no longer can bind and activate

E2F1 cell cycle progression. Our proteomics data suggests that LAP2, increased in abundance at

72 hours in MCF-7 cells, plays a key regulatory role in inhibition of the E2F1/Rb pathway.
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LAP2 has a bi-functional inhibitory effect on Rb by directly binding to and inhibiting Rb by
increased Rb phosphorylation. Both routes of Rb inhibition block E2F1 signaling and result in
cell cycle arrest. The LAP2 gene promoter region also contains a DR2 RARE sequence and
therefore increased expression at 72 hours may be a direct result to atRA-mediated gene
expression. Additionally, the proteomics data presented here links two additional proteins of
interest to atRA-mediated cell cycle control in MCF-7 cells. Both TPD53 and HNI were
observed in decreased abundance following treatment. HN1 was one of the few proteins to be
found significantly down regulated at 24 hours and may suggest an early pathway involved in G,
cell cycle arrest.””

Proteomic characterization of MCF-7 cells indicates a balance of pro- and anti-apoptotic
factors involved in what appears to be a futile attempt at cell survival. Ras GTPase-activating
protein (G3BP1) is up regulated in MCF-7 cells at 72 hours and contains a putative DR2 RARE
sequence. Additionally, stress response proteins such as IDHI are up regulated at both 24 and 72
hours and do not contain an RARE sequence indicating secondary pathway activation to the
cellular environment triggered by atRA treatment. I also observed a decrease in the abundance of
proteins involved in two important apoptosis pathways. First, BID, which activates BAX and
induces ICE-like proteases that lead to the release of cytochrome C from the mitochondria is
found in decreased abundance following atRA. Second, galectin is found in decreased abundance
and is involved in promoting the E2F1/Rb pathway, a mechanisms that promotes advancement of
the cell cycle.

These anti-apoptotic protein response pathways are counteracted by several quantified
proteins that allow for pro-apoptotic signal cascades to result in the observed decrease in MCF-7

proliferation. Of note, I observe a decrease in abundance of three proteins normally important to
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cell proliferation. For example, GRFAI, is protein that activates RET, which in turn activates
pro-survival networks of MAPK/ERK and PI3K/Akt. Additionally, the proteomics data portrays
a decrease in abundance of: TXN, which plays a role in TNF-a directed apoptosis; and AGR2, a
protein that is found to correlate with cell growth and proliferation. The reduction in pro-survival
proteins pathways is a factor that tips the balance of life and death in the direction of atRA-
mediated apoptosis for MCF-7 cells.

In contrast, I observe a very different proteomics signature of quantified proteins found
significantly changed in abundance due to atRA in HepG2 cells. While the levels of CRABP-II
and FABPS5 are unknown for this cell line, from the MTT assay and proteomics data I can
assume that PPAR-B/6/RXR gene expression is a prevalent means of cellular response. At the
highest dose of 50 uM atRA, HepG2 cells show no change in cell proliferation (Figure 1).
Additionally, PPAR-B/6/RXR gene activation is known to induce expression of proteins involved
with fatty acid metabolism. In the CSI PACIFIC proteomics data, I observe increased abundance
of 10 proteins involved in fatty acid metabolism and beta-oxidation.

I identified several proteins critical to understanding molecular mechanisms that enable
HepG2 cells to continue to proliferate following atRA treatment. The proteomics data shows an
increase in expression of 3-ketoacyl-CoA thiolase (ACAA2). ACAA2 inhibits pro-survival
pathways by inhibiting BID and BAX. Additionally, TXNDCI12 is increased in expression.
Similar in functionality to TXN (identified in MCF-7 cells), increased expression of TXNDC12
allows for pro-survival signaling. It is apparent that atRA causes environmental stress to HepG2
cells. In conjunction with an up regulation of several stress response proteins and chaperones in
Table 1, the TMT quantification data shown in Table 4 indicates that there are higher basal levels

of several stress coping mechanisms and may indicate reasons why HepG2 cells are more apt at
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avoiding atRA induced apoptosis. Additionally, qPACcIFIC analysis indicating higher basal levels
of nucleophosmin (NPM1) and protein DJ-1 (PARK7) may provide reason for the maintained
proliferation of HepG2 cell in high concentrations of atRA. Specifically, NPM1 protects cells
from stress-induced apoptosis via negative regulation of ARF-p53 pathways. And, PARK7
promotes Akt-mediated cell survival signaling.

In summary, I demonstrate the application of the CSI PAcIFIC and qPACcIFIC method in
the quantitative analysis of atRA-mediated protein alterations of MCF-7 and HepG2 cells. Time
course analysis of MCF-7 provides information on early disparities in protein abundances
between control and treated samples. And, protein quantification results obtained at 72 hours is a
rich source of protein regulation data paramount to the cellular fate of MCF-7 and HepG2 cells

following atRA treatment.
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3.5 Conclusion and future directions

Mass spectrometry analysis is a key tool in discovery experiments for the global
proteomics analysis of drug-induced cellular response. Unfortunately, application of cutting-edge
proteomics acquisition techniques and instrumentation lags far behind development. Here, I have
shown how data-independent mass spectrometry techniques can expand the understanding of
molecular response mechanisms. This dataset provides great insight into protein components that
are vital to atRA-mediated cellular response. In addition to bolstering published results, this data
links numerous novel proteins with both RAR/RXR and PPAR-B/3/RXR retinoid response
pathways.

The advantage of mass spectrometry datasets over the dated electrophoresis techniques
that founded our understanding of atR A-mediated changes in protein abundance is that they are a
living database. As information about the functionality of proteins is discovered, a more detailed
understanding of the identified pathways can be drawn. Additionally, it is possible to re-search
the mass spectrometry data for additional protein identifications and post-translational
modifications. The full meaning of signaling cascades is often reliant on the state of the protein
(i.e. phosphorylated). Biochemical approaches should also be implemented to complement the

proteomics data in understanding the activity of many proteins pathways discussed.
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Chapter 4

MAPPING PARP-1 AUTO-ADP-RIBOSYLATION SITES BY LIQUID
CHROMATOGRAPHY-TANDEM MASS SPECTROMETRY

A portion of this body of work was done in collaboration with Jean-Philippe Gagné and Guy G. Poirier at the
CHUQ Research Center (Laval University, Québec, QC, Canada) and is accepted for publication. (Chapman et al.
J Proteome Res 2013. Link: http://pubs.acs.org/doi/abs/10.1021/pr301219h)

4.1 Introduction

Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant chromatin-bound enzyme that
catalyzes the assembly of polymeric ADP-ribose units linked by glycosidic ribose 1'-2' bonds.’*®
Upon sensing DNA damage, activated PARP-1 cleaves nicotinamide adenine dinucleotide
(NAD+) into nicotinamide and ADP-ribose, which in turn initiates a series of transfer reactions
onto proteins involved in a variety of DNA transactions.’®” The initial ADP-ribosylation step is
followed by the subsequent addition of ADP-ribose moieties to form the elongated and branched
poly(ADP-ribose) (pADPr) chains. PARP-1 is a major target of the poly(ADP-ribosyl)ation
reaction as it automodifies itself by intra molecular (cis) and inter molecular (trans) ADP-ribose
transfer reactions.”””’*> According to the current model, the accumulation of pADPr at DNA
strand breaks causes local remodeling of chromatin structure and promotes the recruitment of

DNA repair and signaling factors.”*"*’

In this regard, pADPr is a key regulator of the DNA
damage response and cell signaling pathways.

