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ABSTRACT

Protein tyrosine phosphorylation is an essential posttranslational modification that controls
cell signaling involving various biological processes, including cell growth, proliferation,
migration, survival, and death. Balancing tyrosine phosphorylation levels is necessary for normal
and pathological states, and this reversible mechanism occurs through protein tyrosine kinases and
phosphatases. Advancements in instrumentation and applying conventional biochemical and
genetic methods have led to cell signaling studies and pharmaceutical development discoveries.
However, there is still a lack of understanding of tyrosine phosphatases' mechanisms, substrates,
and activities within complex networks. The challenges remain in the tyrosine phosphatase field
due to the low abundance and dynamic nature, sample preparation steps, and sensitivity to detect
tyrosine phosphorylation events. Although mass spectrometry (MS)-based phosphoproteomics has
allowed the identification of thousands of phosphotyrosine sites in a single run, protein
phosphorylation poses another analysis caveat of dissecting complex phosphorylation signaling
pathways involved in healthy cellular processes similarly in disease pathogenesis. This dissertation
discusses strategies for improving tyrosine phosphatase sample preparation and identifying the
tyrosine phosphatases' direct substrates. Chapter one is an overview of current techniques to study
tyrosine phosphatases. In contrast, chapters two and three highlight the work that has been done to
identify the direct substrates of phosphatase SHP2 and PTP1B, respectively, whose dysregulation
leads to the development of cancers.

In chapter 2, we describe a novel method that incorporated three separate MS-based
experiments to identify the direct substrates of phosphatase SHP2: immunoprecipitation of
substrate trapping mutants complex, in vivo global phosphoproteomics, and in vitro
dephosphorylation of SHP2 phosphatase substrates. With immunoprecipitation of substrate
trapping mutant experiment, weak and transient phosphatase-substrate interactions were detected
by mass spectrometry after being stabilized by substrate trapping mutant method. This experiment
not only identified the interactions between phosphatase and substrates but also revealed
phosphotyrosine sites that are potentially protected in the substrate trapping mutant. We identified
80 phosphotyrosine proteins that showed upregulated in SHP2 mutant samples, and GAB1, GAB2,
IRS1, SIRPA, and MPZL1 were examined in our list, which are reported SHP2 substrates. In the

second experiment in parallel, we explored the global phosphorylation in HEK293 cells stimulated
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by epidermal growth factor. Peptides containing phosphotyrosine residues were captured by
immobilized anti-pY PT-66 antibody and analyzed by LC-MS/MS. The results provided
information on how SHP2 regulates downstream protein tyrosine phosphorylation and global
phosphotyrosine response initiated by EGF. We used SHP2 substrate trapping mutant to isolate
phosphotyrosine-containing proteins to serve as a SHP2 substrate pool for an in vitro phosphatase
assay, then analyzed by LC-MS/MS. Finally, the overlap of the three separate MS-based
experiments gave us the final list of high-confidence SHP2 substrates. DOK1 was validated to be
a direct SHP2 substrate.

Chapter 3 describes a novel method that integrates in vivo global phosphoproteomics
perturbed by PTP1B inhibitor and stimulated by insulin with in vitro kinetic profile of PTP1B
phosphatase to identify its substrates. We were able to identify 114 phosphotyrosine proteins that
showed upregulated in PTP1B inhibitor and insulin-treated sample in in vivo global
phosphoproteomics experiment. CTTN, EGFR, FER, IRS1, PTPN11, SRC, TYK2, PKM, GAB1,
GAB2, and INSR were examined, which are PTP1B reported substrates. In in vitro kinetic profile
of the PTP1B phosphatase experiment, we utilized dimethyl labeling to quantify the PTP1B
dephosphorylation rate. No PTP1B substrate motif consensus was observed in the labeling
experiments. We finally overlapped in vivo and in vitro experiments to identify PTP1B bona fide

substrates with high confidence.
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CHAPTER 1. @ ADVANCES IN PHOSPHOPROTEOMICS FOR THE
STUDY OF TYROSINE PHOSPHATASES

1.1 Summary

Despite the low cellular abundance of phosphotyrosine (pTyr), it modulates various cell
signaling pathways in normal physiology and pathology. pTyr phosphorylation of oncoproteins is
reversibly controlled by opposing enzymes kinases and phosphatases. Unlike kinases,
phosphatases remain challenging and understudied due to the misconception of unregulated and
non-specificity activities. Traditional genetic and biochemical methods have contributed
significantly to our understanding, and now many phosphatases are known that their activity is
highly specific and tightly regulated in the cell. Moreover, innovative pharmacological approaches
for targeting phosphatases have recently emerged, and as a result, phosphatases may reveal
therapeutic insights critical to combating diseases. Even the phosphatase field has thrived in the
past years. It has set new insights for therapeutic development; our understanding of their
mechanisms, substrates, and functions within highly intricated signaling networks remains elusive
due to the limitations of methodologies. We describe here advances in phosphoproteomics for the
study of tyrosine phosphatases.

1.2 Introduction

The reversible phosphorylation of proteins allows for highly dynamic and coordinated
regulation of almost every aspect of cellular processes, including metabolic homeostasis, stress
response, cell cycle transitions, and many other essential biological mechanisms?. It is not
surprising that phosphorylation is one of the most studied posttranslational modifications due to
its importance in signal transduction. In eukaryotes, serine, threonine, and tyrosine account for
more than one-third of protein phosphorylation events?. Only 1.8 % of tyrosine residues are
phosphorylated in particular®. Despite the rarity of tyrosine phosphorylation, it is essential for
cellular functions, ranging from cell growth, proliferation, immunity to cell death®. A reversible
mechanism mediates the balancing of tyrosine phosphorylation through protein tyrosine kinases

and phosphatases. It is estimated about 90 protein tyrosine kinases (PTK) and 108 protein tyrosine
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phosphatases (PTP) occur in humans?®. A dysregulation of tyrosine phosphorylation signaling
crosstalk plays a role in developing diseases, including malignant development and progression®’.