For more than 40 years, the establishment of an ester linkage between the carboxyl group
of either a glutamate or an aspartate residue has been the leading model for covalent attachment
of pADPr to target proteins.””” The underlying model for understanding covalent poly(ADP-
ribosyl)ation by PARP-1 was based on the instability of the ester linkage to neutral

hydroxylamine treatment and its alkali lability. However, the exact modification sites have never

been rigorously demonstrated.””” Through a series of experiments, it was demonstrated that
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hydroxylamine-labile ADP-ribose bonds of PARP-1 were of a similar type of carboxyl ester as in
mono-ADP-ribosylated histones.’***"" According to a detailed study of the automodification
biochemistry, PARP-1 was estimated to bear as many as 15 attachment sites for pADPr
polymers.””” Recently, this carboxyl linkage model has been called into question with studies
reporting the identification of lysine residues as predominant acceptors of pADPr on PARP-1.""
The identification of lysine as an acceptor site on PARP-2 and histone tails also challenges the

concept of poly(ADP-ribosyl)ation via an ester linkage.””” ***

In view of these unexpected results,
we need to reconsider the assumption that the pADPr acceptor is solely the carboxyl side chain
of a glutamate/aspartate residue. However, the other possibility for covalent linkage, a lysine-
directed poly(ADP-ribosyl)ation mechanism, is inconsistent with several studies published by
leading research groups over the last decades. Still, heterogeneous hydroxylamine sensitivity was
reported for histones, i.e., hydroxylamine-resistant bonds were detected, suggesting that
poly(ADP-ribosyl)ation may occur on amino acid acceptors other than glutamate and aspartate.
In addition, one cannot exclude the possibility that the histones used at that time, which were
extracted from animal tissues, could have been lysine-acetylated, a modification that would have
impaired the subsequent poly(ADP-ribosyl)ation on those sites, thus creating a bias towards

glutamate and aspartate residues.””’

To add to this confusion over which amino acid may accept
pADPr modification, Adamietz & Hilz reported that hydroxylamine treatment liberates only part
of the long and the short pADPr residues from protein conjugates, indicating two types of bonds
— both of which are alkali-labile, but only one of which is susceptible to cleavage via neutral

% Altogether, these studies have led to confusion in the literature as to which

hydroxylamine.
amino acid side-chains are actually targeted by poly(ADP-ribosyl)ation reactions. The

identification of post-translationally modified residues is not only important to clarify the nature
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of poly(ADP-ribosyl)ation on nuclear substrates and PARP-1 itself, but is also crucial to
understanding the crosstalk between poly(ADP-ribosyl)ation and other post-translational
modifications.”’” **

To begin to answer the question of which amino acid residue or residues PARP-1 targets
for post-translational modification, it is clear that definitive evidence demonstrating the amino
acid site of pADPr protein modifications is needed. Seeking -clarification, many mass
spectrometry methods have aimed to solve the problem of localizing pADPr modified amino
acids, but given the size and branched nature of pADPr this has proven to be an extremely
challenging task for multiple reasons. For example, several groups reported there is a loss of
peptide sequencing information when collision induced dissociation (CID) is used as the peptide

activation method for fragmentation.”””"’

The resulting tandem mass spectrum, which still
contains evidence of the presence of pADPr, is virtually devoid of peptide fragment ions that are
required for sequence assignment and determination of the modified residue. Additionally, the
heterogeneity of the structure of pADPr produces a vast number of different pADPr species,
complicating the task of monitoring this protein modification based on mass assignments.
However, there are few successful reports of mass spectrometry methods capable of localizing
pADPr protein modifications. These reports minimize the complexity of fragmentation in the
tandem mass spectrum using the PARP-1 mutant E988K, which is incapable of catalyzing

elongation or branching polymerization reactions found in pADPr.”% #/?

The result is a single
ADP-ribose unit covalently linked to an amino acid residue on PARP-1. Both CID and electron
transfer dissociation (ETD) activation have shown this to be a successful strategy, but these

methods have little relevance to native PARP-1 which is fully capable of polymerizing extended

and heterogeneous pADPr.”’" ?’> On a similar theme, Messner ef al. recently documented an
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enzymatic approach to simplify pADPr prior to mass spectrometry analysis utilizing ADP-
ribosylhydrolase 3 (ARH3).”” This enzyme was used in combination with ETD activation to
successfully identify sites of histone modifications, but as will be discussed herein, this approach
leaves room for further optimization for the robust high-throughput identification of pADPr sites.

Here a novel approach is described to sequence peptides modified with pADPr and locate
the site of modification. Using tandem mass spectrometry and additional biochemical techniques,
it is shown that it is possible to determine the nature of the pADPr linkage found in PARP-1 and
to identify key residues participating in this linkage. Specifically, samples were enriched for the
ribose-5'-phosphate-containing peptides, which are remnants of phosphodiesterase-treated
automodified PARP-1, to provide direct evidence that lysine, glutamate and aspartate residues
are actual targets of the ADP-ribose linkage. The simplified pADPr remnant allows for
identification using CID activation and widely available search algorithms, meaning that this
method is readily amenable to almost all mass spectrometry laboratories with an established
proteomics pipeline.”’’ A significant challenge that lies ahead will be the global identification of
sites of pADPr from cell culture samples or tissue homogenates. The proof-of-concept
demonstrated here is immediately applicable to such complex biological samples in a high-

throughput manner.
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4.2 Experimental procedures

Unless otherwise noted, all chemicals and solvents were purchased from Sigma Aldrich

(St. Louis, MO, USA).

Peptide polymer-blot analysis

The 1014 amino acid sequence of human PARP-1 (Uniprot accession code P09874) was
used to generate an overlapping peptide library. The library is composed of 20-mers peptides
with 5 amino acid off-set (68 peptides). Peptides were synthesized on four identical cellulose
membranes by SPOT technology using a MultiPep RS peptide arrayer (Intavis, Chicago, IL).
The membranes were first rinsed with a small volume of methanol for 5 min to avoid
precipitation of hydrophobic peptides during the subsequent procedures. The membranes were
pre-conditioned for 1h in a solution composed of 10 mM Tris-HCI pH 8.0, 150 mM NaCl and
0.1% Tween-20. The first membrane was incubated for 1h in a reaction buffer [100 mM Tris-
HCI pH 8.0, 10 mM MgCl,, 10 mM DTT, 100 uM NAD and 10 pg/mL activated DNA (calf
thymus DNA nicked with DNase, Sigma)] containing 50 pCi of [**P]-NAD (800Ci/mmol, Perkin
Elmer). The second membrane was incubated in the same reaction buffer containing 50 pCi of
[**P]-NAD and 10 pg of purified human recombinant PARP-1 E988K mutant (Enzo Life
Sciences) while the third was incubated with 10 ug of human recombinant wild-type PARP-1
(Enzo Life Sciences). The last membrane was incubated in the reaction buffer containing 250
nM of Dihydroxyboronyl Bio-Rex (DHBB)-purified [**P]-pADPr synthesized as described in **’.
The membranes were rinsed several times with the pre-conditioning solution containing 1M
NaCl until no radioactivity could be detected in the washes. Subsequently, the membranes were

air-dried and subjected to autoradiography.

103



Mono-ADP-ribosylation of a prototypic peptide standard

A peptide standard (AVKKLTVNPG) was mono-ADP-ribosylated using the PARP-1
mutant E988K with the following buffer: 100 mM Tris-HCl (pH 7.4 or 8.2), 10 mM MgCl,, 10
mM DTT, 1 mM NAD, 10 % ethanol and 25 pg/mL activated DNA. The peptide was purchased
from AnaSpec (Fremont, CA) with amide C-terminal protection and acetyl N-terminal protection
at an HPLC verified purity of at least 90%. For each peptide reaction, 30 ug of the peptide
standard was reacted in reaction buffer for 30 min at 30 °C. For direct analysis of the mono-
ADP-ribosylated peptide, 10% formic acid (FA) was used to acidify the reaction solution to stop
PARP-1 activity. To prepare the PDE-treated peptide standard following mono-ADP-
ribosylation, 5 mU of purified PDE from Crotalus adamanteus venom (Sigma) was added to the

reaction and incubated for 3h at 37 °C.

Phosphodiesterase (PDE) purification
PDE was purified according to the method of Oka et al. *' Briefly, 0.5 U of PDE (based
on enzymatic bis-(p-nitrophenyl) phosphate hydrolysis) from Crotalus adamanteus (Sigma) was
dissolved in 5 mM KPO, buffer (pH 7.5) containing 50 mM NaCl and applied to a Blue
Sepharose (Cibacron Blue F3GA) (GE Healthcare Life Sciences, Piscataway, NJ) column (2 mL
resin). The column was equilibrated with the PDE resuspension buffer and the PDE was allowed
to enter the column by gravity. The column was washed twice with 10 mL of 10 mM KPO,

buffer containing 50 mM NaCl. PDE was eluted by elevating the KPO4 concentration to 30 mM.
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PARP-1 automodification and PDE digestion

Ten micrograms of highly active human PARP-1 (Tulip Biolabs, West Point, PA) were
automodified in 100 pL of a reaction buffer containing 100 mM Tris-HCI pH 8.0, 10 mM MgCl,,
10 mM DTT, 25 uM NAD and 25 pg/mL activated DNA for 30 min at 30 °C. After the
automodification reaction, 50 pL of purified PDE was added to digest PARP-1-bound pADPr
(2h at 37 °C). Digests were resolved by SDS-PAGE using 4-12% Criterion™ XT Bis-Tris
gradient gels (Bio-Rad) and stained with SYPRO Ruby protein gel stain according to the
manufacturer’s instructions (Bio-Rad). Images were acquired using the Geliance CCD-based
bioimaging system (PerkinElmer). For Western blots, extracts were transferred onto

nitrocellulose membrane and probed with anti-pADPr antibody, clone 96-10 (1:10 000).

Thin layer chromatography (TLC)

TLC assays were performed essentially as described in *’’. Briefly, 1 nmole of [**P]-
labeled pADPr was incubated with increasing amounts of PDE for 1h at 37°C. PDE activity was
measured by analyzing the production of PRAMP. PEI-F (polyethyleneimine F) cellulose
(Macherey-Nagel) TLCs were developed in 0.3 M LiCl and 0.9 M acetic acid according to
Ménard and Poirier to separate pADPr from PRAMP. * TLCs were air-dried and

autoradiographied.

PpADPr immunoprecipitation
The anti-pADPr antibody, clone 10H, coupled to Protein-G coated Dynabeads™ (Life
Technologies) was used to isolate pADPr-containing protein complexes following PARP

activation as described in “?’. After the final washes, the pADPr-containing beads were digested
p g g
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with 5 mU of PDE in the presence of Complete™ protease inhibitors (Roche) for 2h at 37°C.
Digests were resolved by SDS-PAGE using 4-12% Criterion™ XT Bis-Tris gradient gels (Bio-
Rad), transferred onto nitrocellulose membrane and probed with anti-pADPr antibody, clone 96-

10 (1:10 000).

In-gel tryptic digestion

Excised gel bands were washed in 1 mL of 150 mM ammonium bicarbonate followed by
I mL acetonitrile (ACN). These washing steps were repeated two additional times. Following
the final wash, samples were evaporated in a SpeedVac (Thermo Savant, San Jose, CA) for 45
minutes. Twenty micrograms aliquots of sequencing grade porcine trypsin (Promega, Madison,
WI) were reconstituted in 1 mL of 150 mM ammonium bicarbonate and placed on ice. Each
dried gel band was submerged in the trypsin solution and placed on ice for 45 minutes. After
swelling, it was ensured that each gel band was fully submerged in the trypsin buffer, and then
gently mixed at room temperature overnight. Peptides were first extracted in 5% ACN/0.1%
formic acid (FA) followed by 80% ACN/0.1% FA. Extracts were pooled and dried to near

completion.

Titanium dioxide enrichment
Samples were reconstituted in 5 pL. of 0.1% trifluoroacetic acid (TFA) and 25 pL of
6%TFA/80%ACN. Twenty microliters of a 10 mg/mL water solution of TiO, (ZirChrom
Separations, Inc.) beads was added to a homemade gel-loading tip that contained a glass fiber frit.
Gentle air pressure supplied from a syringe was applied to speed the flow of solvent and beads

were always left wet. Ten microliters of 6% TFA/80%ACN was used to wash the beads. Sample
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was passed through the column three times and the final elute was collected. Two wash steps
were each performed twice: first with 10 pL of 6%TFA/80%ACN followed by 10 pL of 0.1%
TFA. Each wash elute was collected. Ten microliters of 5% ammonium hydroxide was used to
elute the capture peptides. Sixty microliters of 2% FA was used to immediately adjust the final
elution pH. All samples were dried to near completion and reconstituted in 5% ACN/0.1% FA

for mass spectrometry analysis.

Iron metal-affinity capture enrichment

Samples were reconstituted in 450 pL of 50% ACN/water/0.1% TFA. IMAC (Phos-
Select, Sigma) resin was prepared by first resuspending in 50% ACN/water/0.1% TFA to make a
10% v/v slurry; spinning at 2000 rpm for 30 seconds and finally adding 50%/ACN/water/0.1%
TFA to the pellet to make a 10% v/v slurry. Fifty microliters of resin was added to the sample
and gently rocked for 30 minutes. Slurry was then transferred to a constricted gel-loading tip to
capture the resin. Resin was washed with 50 pL of 50% ACN/water/0.1% TFA. Twenty
microliters of 0.4 M NH4OH was used to elute the peptides from the resin. All samples were then

prepared for mass spectrometry analysis and reconstituted in 5% ACN/0.1% FA.

Mass spectrometry analysis
Nano-HPLC was performed using a Waters NanoAquity (Milford, MA). A homemade
trapping column was made from 100 um i.d. capillary (Polymicro Technologies, Phoenix, AZ)
packed with 2 cm of 200 A, 5 um Magic C18AQ particles (Michrom, Auburn, CA). Successive
analytical separation was performed on a homemade gravity-pulled 75 pm i.d. (Polymicro

Technologies, Phoenix, AZ) column packed with 15 cm of 100 A, 5 um Magic C18AQ particles
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(Michrom, Auburn, CA). Peptide samples were loaded on the precolumn at 4 uL/min with 95%
water/5% ACN/0.1% FA. Trapped peptides were then eluted from the trapping column onto the
analytical column using a variable gradient with a flow rate of 0.25 pL/min. The gradient utilized
two mobile phase solutions: A, water/0.1% FA; and B, ACN/0.1% FA. The variable gradient
used is as follows: 0 minutes, A (95%), B (5%); 55 minutes, A (65%), B (35%); 65 minutes, A
(10%), B (90%); 75 minutes, A (10%), B (90%); 80-100 minutes, A (95%), B (5%). Peptide
digests were analyzed on a LTQ Orbitrap (Thermo Fisher, San Jose, CA) by nano-electrospray
ionization in positive ion mode. Ion source conditions were optimized using the tuning and
calibration solution suggested by the instrument provider. Precursor ion scans were performed
from 400-2000 m/z in the Orbitrap analyzer at a resolution of 30,000. Tandem MS analysis was
performed in the linear ion trap using an isolation window of 2 Thompsons and a normalized
collision energy of 35% for all fragmentation events. Seven tandem MS scan events were
processed per precursor ion scan. Singly charged ions were excluded from analysis and dynamic
exclusion was enabled with a repeat count of 1, an exclusion duration of 45 seconds and an

exclusion list of 250. Each sample was analyzed in triplicate.