Tyrosine phosphatases, like kinases, can act as either oncogenes or tumor suppressors
depending on the function of their target phosphosites. PTPN11 gene encodes SHP2; a tyrosine
phosphatase is required to fully activate the central signaling cascade in cancer biology, like
RAS/ERK1/2, PI3K/AKT, and JAK/STAT signaling, which are strongly associated with various
human cancers®. In addition, SHP2 overexpression is common in many types of carcinomas and
various cancers®. Similarly, PTP1B plays a key role in regulating growth factor and hormone
signaling pathways, is also found to be oncogenic in mouse studies with human epidermal growth
factor receptor 2-induced breast cancer'®. On the contrary, the receptor protein tyrosine
phosphatase delta (PTPRD)! and protein tyrosine phosphatase receptor-T (PTPRT)'? are
recognized as tumor suppressors. Hence, dissecting their signaling interaction events in tyrosine
phosphorylation is essential in a new cancer treatment strategy.

Nevertheless, despite significant progress, our understanding of phosphatases remains
limited compared to kinases. There are several causes for this, to name two leading causes here.
First, there is a persisting misperception that phosphatases are less selective and tightly regulated.
Second, some phosphatases require regulatory proteins for substrate recognition and their highly
transient interaction between most phosphatases and their substrates, which poses a challenge in
predicting substrates. In this chapter, we will summarize how phosphatases are characterized and

recent advances in sample preparation techniques.

1.2.1 Classification of phosphatases

Protein phosphatases have derived from a diverse and independent ancestor that are
structurally and functionally distinct from each other compared to the evolution of kinases based
on a common ancestor. Phosphatases have been grouped based on their similarity in catalytic
domain sequence; there are six superfamilies in this classification. 1)The protein-tyrosine
phosphatase domain (PTP), 2) the serine/threonine-specific protein phosphatase domain (PPP), 3)
the protein phosphatase 2C-like domain (PPM), 4) the Haloacid dehalogenase-like hydrolase
domain (HAD), 5) the NUDIX hydrolase domain (NUDT), and 6) LP phosphatase which contains
one of phosphatidic acid or inositol monophosphatase or inositol polyphosphate-related

phosphatase!®!*, The superfamilies were further divided into classes based on their substrate
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specificity, catalytic domain, and literature annotation. For instance, the PTP family is defined by
its catalytic signature motif of CX5R, and there are four subgroups of PTPs: 1) the classical PTPs,
2) VH1-like, 3) LM-PTP, and 4) CDC25C™4 The classical PTPs, also known as
phosphotyrosine-specific phosphatases, are categorized as receptor-like PTPs and non-
transmembrane PTPs. The receptor-like PTPs have a transmembrane portion and can regulate
signaling through a ligand-induced system. Whereas non-transmembrane PTPs are cytoplasmic
enzymes that directly or indirectly control activity by mediating the substrates or interactors,
respectively. In this chapter, we will focus only on the non-transmembrane PTPs.

1.3 Identification of phosphatase protein substrates

Both protein tyrosine kinases and tyrosine phosphatases play critical roles in balancing
tyrosine phosphorylation, they are equally attractive for studying. However, there is a significant
discrepancy in our knowledge of tyrosine phosphatases. There are about an equal number of
tyrosine kinases and tyrosine phosphatase?®, but more than 1800 tyrosine kinases substrates are
identified in KEA; up to date, less than 400 tyrosine phosphatase substrates are found in the
DEPOD? database. Many reasons caused this knowledge gap, partly due to the lack of suitable
methodology, to name a few. First, most tyrosine phosphatases are regulatory enzymes that require
interactors to activate their activity. For example, the SHP2 phosphatase has 2 SH2 domains. In
its basal state, the N-SH2 domain is wedged into the PTP domain, and this conformation blocks
the active site of SHP2 and prevents substrate access. However, when both SH2 domain binds to
appropriate binding proteins, it will change its conformation to an “open” state where it exposes
the active site for the substrate binding. Second, unlike kinases, phosphatases remove a phosphate
group from a substrate, leading to a loss of signal for detection. Even if there is a way to save the
phosphate group in the substrate, this phosphate group will be on a tyrosine residue for tyrosine
phosphatases. The low abundance of pTyr adds another layer of difficulty isolating this residue in
the sample preparation step. Hence, tyrosine phosphatases cannot be studied straightforwardly.
Last, the interaction of phosphatases and their substrates are highly transient, and they often require
a specific context for the events to happen. Therefore, it is still a challenge to identify tyrosine
phosphatases substrates.

We are in the “omics” era with the advancement of mass spectrometry (MS) allows large-

scale studies of genes, RNA transcripts, proteins, and metabolites. So, it is named genomics,
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transcriptomics, proteomics, and metabolomics. Phosphoproteomics, in particular, is a branch of
proteomics that studies a protein with a phosphate group as a PTM; it permits thousands of
phosphorylation sites identification. It will be beneficial to apply a high-throughput strategy to
discover novel substrates of tyrosine phosphatases. In recent years, various approaches have been
developed to improve the selectivity and sensitivity of identifying tyrosine phosphatase substrates

using MS in recent years.