Search results and validation
Data acquired on the LTQ Orbitrap was converted from Thermo’s RAW format to the
universal mzXML format and searched against the IPI human database v3.49
(http://www.ebi.ac.uk/IPI/IPThuman.html) using SEQUEST.?'? Search parameters for SEQUEST
included a precursor ion tolerance of 2.1 Da, trypsin enzyme specificity, the variable option for
methionines in reduced or oxidized form and the variable PDE cleavage product modification on

glutamate, aspartate and lysine residues (212-Dalton ribose-5'-phosphate tag). Results were
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analyzed with Peptide Prophet ensuring that peptide hits with a probability of >0.99 were
accepted and linked to protein entries.”*” **/ All possible poly(ADP-ribosyl)ation sites were

verified manually.
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4.3 Results

Trans ADP-ribosylation assays on PARP-1 peptide arrays

The current prevailing model of human PARP-1 automodification is based on combined
cis and trans activation at sites of DNA damage. As an initial screening strategy for the
identification of PARP-1 trans-automodification sites, we used an autoradiography PARP-1
peptide array. Our intent was twofold: (1) to catalog potential trans-poly(ADP-ribosyl)ated
peptides; and (2) to identify a peptide with a high stoichiometric ratio of ADP-ribosylation that
can be used to generate a high yield, PARP-1 catalyzed mono-ADP-ribosylation standard for
further mass spectrometry studies described below. To complete the peptide array, peptides were
synthesized, twenty amino acids in length, along the full length PARP-1 sequence and designed
to include a five amino acid overlap of each serial peptide (Figure-1A). Membranes were
incubated with [**P]-NAD and PARP-1 to reflect trans-poly(ADP-ribosyl)ation modifications.
Although synthetic peptides are taken out of the context of a protein, peptide arrays have been
shown to be valuable tools to localize a broad range of post-translational modification onto target
proteins.””’ Notably, it has been shown that trans-poly(ADP-ribosyl)ation of different fragments
of PARP-1 by wild-type PARP-1 occurs in vitro.””’ Thus, it was hypothesized that some peptides
could mimic structural features of the PARP-1 protein and be recognized as bona fide trans-
ADP-ribosylation sites.

Four identical PARP-1 peptide arrays were used to perform the assay. One membrane
was incubated with the reaction buffer lacking PARP-1 to account for non-specific binding to
[**P]-NAD. As can be seen in Figure-1B it was confirmed that there was minimal non-specific
binding to NAD throughout the membrane. Only peptide #67 strongly binds [**P]-NAD, an

observation that is consistent with the fact that this peptide corresponds to the NAD binding
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pocket of PARP-1 in its active site (see Supplementary information for peptide listing). This
result also suggests that the peptides on the membrane retain certain primary and secondary
structure characteristics needed for biological activity. Next, the trans-ADP-ribosylation patterns
on peptide arrays obtained with wild-type PARP-1 (Figure-1C) were compared with those of the
E988K mutant (Figure-1D) that has enzymatic activity limited to producing mono-ADP-
ribosylation. As expected, the modification patterns produced by wild-type PARP-1 and the
E988K mutant PARP-1 were very similar. Specifically, we found a high level of qualitative
correlation for the mono-ADP-ribosylated peptides for almost all positions that corresponded to
poly(ADP-ribosyl)ation. Notably for several positions, the signal was stronger when using wild-
type PARP-1, which can be explained by the incorporation of additional [**P]-labeled ADP-
ribose moieties in contrast to the E988K mutant that lacks elongation activity (e.g. peptides #16,
#28 and #42). Thus, on a global basis, this in vitro assay demonstrates that the E988K mutant is
capable of recapitulating poly(ADP-ribosyl)ation by wild-type PARP-1. However, in these
assays, PARP-1 also undergoes automodification through mono and poly(ADP-ribosyl)ation.
Thus, in order to rule out the possibility that radioactive labeling of specific peptides was a
consequence of non-covalent interactions with PARP-1-bound pADPr, an additional membrane
was probed with dihydroxyboryl Bio-Rex (DHBB)-purified (protein-free) [**P]-pADPr (Figure-
1E). Even though membranes were extensively washed under stringent conditions to reduce non-
specific ionic and electrostatic interactions, several peptides strongly bound [**P]-pADPr,
generating some confusion over whether a peptide is covalently trans-poly(ADP-ribosyl)ated or
interacting in a non-covalent fashion with pADPr. Only peptide #44 was strongly labeled in
wild-type PARP-1 and E988K ADP-ribosylation assays while also showing very weak affinity

for the pADPr itself in the non-covalent binding assay. Peptide #44 corresponded to the C-



terminus of the WGR domain of PARP-1. Although not yet clearly elucidated, this result shows
that PARP-1 frans-ADP-ribosylation activity can minimally target a residue located within
peptide #44. It was concluded, therefore, that the sequence contained in peptide #44 will serve
well as a high yield peptide target for the synthesis of a PARP-1 catalyzed ADP-ribosylation
standard. Importantly, these peptide array-based results underscored the need for more
conclusive methods to localize PARP-1 regions targeted by its poly(ADP-ribosyl)ation activity
based on the difficulty in interpreting the difference between covalent and non-covalent pADPr

interactions.

CID fragmentation of a mono-ADP-ribosylated peptide - exploiting phosphodiesterase activity
Current literature demonstrates that there are a number of mass spectrometry
fragmentation techniques that are not well suited for the analysis of poly(ADP-ribosyl)ated

208-212

peptides. Resulting tandem mass spectra of poly(ADP-ribosyl)ated peptides are often

devoid of sufficient peptide fragment ion data to allow sequence assignment and determination

of which residue(s) is modified.””” ***

To explore the CID fragmentation efficiency of a PARP-1
catalyzed pADPr peptide standard, a prototypic peptide was synthesized that defines a PARP-1
region that is likely poly(ADP-ribosyl)ated based on the above results from the autoradiography
peptide assay. We selected a peptide sequence that corresponds to the central region of peptide
#44 on the polymer-blot (Figure-1C, D). Since peptide #44 is located between two overlapping
peptides (#43 and #45) that are not substrates of PARP-1, the targeted region of peptide #44 can

be restricted to its non-overlapping central region defined by the 10 amino acid peptide sequence

AVKKLTVNPG (Supplementary information).
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Peptide array pattern

[32P]-NAD

[32P]-NAD + PARP-1 WT
(Poly-ADP-ribosylation)

[32P]-NAD + PARP-1 E988K
(Mono-ADP-ribosylation)

DHBB-purified [*2P]-pADPr
(Non-covalent binding)

Figure-1. Peptide array-based identification of PARP-1 frans-automodification sites. (A)

Overlapping PARP-1 peptides (20-mers peptides with five amino acid off-set) covering the full

length human PARP-1 sequence were arrayed on a cellulose membrane using SPOT synthesis.

An identical set of membranes were prepared according to the peptide array pattern shown in the

top panel. (B) A membrane incubated with [**P]-NAD to account for non-specific binding. (C)

Poly(ADP-ribosyl)ated regions identified by incubating a membrane with [*’P]-NAD and the

fully active wild-type PARP-1. (D) A screen for mono-ADP-ribosylated regions of PARP-1 was

performed using [**P]-NAD and the PARP-1 mutant E988K that lacks ADP-ribose elongation

activity. (E) Finally, non-covalent pADPr-binding was assayed by incubating a peptide array

with DHBB-purified [**P]-labeled pADPr. For each experiment, membranes were extensively

washed under stringent ionic conditions, air-dried and autoradiographed. The prototypic peptide

#44 is boxed in red (see text).
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Many research groups employ PARP-1 E988K to simplify biochemical and mass
spectrometry analyses to mono-ADP-ribosylation modifications.”’” ?*> Here, PARP-1 E988K
was employed in the production of the mono-ADP-ribosylated version of peptide
AVKKLTVNPG. Mass spectrometric analysis revealed that the prototypic peptide
AVKKLTVNPG, which does not contain a glutamate or aspartate residue and is protected on the
N- and C-terminus, is indeed covalently ADP-ribosylated by the PARP-1 E988K mutant, most
likely on a lysine residue. First, as can be seen in Figure-2A, CID fragmentation of the
unmodified peptide AVKKLTVNPG provides ample fragment ions for proper identification.
However, after being mono-ADP-ribosylated by PARP-1 E988K, the CID tandem mass
spectrum of the resulting peptide is virtually devoid of any peptide fragment ions and the two
predominant fragment ions occur within the modification itself. These two fragment ions are
represented by the notation p5 and mé6 (Figure-2B), according to the nomenclature of Hengel et
al.’”® In parallel, while many phosphopeptides exhibit facile loss of phosphate, they also often
produce tandem mass spectra that allow for sequence assignment. Thus, it was hypothesized that
phosphodiesterase (PDE) treated pADPr-modified peptides should behave similarly. Treatment
of a pADPr-modified peptide with PDE should produce a mono-ADP-ribose modified peptide
with a terminal ribose-5'-phosphate moiety thereby eliminating the most CID-labile bonds
(Figure-2D and 3) from the pADPr structure. To test this hypothesis, the prototypic peptide was
first modified by PARP-1 E988K and then treated with PDE to truncate the mono-ADP-ribose
structure to ribose-5'-phosphate (Figure-2D). As demonstrated in Figure-2C, following CID
fragmentation of the ribose-5'-phosphate modified peptide, the subsequent tandem mass

spectrum contains the peptide fragment ions necessary for proper peptide identification.
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Figure-2. Tandem mass spectral behavior of ribose-5'-phosphate peptides. Tandem mass
spectra of the prototypic peptide AVKKLTVNPG were acquired by collision induced
dissociation (CID) as follows: (A) unmodified peptide (534.34 m/z, z = 2"), (B) mono-ADP-
ribosylated by PARP-1 E988K (804.87 m/z, z = 2") and (C) after PDE digestion of the mono-
ADP-ribosylated peptide (640.34 m/z, z = 2"). Matching b-ions are shown in red, y-ions are
shown in blue, ion species representing fragmentation within the modification are shown in

21
green,

and doubly charged ions of the peptide are shown in purple. The asterisk denotes the
potential ribose-5'-phosphate-modified residues (see text). A structural schematic of the sources
of fragmentation ions from the ADP-ribosylated peptide is shown in (D) with their respective m/z

values. The line denotes the site of CID fragmentation and the structure of the product ions ps

and mg.



The fragmentation of the ribose-5'-phosphate-modified peptide AVKKLTVNPG yielded a
tandem mass spectrum with a b-ion series pointing to a modification at one lysine, and a y-ion
series pointing to a modification at the second lysine residue. For this peptide, non-ambiguous
identification of the exact poly(ADP-ribosyl)ation site cannot be determined from the tandem
mass spectrum to favor one site over the other because the fragment ions observed in the tandem
mass spectrum are likely the total sum of fragment ions from both species. It should be noted that
the tandem mass spectrum contains a population of product ions representing fragmentation of
the ribose-phosphate modification. The series of ribose-phosphate fragment ions are flanked by
ions representing fragmentation of a phosphate-oxygen bond (p5) and fragmentation of the entire
ribose-5'-phosphate moiety resulting in an ion of the non-modified peptide (pl) (Figure-2C).
Nevertheless, we confirm the basic hypothesis that converting a pADPr-modified peptide to a
simpler ribose-5'-phosphate-peptide by PDE treatment allows for sequence assignment of the
peptide. Here, we can conclude that PDE treatment of the ADP-ribose structure reduces the
number of facile CID-labile bonds in the pADPr structure thereby allowing for adequate peptide

fragmentation by CID to assign peptide sequence and localize the site of modification.

PARP-1 automodification and phosphodiesterase treatment
While the study of mono-ADP-ribosylated peptides by tandem mass spectrometry is
complicated as described above, the study of poly(ADP-ribosy)lated peptides is nearly
impossible. This is primarily due to the heterogeneity and size of the pADPr polymers that
confounds the use of mass spectrometry. For example, the heterogeneous nature of pADPr and
resulting complex CID fragmentation patterns hamper the traditional workflows of high-

throughput proteomic analyses.”” However, mass spectrometry-based proteomic approaches
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have been successfully developed to identify structurally similar post-translational modifications
such as glucuronidation and phosphorylation.””* **’ Additionally, the low stoichiometric ratio of
modified to unmodified peptides in a sample necessitates enrichment , as is the case for
phosphorylation and acetylation.”** %/

The pADPr can be broken down into more simple constituents by specific
glycohydrolases such as PARG [Poly(ADP-ribose) glycohydrolase] and ARH3. Both enzymes
possess pADPr-degrading activity that yields monomers of ADP-ribose as final reaction products.
While these enzymes can degrade complex polymers with high specificity, both also remove the
last ADP-ribose moiety from proteins, erasing any evidence of pADPr. In contrast, when the
pADPr is digested by a snake venom PDE, which targets the pyrophosphate linkage, one
molecule of ribose-5'-phosphate is still attached to the acceptor protein (Figure-3).”* Since we
demonstrated that the ribose-5'-phosphate is compatible with CID by generating an interpretable
mass spectrum (Figure-2C), this remnant was targeted as a signature to identify sites of
poly(ADP-ribosyl)ation that occurs whether by cis- or trans-ADP-ribosylation.

In order to assess the efficiency of PDE to degrade complex pADPr, an experiment was
conducted to monitor the release of phosphoribosyl-AMP (PRAMP) (Figure-3), the main
reaction product generated following the digestion of DHBB-purified [**P]-pADPr by PDE
(Figure-3). Using a common TLC assay used to develop PARG reaction mixtures, one can
observe a complete conversion of pADPr to PRAMP (Figure-4A)’”’ Because the goal was to
localize the poly(ADP-ribosyl)ation sites onto PARP-1, the differences in SDS-PAGE mobility
of automodified human recombinant PARP-1 also were monitord before and after PDE treatment
(Figure-4B, top panels). Automodification of PARP-1 causes severe protein smearing as the

protein is covalently modified with polymers of ADP-ribose ranging from small oligomers to
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long and branched molecules. The automodification was shown to be nearly complete because
only traces of unmodified PARP-1 were observed in the presence of an excess of NAD. After
incubation with PDE, most of these polymers are efficiently hydrolyzed as PARP-1 reappeared
at the original position relative to the control unmodified PARP-1. To further examine the
structural state of the polymer, the digestion products following PDE digests were analyzed by
Western blot using the anti-pADPr polyclonal antibody 96-10. As expected, most of the PARP-
I-bound pADPr is hydrolyzed (Figure-4B, lower right panel). Finally, the ability of the PDE to
digest a broad range of pADPr polymers synthesized in cells after PARP activation (Figure-4C)
was tested. HEK 293 cells were exposed to 100 uM of the DNA alkylating agent N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) for 5 minutes and pADPr-associated complexes were
immunoprecipitated from whole cells extracts. As shown in Figure-4C, the immunoprecipitate is
highly enriched in pADPr. The pADPr formed in a physiological context is also easily
hydrolyzed by PDE. It is concluded that a wide range of pADPr molecules, either free or protein-
bound, are readily hydrolyzed by the action of PDE. These Western blots also show that control
PARP-1 is not poly(ADP-ribosy)lated as it will serve as a negative control in the mass
spectrometry analysis. In addition, resolving the reaction products on SDS-PAGE serves as a
filtering step to eliminate 5'-adenosine monophosphate (5'-AMP) and PRAMP from the modified