1.3.1 Phosphatase-substrate interaction stabilization

The interaction between phosphatase and a substrate in a cell depends on intrinsic
enzymatic specificity and their subcellular colocalization in situ. This interaction is highly transient
and weak when a phosphatase catalyzes a phosphomonoester's hydrolysis from the substrate.
Thus, stabilization of the interaction of phosphatase-substrate is the first step to identifying the
substrate. The Tonks laboratory named the substrate-trapping mutantst’, a method that serves as a
valuable tool for PTPs to stabilize the association of phosphatase-substrate and then pull-out
substrates from a heterogeneous mixture. The notion is based on site-directed mutants of
phosphatases that do not maintain any catalytic activities but still recognize and bind tightly to
their pTyr substrates. The cysteine in the catalytic site and the aspartate in the WPD loop are two
common mutation sites for substrate-trapping mutants that abolish nucleophilic attacks on the
substrate phosphate. Studies show that the efficiency of substrate-trapping varies in combinations
of their mutant variants. For example, the association between the D181A mutant of PTP1B and
its substrates was sufficiently stable to allow isolation of the complex in the proceeding step®’.
However, SHP2 requires both Cys to Ser and Asp to Ala double mutations for equal efficient
isolation of its substrate®®. Substrate-trapping mutants are a robust and effective method to isolate
pTyr phosphatase substrates, but their capturing efficiency differs from each PTPs.

1.3.2 Phosphatase-substrate isolation

Once the phosphatase-substrate interaction is stabilized, the substrate is ready to pull out
from the heterogeneous mixture. Substrate trapping mutant phosphatase only recognizes the pTyr

substrate. Hence, to maintain pTyr integrity, the endogenous phosphatases are either inhibited or
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knockdown in cell lysate. Pervanadate is a common phosphatase inhibitor to maintaining global
phosphorylation levels in the cells.

The exogenous substrate trapping mutant phosphatase is often introduced into the
mammalian cells to eliminate the isolation complication of phosphatase by fusing protein tags such
as FLAG or HA to facilitate the pullout of the corresponding phosphatase with its interacting
substrates. However, this will also isolate other non-specific proteins interacting with phosphatase
or substrate, but not the genuine substrate. An additional step is required to differentiate
between the bonafide substrate and interacting proteins. The conventional method uses a
competitive inhibitor like pervanadate in PTPs. Others will need to isolate the substrate and

validate it in further analysis.

1.3.3 Phosphatase-substrate identification

The fused protein tags are a common strategy for isolating phosphatase substrate since this
can be purified by coimmunoprecipitation. After substrate candidates are isolated, they can be
analyzed by biochemical methods like SDS-PAGE or Western Blot, or most recently, MS can
yield the complete proteome profile. MS can quantify the sample's large scale of peptides or
phosphopeptides by labeling-free or metabolic- or chemical-labeling.

With the low abundances of phosphopeptides and low degrees of phosphorylation, it is
necessary to enrich and concentrate phosphopeptides before MS analysis. There are several
phosphopeptides enrichment methods. Immobilized metal affinity chromatography (IMAC) relies
on the interaction between positively charged metal-ligand complexes like Fe**, Ga®*, AI**, Ti*,
and Zr*" and negatively charged phosphopeptides’. Even IMAC is less specific than other affinity
methods, and this lower specificity makes it suitable for the separation of phosphopeptides in a
complex mixture. To overcome the issue of lower specificity, polymer-based metal ion affinity
capture (PolyMAC) employs polyamidoamine dendrimers with titanium ions to capture
phosphopeptides with excellent selectivity and sensitivity®. Metal oxide affinity chromatography
(MOAQC) is based on selective metal oxides for phosphopeptides enrichment, such as titanium
dioxide, zirconium dioxide, aluminum oxide, and niobium oxide?*?!, Antibody-based enrichment
for pTyr is also well established, like PT66, 4G10, and anti-pY for probing and isolation.
Phosphopeptides can also be separated in different chromatography like hydrophilic interaction

liquid chromatography (HILIC)?2, strong cationic ion-exchange chromatography (SCX)?3, strong
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anionic ion-exchange chromatography (SAX)?*. Phosphoproteomes can determine a possible
substrate by quantifying the phosphopeptides stoichiometry or intensity/abundance changes in the
presence of phosphatase interest with the appropriate control.

After several putative PTP phosphatase substrates have been identified, they need further
validation to confirm if they are cognate substrates or not. To ensure the cognate substrate, they
need to qualify for three criteria®. First, the isolated phosphatase-substrate by substrate trapping
mutant should form a stable interaction with the endogenous pTyr substrate. On the other hand,
the wild-type correspondent phosphatase should not interact or have a lesser association. Second,
changing the phosphatase activity can control the endogenous pTyr levels of the putative substrate.
Identifying the net substrate pTyr level is difficult, but it is necessary to identify the
dephosphorylation site on the PTP substrate. However, the identification of the site of pTyr by
PTP phosphatase is not the main requirement. Finally, wild-type phosphatase can directly
dephosphorylate the putative substrate in vitro is also required. The successful assignment of PTP
phosphatase substrate is by providing convincing evidence of one or a combination of the criteria

mentioned above.

1.4 Sample preparation for mass spectrometry-based phosphoproteomics

Top-down mass spectrometry takes advantage of analyzing intact proteins and their PTMs.

Still, it lacks efficient separation and provides limited coverage of the protein of interest due to
many technical challenges?®. The middle-down approach provides longer peptides (3.0 kDa
<peptides<10 kDa) for better detection and identification than the top-down MS method but is
restricted by its proteolytic enzyme digestion in the workflow?”. Bottom-up, also known as shotgun
named by the Yates lab, has few advantages because it is a reasonably straightforward and reliable
method of determining the protein composition of a wide range of samples from cells, tissues to
human biofluids and so on. However, only a limited and variable fraction of a protein can be
retrieved, resulting in a low percentage coverage of the protein sequence. Despite the disadvantage,
most phosphoproteome studies are done in a bottom-up approach due to the accessibility of
instrumentation and software.