PARP-1, containing the ribose-5'-phosphate remnant.
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Figure-3. Schematic of a poly(ADP-ribosyl)ated peptide structure. The peptide backbone is

shown over a green background. (A) A carboxyl ester ADP-ribose linkage is shown on the amino

acid side chain (here, a glutamate (E) residue). The structure of the pADPr, including points of

elongation, branching and the phosphodiester bond are shown in red. (B) The remnant ribose-5'-

phosphate left adducted to the peptide after treatment with phosphodiesterase. Additional

reaction products are shown (PRAMP, PR,AMP and 5'-AMP).
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Figure-4. Phosphodiesterase (PDE) digestion of in vitro and in vivo synthesized pADPr. (A)
[**P]-labeled DHBB-purified pADPr synthesized in vitro from human recombinant PARP-1 was
incubated with increasing amounts of PDE. Reaction products were hand-spotted, air-dried and
separated by TLC. Plates were autoradiographied. (B) Upper panel: SYPRO Ruby stained SDS-
PAGE showing the automodification of PARP-1. Lower panel: Western blot against pADPr
(clone 96-10) showing the degradation of PARP-1-bound pADPr by PDE. (C) pADPr-containing
protein complexes were affinity-purified by immunoprecipitation using anti-pADPr antibody

(clone 10H) coupled to Protein G coated magnetic beads.
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Localization of pADPr modifications by tandem mass spectrometry

Unfortunately, it was not possible to identify any pADPr modified peptides with tandem
mass spectrometry analysis of the trypsinized gel band corresponding to PARP-1 containing
ribose-5'-phosphate remnants. With an understanding of the low stoichiometric ratios of pADPr
peptides, it seems likely that that once PARP-1 is proteolytically digested, non-modified peptides
far outnumbered modified peptides. As shown in Figure-3, following treatment with PDE, the
resulting ribose-5'-phosphate structure contains an exposed phosphate group. It was hypothesized
that standard phosphopeptide enrichment strategies could be utilized to enrich for peptides
containing ribose-5'-phosphate groups. Here, in parallel experiments, both TiO, and immobilized
metal ion affinity chromatography (IMAC) were tested as enrichment strategies.

Following enrichment, peptides were analyzed using a standard data-dependent
acquisition method. With a standard IMAC purification strategy, it was not possible to identify
any pADPr sites on PARP-1. However, using the PDE and a TiO, enrichment strategy, nine
automodification sites on PARP-1 were identified from triplicate biological preparations, each
analyzed in duplicate by tandem mass spectrometry. Table-1 lists all of the identified ribose-5'-
phosphate adducted peptides including their respective localization in PARP-1 functional
domains. Two modifications were previously reported by Tao ef al. and occur on the glutamate
residues (underlined) in the peptide 487-AEPVEVVAPR-496.”"> These two modifications are
located within a flexible loop that connects the BRCT and the WGR domains of PARP-1; a
region particularly prone to intramolecular poly(ADP-ribosyl)ation upon PARP-1 activation.’*
One additional peptide (453-VVSEDFLQDVSASTK-467) found with two modifications on
acidic residues is located at the C-terminus of the BRCT domain, a protein module that is also

predicted to flip over the catalytic domain of PARP-1 following its activation.””” The additional
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six sites of pADPr modification are located outside of the so-called automodification domain.
One of these is E190, an N-terminal residue localized in the second zinc finger of PARP-1. An
aspartic acid residue (D578) and a lysine (K579) are also targeted in the WGR domain of PARP-
1, a domain that makes a contribution to the DNA damage binding interface.’”” The last three
automodification sites were unexpectly found in the C-terminal ADP-ribosyl transferase (ART)
domain of PARP-1: D807, E809 and E883. A representative peptide tandem mass spectrum is
provided to illustrate fragment ion coverage and site-specific determination of poly(ADP-
ribosyl)ated residue (Figure-5). Ambiguous assignment of the modification site occurred for
some ribose-5'-phosphate-modified peptides. These peptides are also listed in Table-1 and MS
spectra are provided as Supplementary information. A poly(ADP-ribosyl)ation site is located at
the N-terminal boundary of the Zn2 domain (E116 or K119) and within the Zn2 domain (E147 or
K148). Although interesting in the context of PARP-1 automodification studies, ambiguous
modifications cannot be assigned to a single residue and it is not possible to discriminate
between lysine and glutamate modifications. A three-dimensional structural model of full length
human PARP-1 was reconstituted to display the automodification sites identified by mass
spectrometry (Figure-6). Interestingly, all automodification sites were found to be solvent

exposed and thus likely available for modification.
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Table-1

Peptide sequences

Site-specific localizations*

183-GFSLLATEDK-192
453-VVSEDFLQODVSASTK-467
453-VVSEDFLODVSASTK-467
48 7-AEPVEVVAPR-496

48 7-AEPVEVVAPR-496
572-LQLLEDDKENR-582
572-LQLLEDDKENR-582
803-VVDRDSEEAEIIR-815
803-VVDRDSEEAEIIR-815
879-IAPPEAPVTGYMFGK-893

Precursor
m/z

646.28
918.40
918.40
639.29
639.29
792.35
792.35
871.39
871.39
602.60

Charge
state (z)

W NDNDNDNDNDNDNMNDNDNDDN

Modified peptides with localization ambiguities*

109-TLGDFAAEYAK-119
143-MVDPEKPQLGMIDR-156

698.79
624.60

2
2

PARP-1 domains

Zn2
BRCT
BRCT
Interdomain BRCT - WGR
Interdomain BRCT - WGR
WGR
WGR
ART
ART
ART

Zn2
Zn2

Previously
Identified

No
No
No
Yes 215
Yes
No
No
No
No
No

215

No
No

* Peptides identified were classified as either site-specific, when CID mass spectral determinants

were satisfactory to assign the post-translational modification to a single residue, or ambiguous,

when the fragmentation pattern was insufficient to pinpoint the site of modification. Ribose-5'-

phosphate modified amino acids are shown in bold and underlined. Refer to Supplementary

information for complete MS data.
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Figure-5. Representative tandem mass spectum of a ribose-5'-phosphate-modified peptide

from automodified human PARP-1. The peptidle AEPVEVVAPR is annotated with its

matching b- (red), y-ion series (blue), fragmentation within the modification (green), and doubly
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signature,

a remnant of the original poly(ADP-ribosyl)ation modification.

Refer to

Supplementary information for other MS spectra of ribose-5'-phosphate-modified peptides

identified in this study.
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Figure-6. Three-dimensional model of human PARP-1 bound to a DNA break. The model
was built upon the addition of the Zn2 (PDB code 4AV1) and BRCT (2COK) domains of PARP-
1 to the PARP-1 structure published by Langelier and collaborators (i.e. Znl, Zn3, WGR, HD
and ART).””” Domains can be distinguished by a color-coded legend. Inter-domain linkers, for
which no structures are currently available, are depicted by a dashed black line with
corresponding amino acid positions. Poly(ADP-ribosyl)ated residues are shown with their
corresponding side chains over shaded circles. Tags indicate the residues targeted by PARP-1
automodification. Red color was used to depict site-specific automodification sites and grey for
ambiguous identifications (see text). Residues E488, E491, D578 and K579 are shown
unconnected to the PARP-1 as no corresponding PARP-1 structure is available for these regions.
Zn: zinc finger; BRCT: BRCA1 C-Terminus domain; WGR: domain named after the
conservation of Tryptophan (W) - Glycine (G) - Arginine (R); HD: helical subdomain; ART:

ADP-ribosyl transferase (catalytic) domain.
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As expected, a parallel analysis consisting of biological duplicates each analyzed in
triplicate by tandem mass spectrometry of non-automodified PARP-1 did not allow detection of
any modified peptides (data not shown). This finding is in agreement with the Western blot
showing that non-activated PARP-1 does not have any residual modifications that may occur in
either protein expression or purification (Figure-4B, lower panel). Additionally, the capture of
ribose-5'-phosphate-modified peptides appeared to have been quantitative because modified
peptides were detected in only the enriched fraction but neither the two wash fractions nor the
flow through fraction. While the other three fractions did not contain modified peptides, they are
valuable to the overall analysis of PARP-1 as they provided information about the whole protein
and serve as a comparison of digestion efficiency between the control and automodified samples

(data not shown).
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4.4 Discussion

It has always been difficult to discriminate between the direct poly(ADP-ribosyl)ation of
a target protein by PARP-1, usually referred to as the substrate, and the non-covalent interaction
with pADPr. The fact that some proteins show strong affinity to free pADPr may lead to
misinterpretation of experimental results. Further confusion can arise when considering a protein
such as a PARP-1-interacting protein because PARP-1 itself is a major acceptor of pADPr with

229,230 . .
*=°" Here, a peptide array screening strategy was

an ever-growing list of specific interactions.
used to systematically locate covalent poly(ADP-ribosyl)ation sites in PARP-1. Although this
approach is commonly used to identify other post-translational modifications, interactions with
pADPr were shown to withstand stringent conditions, indicating that pADPr remains bound to
peptides, once again bringing us back to the original problem. Still, by comparing the labeling
patterns obtained as a result of PARP-1 activation and non-covalent polymer-binding assays, it
was possible to demonstrate that a synthetic PARP-1 peptide can be specifically (ADP-
ribosyl)ated in trans. However, few PARP-1 peptides could be specifically assigned as covalent
trans-automodification sites. This rare finding may be linked to the strong preference of PARP-1
to perform autocatalytic poly(ADP-ribosyl)ation over heteromodification of target proteins
(including itself), an enzymatic behavior also consistent with the DNA damage-induced compact
domain rearrangement of PARP-1."%> %/

These results highlight the need for a reliable analytical method to unequivocally identify
any particular poly(ADP-ribosyl)ation sites.To that end, a novel technique was developed for
identifying site-specific locations of pADPr modification on PARP-1 via mass spectrometry.

Utilizing the enzymatic cleavage of PDE to cleave phosphodiester bonds, the heterogeneous

pADPr modification is reduced to a simple 212-Dalton ribose-5'-phosphate tag. This protein
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modification signature is much more suitable to CID mass spectrometry analysis than pADPr or
mono-ADPr because the bulk of fragment ions constitute b- and y-ions of the peptide. However,
in order to provide sufficient signal for CID, a titanium dioxide enrichment proved to be essential
for enrichment of the delta-212.094-Dalton ribose-5'-phosphate modified peptides. As with use
of purification for phosphopeptides, strongly acidic peptides were also found in the TiO,
enrichment fraction, but did not appear to obscure the signal of the ribose-5'-phosphate modified
peptides.

In an effort to simplify the characterization of pADPr polymers previous researchers used
various biological conditions to limit PARP-1 enzyme activity; e.g. by (i) drastically shortening
the reaction time or limiting the NAD substrate concentration to minimize ADP-ribose
incorporation into pADPr; (ii) using PARP-1 (E998K) so that only mono-automodification can
occur; (iil) only modifying small domains of PARP-1 to reduce the overall peptide signal that
results from digesting the entire protein. Here, PARP-1 was kept in its native form and used
standard conditions so that the sites of pADPr formation could be linked with higher confidence
to those that can occur in vivo. In this study, nine site-specific automodification sites on PARP-1
were localized in addition to three ambiguous assignments. Furthermore, the peptide 109-
TLGDFAAE*YAK*-119 contains a possible modification on a terminal lysine. Trypsin is
unlikely to possess the ability to recognize and cleave a ribose-5'-phosphate modified lysine, and
therefore it is probable that this modification lies on E116. With that said, precise localization
will require more thorough b- and y-ion coverage not obtained in this series of experiments.
Considering that PARP-1 sequence coverage is typically limited to ~70% when using trypsin as
the proteolytic enzyme, the identification of 12 automodification sites (Table-1) probably covers

most of PARP-1 tryptic peptides accessible by common proteomics methods. The occurrence of
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poly(ADP-ribosyl)ated residues in automodified PARP-1 found by mass spectrometry is also
consistent with the biochemical ADP-ribose incorporation studies that indicated that each PARP-
1 molecule had about 15 acceptor sites.””

In order to obtain usable mass spectrometry data for the localization of pADPr, two
distinct requirements must be accomplished: (i) adequate fragmentation of the peptide ion is
necessary for proper peptide identification; and (ii) b- and y-ion ion coverage must surround the
modified residue for confident localization of the modification. As a first mass spectrometry-
based approach, it was shown that a synthetic prototypic peptide can be mono-ADP-ribosylated
by PARP-1 E988K in vitro and that the conversion of the modification to ribose-5'-phosphate is
required for efficient peptide fragmentation. Although unambiguous site-specific localization of
the ribose-5'-phosphate signature was impossible in this case, clues in the tandem mass spectrum
point to modification of lysine residues. However, the molecular mechanisms responsible for
formation of an ADP-ribose linkage to a lysine side chain remain unclear. The accumulation of
chemically reactive ADP-ribose species, as a consequence of the NADase activity of PARP-1,
has been suggested to explain a non-enzymatic glycation mechanism underlying the

23223 1t remains to be

establishment of a lysine-ADP-ribose ketamine modification.
demonstrated if this happens under normal physiological conditions and if this phenomenon
contributes to the automodification process.

There has been a long-standing debate as to which amino acid residues are modified by
PARP-1. Initially, it was thought that only aspartate and glutamate residues were poly(ADP-
ribosy)lated. Recently, conflicting evidence suggested that lysines were major targets of pADPr

191

formation.””" With this study of intact PARP-1, it is now possible to reliably assign the actual

modified residues that are targets of PARP-1 automodification in its native form. Direct mass
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spectrometry-based evidence is presented showing that aspartate, glutamate and lysine residues
are acceptors of ADP-ribose on PARP-1. While the majority of automodification sites were
mapped onto acidic glutamate and aspartate residues, which is consistent with the previous work

I3 Given the low-

of Tao et al, a lysine modification also was identified with high confidence.
abundance of ribose-5'-phosphate-modified peptides, it is proposed that the consistent
identification of glutamate and aspartate residues as PARP-1 automodification sites suggests that
carboxyl ester linkages are the predominant acceptors. The lysine modification found in the
context of intact PARP-1 automodification could be useful information to pursue further studies
of lysine glycation by free ADP-ribose generated at high rates by PARP-1 following its
activation.
An interesting feature of poly(ADP-ribosyl)ated residues is their common localization in regions
of intrinsic sequence disorder. For example, the prototypic ADP-ribosylated peptide (K653
and/or K654) exactly matches a PARP-1 region that was not modeled due to apparent disorder
(most likely a very flexible loop between residues 644-661).”” This is also the case for residues
identified in full length PARP-1. A series of modification sites were previously localized in a
conformationally flexible surface exposed between the BRCT and WGR domains: K498, K521,
K524""'; E488 and E491 that was found in this work and by Tao and collaborators.”’” All three
automodification sites found in the catalytic domain of PARP-1 (D807, E809 and E883) are also
located on the tip of loop-shaped protein segments.