In a typical shotgun experiment, the sample preparation consists of several critical steps:

1. Extract proteins from the studied biological sample.

2. Protein denaturation, reduction, and alkylation.
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Protein digestion.
Cleaning up of peptides by desalting.

Peptide separation and injection to MS.

o g ~ w

Database search for protein identification.

Protein extraction is the first and most important step in a shotgun experiment; if this step
fails to perform, the downstream steps are pointless to analyze. The initial step often involves crude
mechanical disruption such as cutting, smashing, or shearing tissue into smaller pieces. Then cells
or tissue lysis are performed directly in a buffer with optimum pH and ionic strength; protein
stability is also maintained to prevent proteolysis. With these considerations, a particular lysis
buffer is optimally designed to extract the proteins of interest with appropriate denaturants or
detergents that contain 1) ionic detergents like sodium dodecyl sulfate, deoxycholate, or
cetyltrimethylammonium bromide that disrupt the cell membrane and solubilize proteins?®-3°, or
2) nonionic zwitterionic detergents such as Triton X-100, NP-40, or CHAPS can be used for less
denaturing conditions for maintaining proteins in their biologically active form, or 3) strong
chaotropic reagents like guanidine®® or urea®’ disrupt the native beta-sheets hydrophobic
interaction or backbone-backbone hydrogen bonds, respectively. The latter reagent is also efficient
at breaking protein-protein interactions; hence any studies related to protein-protein interactions
should avoid this type of reagent. Sonication is also used to disrupt the membrane further and help
to solubilize proteins. Often, protease or phosphoprotease inhibitors are added to the mixture to
prevent protein degradation.

The most common reducing reagents used in proteomics experiments are dithiothreitol (DTT)
and tris-2(-carboxyethyl)-phosphine (TCEP), reduce disulfide bridges and unfold proteins. The
alkylation of the free SH-groups is usually done by iodoacetamide (IAA) or chloroacetamide
(CAA). Many studies have shown the combination of DTT and IAA is the most frequent®*-¢, but
TCEP and CAA have shorter incubation times and eliminate unwanted side reaction®”.

After reduction and alkylation, protein digestions are either enzymatic, involve proteolytic
enzymes, or nonenzymatic digestion using chemicals or reagents. Nonenzymatic digestion has
potential advantages over enzyme-based digestion in simplicity, robustness, cost, and speed®. A
few common nonenzymatic approaches include cyanogen bromide cleaves at the N-terminus of
methionine®, acid hydrolysis at aspartate residue®, hydroxylamine cleaves at asparagine and

glycine bonds*, etc. On the other hand, trypsin is considered the gold standard in proteomics. It
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cleaves the carboxyl group of arginine and lysine residues, resulting in short, positively charged
peptides for MS analysis*2. In addition, trypsin oftentimes is accompanied by using other enzymes
for complementary digestion to enhance proteomic identification and PTM localization rates, such
as pepsin, chymotrypsin, Lys-C, Asp-N, and Glu-C*. Aside from protease choice, the digestion
needs to perform under optimum temperature, buffer pH, and time.

Clean-up after protein digestion is necessary for removing detergent and salt to eliminate the
signal suppression issue in MS analysis and increase the lifetime of the columns. The clean-up
procedure will depend on the properties of interfering species and reagents that used in protein
digestions. For example, detergents can be removed using a specialized detergent removal spin-
column or filtered assisted sample preparation column with an appropriate molecular weight size
cutoff membrane. Other charged-neutral contaminants, buffer salts, or small molecules can be
separated by ion-exchange chromatography, reverse phase chromatography C18 column, or
copolymer-based styrene-divinylbenzene sorbent column/membrane.

Peptide separation is performed in two different fashions, online and offline approaches, and
either one is used to simplify complex samples prior to MS analysis. Online chromatography is
coupled with MS, whereas offline is either StageTip-based, column-based, or gel-based. Both
online or offline can be done in different multidimensional chromatographic approaches such as
reversed-phase, ion exchange, or hydrophilic interaction chromatography“®>2 to provide high-
speed, high resolution, high sensitivity, and specificity separation of the complex mixture and
facilitate MS detection and quantitation for in-depth coverage of peptides/phosphopeptides
identification. As peptides are ready for electrospray ionization, they will directly spray into the
MS, taking a tandem measurement of samples.

MS enables high-throughput proteomics experiments by producing thousands and thousands
of tandem-MS spectra. Database search engines are spectra annotation methods for peptide
sequence based on the calculation of every peptide spectrum match to reflect the quality of the
experimental peptide spectrum in comparison to theoretical ones. The most widely used being 1)
Andromeda, a probability calculation for the scoring of peptide spectrum matches®*, 2) SEQUEST,
algorithm-based scoring®®, and 3) Mascot, which is performing machine learning method®®, and 4)
X!Tandem also is algorithm-based scoring®’. Each search engine has its percolator or cutoffs based

on the estimated false discovery rates to confidently assign spectra to peptides/proteins.
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1.5 Quantitation methodologies for bottom-up LC-MS