Historically, the automodification domain of PARP-1 has been reported to reside in a
~150 amino acid region that encompases the BRCT domain and the interdomain region that

connects the BRCT to the WGR domain (region 373-524). Consistent with this description, two

automodification sites in the BRCT domain of PARP-1 (E456 and D461) were identified in
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addition to the E488 and E491 sites located in the BRCT-WGR interdomain region. However,
poly(ADP-ribosyl)ation sites were found outside of the automodification domain. Notably, a
glutamate residue in the second zinc finger of PARP-1 (E190) was identified. Two additional
residues located within the Zn2 domain are also targeted (ambigously assigned to E116/K119
and E147/K148) suggesting that the second zinc finger of PARP-1 could be structurally and
functionnaly altered by automodification. Finally, two modifications were identified in the WGR
domain of PARP-1: D578 and K579. These modifications could also be functionally important
given that the WGR domain provides a bridge between the DNA damage interface and the
catalytic domain of PARP-1.""? Collectively, 8 out of 12 poly(ADP-ribosyl)ation sites were
mapped beyond the so-called automodification domain. According to the study of Tao ef al., a
complete deletion of the automodification domain of PARP-1 results in a modest reduction of
automodification (~30%), suggesting that many other poly(ADP-ribosyl)ation sites exist outside

the previously assigned automodification domain of PARP-1.7"

PARP-1 automodification may arise from two scenarios.”’’

In the model proposed by
Langelier and collaborators, PARP-1 domains collapses on the DNA strand break in a compact
monomeric conformation that can explain the strong preference for intramolecular
automodification (cis-automodification model).””® Given the compact arrangement of PARP-1
domains upon activation by DNA double-strand breaks, it is logical to think that only loops and
disordered regions will have enough flexibility to contact the catalytic site and be poly(ADP-
ribosyl)ated.’” In the second scenario, two PARP-1 molecules dimerize at the DNA damage site

and poly(ADP-ribosyl)ate each other in a frans-automodification process.””’ Under the

conditions of the present study, both phenomena contribute to PARP-1 automodification and
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might explain the localization of distant automodified residues from the active site in the ART

domain.

132



4.5 Conclusions and future directions

In conclusion, the method described here provides a valuable technique to better define
the biological activity of PARP-1 and the consequences of poly(ADP-ribosyl)ation. Until now,
most methods used to study poly(ADP-ribosyl)ation sites did not generate the same level of
direct evidence of covalent modification that can be provided with mass spectrometry. The
present approach to mapping pADPr sites is based on established phosphopeptide sample
preparation and tandem mass spectrometric analysis methods making it readily accessible to the
scientific community. Notably, the simplification of pADPr to ribose-5'-phosphate results in
tandem mass spectra consisting mainly of b- and y-ion signals. This allows researchers to use
widely available peptide search analysis techniques to localize modification sites and also makes
this workflow suitable to substrate-specific or high-throughput proteomics analysis. Additionally,
the unique mass of the ribose-5'-phosphate modification to those contained in the ABRF protein
modification database (http://www.abrf.org) and the use of sufficient control samples allow for
confident differentiation between ribose-5'-phosphate and other possible protein modifications.
Finally, it may be noted that while only PARP has been studied here, neither the PDE cleavage
step nor the TiO, enrichment step is protein dependent. Therefore, the method should work on
any number of proteins or protein mixtures such as a whole cell lysate. Currently, parylation
patterns of a renal cell line, HEK293, following exposure to methylnitronitrosoguanidine
(MNNGQG), a strong DNA methylation agent. While only preliminary studies have been completed,
the application of this method to more complex protein mixtures is resulting in promising

discoveries.
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A.1 List of Abbreviations

ACN
ADP
AIF
Akt
AQUA
ARH3
ART
atRA
ADH
BCA
BRCT
CID
CRABP-II
CRBP
CSI
BAD
DDA
DE
DIA
DMEM
DMSO
DNA
DR
ETD
ESI

FA
FABPS5
FBS
FDR
FT-ARM
GPF
HCD
HepG2
HPLC
ICAT
ID
IMAC
IRMPD
iTRAQ
LC
LC-MS/MS
MCEF-7
MeOH
MNNG

Acetonitrile

Adenosine diphosphate

All-ion fragmentation

Protein Kinase B

Absolute quantification
ADP-ribosylhydrolase 3

ADP-ribosyl transferase

All-trans retinoic acid

Alcohol dehydrogenases

Bicinchoninic acid

BRCA1 C terminus

Collision induced dissociation

Cellular retinoic acid binding protein 2
Cellular retinol binding protein

Captive spray ionization

Bcl-2-associated death promoter
Data-dependent acquisition

Dynamic exclusion

Data-independent acquisition

Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Direct repeats

Electron transfer dissociation
Electrospray ionization

Formic acid

Fatty acid binding protein

Fetal bovine serum

False discovery rate

Fourier transform-all reaction monitoring
Gas phase fractionation

Higher-energy collisional dissociation
Hepatocellular carcinoma cell line
High-performance liquid chromatography
Isotope coded affinity tags

Inner diameter

Immobilized metal ion affinity chromatography
Infrared multiphoton dissociation
Isobaric tags for relative and absolute quantitation
Liquid chromatography

Liquid chromatography-tandem mass spectrometric
Michigan Cancer Foundation-7 (breast carcinoma cell line)
Methanol

Methylnitronitrosoguanidine
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MRM
mRNA
MS
mTOR
NAD
nESI
PACIFIC
pADPr
PARG
PARP-1
PBS
PDE
PI3K
PKB
PPAR-B/6
PRAMP
PR,AMP
PSI
qPACIFIC
RALDH
RAR
RARE
RBP
RDH
RNA
RPM
RXR
SILAC
S/N
SRM
STRA6
TCEP
TFA
TLC
T™T
TOF
XDIA
YEPD
2-DE
2D-DIGE
5'-AMP

*Protein and gene names discussed in Chapter 3 in relation to Table 1 are not listed in this list.

Multiple reaction monitoring

Messenger ribonucleic acid

Mass spectrometry

Mammalian target of rapamycin
Nicotinamide adenine dinucleotide
Nano-Elctrospray ionization

Precursor acquisition independent from ion count
Poly(ADP-ribose)

Poly(ADP-ribose) glycohydrolase
Poly(ADP-ribose) polymerase-1
Phosphate buffered saline
Phosphodiesterase

Phosphatidylinositol 3-kinase

Protein Kinase B

Peroxisome proliferator-activated receptor beta/delta
Phosphoribosyl-AMP
Di(phosphoribosyl)-AMP

Pounds per square inch

Quantitative PACIFIC

Retinaldehyde dehydrogenase

Retinoic acid receptor

Retinoic acid response element

Retinol binding protein

Retinol dehydrogenases

Ribonucleic acid

Revolutions per minute

Retinoid X receptor

Stable isotope labeling by amino acids in cell culture
Signal to noise ratio

Selected reaction monitoring

Stimulated by retinoic acid gene 6 protein
Tris(2-carboxyethyl)phosphine
Trifluoroacetic acid

Thin layer chromatography

Tandem mass tags

Time of flight

Extended data-independent acquisition
Yeast extract peptone dextrose
Two-dimensional gel electrophoresis
Two-dimensional difference gel electrophoresis
5'-adenosine monophosphate

Please refer to Chapter 3, Table 1, page 89-91.
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