Over the last few decades, MS-based phosphoproteomics has become an increasingly
powerful tool to detect and quantify thousands of phosphopeptides. Multiple methods have been
developed to increase the accuracy, comprehension, and sensitivity to identify and quantify
phosphopeptides in a bottom-up fashion. For this reason, there are two categories in the field:
discovery and targeted proteomics. Discovery is also known as data-dependent acquisition (DDA);
it enables the identification of thousands of proteins or phosphopeptides per run®®*°, Label-free
quantitation is in DDA mode, and quantitation is performed in relative or absolute using either
peak intensity/area or spectral counts. This strategy is ideal for large sample analyses in measuring
changes in protein expression, screening, and discovering drug/biomarker experiments. However,
DDA lacks reproducibility and consistency of quantitation. Targeted proteomics has emerged to
overcome these limitations, selected/multiple/parallel reaction monitoring®-83; they provide
consistent and accurate quantification and are suitable for hypothesis-driven studies with small
sample size. Hence, another MS acquisition method has arisen, data-independent acquisition
(DIA)®. The significant improvement of DIA is its coverage, where every peptide is fragmented
multiple times in smaller window size. This method is favored for low-abundant protein/peptide
identification. Recently SureQuant was introduced to increase the pTyr profiling in human
tumors®. The only caveat is that it requires building a library which is a very time-consuming step.
Other quantitation methods involve isobaric or isotopic labeling, including metabolic labeling
(SILAC®®), chemical isotopic labeling (ICAT®, dimethyl labeling®), isobaric tagging (TMT®:6%-
2 iTRAQ™), and labeled spike-in peptides of known concentration in samples’. Currently,
isobaric tag-based TMT can accurately and sensitively quantify up to 16 samples®®"2. While label-
based methods are common and increased accuracy and sensitivity, their major limitations remain.

I will focus on TMT and dimethyl labeling strategy in the following sections.

1.5.1 Isobaric labeling tandem mass tag

The central focus of proteomics studies is to discover new biomarkers/drugs or gain
mechanistic understandings in different biological states”>8. Hence, isobaric tag labeling has
become a popular method for comparative or quantitative analysis of protein expression in

different biological states such as healthy versus disease patients, non-treated versus treated
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conditions in different time points’2, Isobaric labeling with tandem mass tags (TMT) allows for
guantitation in many samples simultaneously in one experiment. TMT tags are composed of four
groups, namely an amine-reactive group, a cleavable linker region, a mass normalization group,
and a reporter ion group. The amine-reactive group can label peptides at N-termini and the e-amino
groups of lysine. The chemical structure and nominal mass of each amine-reactive TMT tag are
identical. But each tag varies due to different isotopes located in the reporter ion and normalization
groups. The difference in reporter ion mass is necessary for quantification among different tags,
the mass normalization group offsets this mass difference. In this way, the combined groups of
TMT tags have the same total molecular weights and structure. So that labeled peptides coelute as
a single composite peak with the same m/z value in an MS1 scan. Upon fragmentation of the
labeled peptides during the subsequent MS2 or higher-energy collisional dissociation (HCD) event,
the sequence information is obtained from reporter ion peaks, and quantitation data are also
simultaneously gained of the tags across samples®. TMT reagent family consists of TMTzero,
TMT duplex (up to 2 samples), and TMT multiplex (ranging from 6 to 16 samples)”?.

While TMT tag labeling has been shown to improve phosphopeptides quantification’#+-8¢ due to
its robustness and efficiency, its problem of ratio compression remains. Several researchers have
shown that TMT improved phosphoproteome studies. For example, Friedrich et al. showed
comprehensive micro-scaled proteome and phosphoproteome from lung squamous cell and
adenocarcinoma with more than 14,000 phosphosites and more than 8,000 quantified proteins with
TMT strategy®. Jiang et al. proposed a new acquisition method for analyzing TMT-labeled
multiplexed phosphoproteome samples, resulting in more than 12,000 phosphopeptides without
prefractionation. They applied the technique in A549 cells treated with insulin or insulin growth
factor 1, and as a result, they showed less ratio distortion as well®. Ratio distortion/compression
is a concept that when isolating the target peptide in the MS1 spectrum for MS2 analysis, the
presence of interfering peptides or peptides with the same m/z value within the isolation window
is used for selection will also co-isolated. Since both the target peptide and the contaminating
peptides carry the same reporter groups, in subsequent fragmentation events, these reporter ion
signals for that particular isolation will be a summation of peptide ions, leading to a detrimental
effect on the accuracy of isobaric tagging-based quantification in a complex sample. As a result,
an underestimation of actual protein/peptide abundance is calculated. This distortion effect is more

significant for low-abundance peptides, where the interfering signal is relatively more powerful.
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For qualitative studies, ratio compression is not substantial. However, it is detrimental for
quantitative analysis. Several solutions have been proposed for this problem. Some suggested
reducing sample complexity through fractionation as well as narrowing the isolation window®’:8,
Ting et al. proposed MS3 almost eliminates interfering ions in complex samples®. Whereas
Wenger demonstrated a new MS method named QuantMode to remove the co-isolated peptide
ions of different charge states than the precursor to improving the quantification accuracy®. While
all proposed solutions have some benefits, they either partially solve the problem or solve the
problem at the cost of decreased throughput or rely on specialized MS instrumentation8’-%°,

1.5.2 Dimethyl labeling

Dimethyl labeling is another common chemical labeling strategy that emerged in 2003 as a
quantitative proteomics technology by Hsu and co-workers®:. Briefly, a peptide forms a Schiff
base by reacting formaldehyde with the N-termini or an e-amino group at lysine residue, reduced
by sodium cyanoborohydride to yield a secondary amine. The reaction is fast and completes in a
few minutes without giving any significant side products, and has no adverse effects on MS2
peptide identification®’. Because dimethyl labeling is relatively fast, specific, and mild, it is
perfectly suitable for many biological applications. Heck and co-workers standardized in-solution,
online and on-column protocols for dimethyl labeling to meet the requirements of different sample
amounts for quantitative proteomics®®. Although dimethyl labeling is commonly used for
comparative quantification of two samples, it can be extended for multiplex analysis in a
combination of different isotopic forms of the reagents with 28 Da, 30 Da, 32 Da, 34 Da, and 36
Da shift per site in MS analysis. Various isotopic forms of formaldehyde such as deuterated
formaldehyde (CD20) or C13 formaldehyde (**CH.0) and sodium cyanoborohydride NaBDsCN
or NaBH3CN are commercially available at low cost. Using an extra isotopic reagent combination
such as *CD,0/NaBDsCN, the multiplex can be expanded to a five-plex. Currently, multiplex
labeling may be achieved by different combinations of reagents to generate an array of mass
differences and apply to compare to multiple samples taken from other time points or different
dosages.

Owing to the low cost, specificity, and simple strategy to label samples, stable isotope
dimethyl labeling has been a better choice than other labeling reagents for PTM studies. For

instance, Lemmer et al. demonstrated comparative phosphoproteomics of wild-type zebrafish
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embryos and zebrafish embryos with morpholino-mediated knockdown of the Fyn/Yes kinases by
investigating signaling pathways and phosphorylation events in convergence and extension cell
movements®2., Heck and co-workers improved the identification of phosphopeptides by combining
low pH SCX and Ti**-IMAC with a triple-dimethyl labeled sample. They identified more than
9,000 unique phosphorylation sites within a 400 pg sample from a single experiment®®. Overall,
dimethyl labeling accompanies other phosphopeptides enrichment methods generating excellent

quantitative results, and its workflow applies to every kind of biological sample.

1.6 Future perspectives

PTPs field is still in its early stage of development. Identifying their substrates remains a
challenge, as even with many new methods explicitly developed for phosphatase or the different
areas have entered the field of phosphatase research. MS-based high throughput enables the
identification of tens of thousands of phosphorylation events and speeds up the discovery of
phosphatase substrates. However, the complexity of PTPs and the issues related to MS
experiments, such as sample preparation and quantitation strategies, still need further methods to
address the problems related to the study and deepen the understanding of phosphatase biology.
New insights into therapeutic development are expected to emerge as more progress is made in
characterizing the signaling role of PTPs and their linkages to human disease, at either the level

of the PTPs or from targets within the pathways they regulate.
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CHAPTER 2. AN INTEGRATED PROTEOMIC STRATEGY TO
IDENTIFY SHP2 SUBSTRATES

2.1  Summary

Protein phosphatases play an essential role in normal cell physiology and the development
of diseases such as cancer. The challenges associated with studying protein phosphatases have
limited our understanding of their substrates, molecular mechanisms, and unique functions within
highly complicated networks. Here, we introduce a novel strategy using substrate-trapping mutant
coupled with quantitative proteomics strategies to identify physiological substrates of Src
homology 2 containing protein tyrosine phosphatase 2 (SHP2) in a high-throughput manner. The
method integrates three parallel mass spectrometry-based proteomics experiments including
affinity isolation of substrate-trapping mutant complex using wild-type and HEK293SHP2KO
cells, in vivo global quantitative phosphoproteomics, and in vitro phosphatase reaction. We
confidently identified eighteen direct substrates of SHP2 in EGFR signaling pathways, including
both known and novel SHP2 substrates. Docking protein 1 (DOK1) was further validated using
biochemical assays as a novel SHP2 substrate. This advanced workflow improves the systemic
identification of direct substrates of phosphatases, facilitating our understanding of the
equivalently important roles of protein phosphatase in cellular signaling.

2.2 Introduction

Protein phosphorylation is a critical and reversible protein post-translational modification
mediated by a network of protein kinases and phosphatases. Balancing the dynamics of protein
phosphorylation is vital in many biological events such as growth, proliferation, and cell death2,
Perturbation of protein phosphorylation has been implicated in many human diseases, including
different types of cancers*®, diabetes’®, autoimmune diseases®', etc. It is estimated that
approximately 1 million phosphorylation sites are present in the human proteome, most of which
are phosphorylated on serine and threonine residues, with less than 2% on tyrosine residuest*3,

Despite the rarity of phosphotyrosine signaling, the role of protein tyrosine kinases as
protein oncogenes is widely recognized. For instance, a mutation in the receptor tyrosine kinase,

EGFR, leads to its overexpression in 35-70% of glioblastomas**® and more than 43% of lung
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cancers®’. Both BCR-ABL and TEL-ABL tyrosine kinases are shown to increase activation due
to reciprocal translocation between chromosomes 9 and 12 in all cases of chronic myeloid
leukemias'®!®. Constitutive activation of the ALK kinase is also shown to be involved in
inflammatory myofibroblastic tumors?. Similarly, HER2 gene amplification or overexpression is
found in 15-30% of invasive breast tumors and is used as a prognostic and predictive biomaker??.
Along the same lines, decreasing expression or activity of several protein tyrosine phosphatases
(PTPs) is associated with cancer cell growth and survival. It can be linked to different diseases,
like PTEN in breast cancer’®?. PTPRO in hepatocellular carcinoma®®, DUSP6/MKP3 in
pancreatic cancer?®, or PTP1B in mammary tumor latency?’.

Both protein kinases and phosphatases offer important information for the study of the
control of protein phosphorylation levels in signaling pathways and pathogenesis. However, there
has been much more progress toward the understanding of kinase signaling?®°, while our
knowledge of phosphatases lags significantly behind. This discrepancy is partly caused by the
experimental methods limiting the effective study of phosphatases. Investigation of phosphatases
is not as straightforward as kinases, which could be examined by radiolabeling ATP as one of the
techniques. In contrast, protein phosphatases remove a phosphate group from a substrate, resulting
in losing the positive signal for detection and labeling. In addition, different phosphatase families
work in a diverse and complex manner, which adds another layer of difficulty when examining
phosphatase mechanisms. Hence, the discovery of physiological substrates for specific tyrosine
phosphatases has remained challenging. Over time, various approaches have been developed to
circumvent these restrictions to uncover the missing knowledge of phosphatase networks®!.
Compared to other protein-protein interactions, phosphatase-substrate interactions are transient
and weak. Therefore, a direction affinity-based isolation is less effective. Thus, stabilizing the
phosphatase-substrate interaction will be an essential start. The most common method here is a
substrate-trapping mutant where an inactive phosphatase is created to recognize the substrate
without removing the phosphate group from it. Hence, the mutated phosphatase can “trap” its
substrate. This is followed by the isolation of the trapped phosphatase-substrate complex through
affinity-based immunoprecipitation. Finally, the isolated complex and the phosphate group is
detected either by western blotting or mass spectrometry.

Here, we have devised a novel mass spectrometry (MS)-based strategy by integrating

substrate-trapping mutant-based immunoprecipitation, in vivo global phosphoproteomics, and in
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vitro phosphatase reaction experiments to identify direct SHP2 substrates in the EGFR signaling
pathway in a high throughput manner with high confidence. SHP2 phosphatase is an evolutionarily
conserved protein with 593 amino acid residues. It contains three domains with a hydrophobic C-
tail, two tandem SH2 domains (N-SH2 and C-SH2), and a catalytic PTP domain®. The x-ray
structure of SHP2 demonstrates that in the inactive conformation, SHP2 adopts a closed and
autoinhibited state in which the N-SH2 domain occupies the catalytic pocket of the PTP domain
and sterically blocks the active site*®. Hence, engagement of adaptor protein with the SHP2 tandem
SH2 domains is required to overcome autoinhibition and turns SHP2 into its active form3. SHP2
is a bona fide proto-oncogene®, and mutations of this gene not only occur in several types of
cancer, like leukemia but also cause Noonan and LEOPARD syndromes®®-38, As an essential
component in several other oncogene signaling pathways, understanding the events underlying
how SHP2 evokes cell transformation may provide new insights into the oncogenic mechanisms
and novel targets for anti-cancer therapy. We are particularly interested in SHP2 substrates in the
EGFR signaling pathway since SHP2 acts upstream of Ras in the EGFR pathway involved in the
pathogenesis and progression of different carcinoma types. We confidently identified several novel
proteins and three known SHP2 substrates by overlapping the potential substrate pool generated
by the three MS-based experiments. Of these, docking protein 1 (DOK1) was further confirmed

using biochemistry assays.
2.3 Materials and Methods
2.3.1 Cell culture, transfection, and substrate trapping

HEK293 SHP2 KO cell line was cultured at 37 °C and 5% CO2 in Dulbecco’s modified
Eagle’s medium (Coring) supplemented with 10% fetal bovine serum (HyClone).

Wildtype or SHP2 DM (C459S and D425A) was cloned in the mammalian expression
vector pPCN-HA or pCN-FLAG. The plasmids were transfected into SHP2 KO HEK?293 cells using
polyethyleneimine (PEI) according to the manufacturer’s protocol. For immunoprecipitation and
phosphatase assay experiments, 48 hours after transfection, the cells were treated with 1 mM
pervanadate, a powerful PTP inhibitor, for 30 min to accumulate c in cell phosphorylated proteins,
then pervanadate was removed and cells were recovered in 10% FBS containing medium for

another half an hour. Then Cells were washed twice with PBS and lysed in lysis buffer (20 mM
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Tris-HCI, pH 7.5, 100 mM NacCl, 1 % Triton x-100, 10 % glycerol, 5 mM IAA). The lysate was
sonicated in the ice-water bath at 15 W output with 3 bursts of 10 sec each and cooled on ice for
20 sec between each burst. The cell debris was cleared by centrifugation at 16,000 x g for 10 min
at 4 °C, and the supernatant containing the soluble proteins was collected. Protein concentration
was measured by BCA assay (Pierce) according to the manufacturer’s protocol, and 8-10 mg of
total protein from each sample was subjected to IP by the mouse anti-HA-agarose monoclonal
beads (Sigma) for 3 hr. at 4 °C. Then bead-bound protein complexes were washed with lysis buffer
and PBS three times, respectively. The samples were subjected PTS digestion for MS analysis.

2.3.2 Methanol-Chloroform precipitation

The protein precipitation for the global phosphoproteomics experiment was performed as
previously described39. Briefly, wildtype or SHP2DM (C459S and D425A) was cloned in the
mammalian expression vector pPCN-HA or pCN-FLAG. The plasmids were transfected into SHP2
KO HEK293 cells using polyethyleneimine (PEI) according to the manufacturer’s protocol. 24
hours after transfection, the cells were starved overnight with serum free DMEM media, and then
stimulated with 5 ng/ml EGF or 10 ng/ml HGF (Western blot) for 30 min. Then cells were washed
twice with PBS and cell pellets were lysed in Gnd-HCI lysis buffer (6 M guanidine, 10 mM TCEP,
40 mM CAA, 1X protease inhibitor, 500 mM NaF, 100 mM Tris-HCI pH 8.5). The lysate was
sonicated in the ice-water bath at 15 W output with 5 bursts of 10 sec each. The samples were
cooled on ice for 20 sec between each burst. The sonicated lysate was boiled at 95 °C for 5 min.
The cell debris was cleared by centrifugation at 16,000 x g for 10 min at 4 °C, and the supernatant
containing the soluble proteins was collected. 150 pL of soluble protein was transferred into a new
tube and methanol:chloroform:ddH20 with a volume ratio of 4:1:3, respectively, was added. The
solution was mixed gently and then centrifuged at 16,000 x g for 3 min. The upper aqueous layer
was removed, the protein pellet was washed with four volumes of methanol, and the precipitated
protein pellet was air-dried for 10 min. The dried protein pellet was digested using the PTS

protocol.
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2.3.3 Phase transfer surfactant aided digestion and desalting

Protein pellets or bead-bound proteins were denatured using the phase-transfer surfactant-
aided method (PTS) with few modifications. In brief, protein pellets or bead-bound proteins were
resuspended in 12 mM SLS/12 mM SDC without or with 10 mM TCEP and 40 mM CAA in 100
mM Tris-HCI pH 8.5. The samples were boiled at 95 °C for 5 min and diluted fivefold with 50
mM TEAB. Lys-C was added at a 1:100 ratio by mass (enzyme: substrate) and the samples
incubated for 3 hr at 37 °C. Proteomics-grade trypsin was added subsequently to a final 1:100
(enzyme: substrate) ratio and incubated overnight at 37 °C. On the next day, samples were acidified
with 10% trifluoroacetic acid (TFA), detergents were removed by adding the equal volume of ethyl
acetate. The aqueous phase was collected and desalted with either Sep-Pak 18 cartridges (Waters)
or in-house packed SDB-XC (Empore) StageTips. The capacity for each cartridge is 1-2 mg of
digested peptides, and for each SDB-XC StageTip is 10 pg. Each cartridge was activated with 1
mL methanol, equilibrated with 1 mL 80%ACN/0.1% TFA (Buffer B), and then washed with 1
mL of 5%ACN/0.1% TFA (Buffer A). Following sample loading, the cartridge was washed with
1mL of 5% Buffer A, and samples were eluted with 1 mL Buffer B. Each SDB-XC StageTip was
equilibrated with 20 pL Buffer B, and washed with the same volume of Buffer A. Following
sample loading, the tip was washed with 20 pL Buffer A, and samples were eluted with 20 pL
Buffer B. Desalted samples were dried to completion in a vacuum concentrator. Dried peptide

samples were stored at -80°C for further use.

2.3.4 Immunoprecipitation of phosphotyrosine containing peptides

Peptide samples for the global phosphoproteomics experiment were resuspended in 100
mM Tris-HCI buffer, pH 7.5. Anti-phosphotyrosine antibodies (clone PT66) conjugated to agarose
beads (Sigma) were added at a ratio of 30 uL of bead slurry per mg of starting protein and incubated
12-16 h at 4 °C with rotation. On the next day, the beads with peptide solutions were loaded into
a 10 um filter tube (Mo Bi Tec), flow-through was collected for further PolyMAC enrichment.
The beads were washed thrice with 550 puL of 100 mM Tris-HCI pH 7.5 and centrifuged at 350 x
g for 1 min at 4 °C after each wash. The washed beads were transferred into a new 1.7 mL tube
with 500 uL of water and the water removed with a fine gel-tip. Phosphopeptides were eluted at
room temperature once with 100 uL. of 0.1% TFA for 10 min with vigorous agitation, and twice
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more with 100 pL of 0.1% TFA in 50% acetonitrile, 10 min each. All eluates were combined and

dried in a vacuum concentrator.

2.3.5 PolyMAC enrichment of phosphopeptides

PolyMAC phosphopeptides enrichment was performed according to the manufacturer’s
instructions (Tymora Analytical, IN)*. Peptides were dissolved in 200 pL of the loading buffer
and incubated with 50 pL of the PolyMAC bead slurry for 20 min with gentle agitation. The beads
were loaded with samples into the tip with frit and the flowthrough collected for subsequent
proteomics analysis after desalting. The beads were washed in the tip with 200 pL of loading buffer
twice, then 200 pL of wash buffer once at 20 x g for 2 min at room temperature, followed by 100
x g spin down for 1 min or until the buffers were gone. The phosphopeptides were then eluted
twice from the beads by adding 50 pL of elution buffer at the same centrifuge settings. The eluates

were collected and dried in a vacuum centrifuge.

2.3.6 Phosphatase reaction in filtered aided sample preparation tube

The affinity bead-bound protein complexes were loaded into a Microcon 10 kDa (Millipore
Sigma) filter tube using the FASP protocol*’. SHP2 substrates were eluted by 25 uM sodium
orthovanadate in 100 mM Tris-HCI pH 7.5 from the SHP2 complex. The eluted SHP2 substrate
pool was divided into 2 portions and excessive sodium orthovanadate was removed by washing
with 7 volume of 100 mM Tris-HCI before proceeding with the SHP2 dephosphorylation assay.
One portion was incubated with WT SHP2 reaction buffer (50 mM Tris-HCI pH 7.5, 10 mM MgClz,
1 mM DTT, 20 pg WT SHP2) overnight at 4 °C. Another portion was treated with SHP2-dead
mutant reaction buffer (50 mM Tris-HCI pH 7.5, 10 mM MgCl2, 1 mM DTT, 20 pg SHP2DM)
overnight at 4 °C. Both samples were reduced and alkylated with 10 mM TCEP/40 mM CAA at
37 °C for 30 min. The samples were washed with 200 pL of 50 mM TEAB once, then directed to
Lys-C and trypsin digestion. The digests were collected with two washes of 200 puL of 50 mM
TEAB buffer, and the peptides were then acidified with 10% TFA to pH ~3 and desalted using in-
house packed SDB-XC (Empore) Stage-Tip with > 100 pg peptide capacity.
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2.3.7 LC-MS/MS data acquisition

The phosphopeptides samples were resuspended in 15 uL of MS-grade 0.3% FA with 3%
ACN. 4 uL of phosphopeptides were then injected into an Easy-NanoLC 1000 system (Thermo
Fisher Scientific). Phosphopeptides were separated on a 45 cm in-house packed column (360 um
OD x75 um ID) containing C18 resin (2.2 um bead size, 100A pore size; Bischoff) with a column
heater (Analytical Sales and Services) set at 60 °C. The mobile phase buffer consisted of 0.1% FA
in MS-grade ultra-pure water (buffer A); the elution buffer (buffer B) consisted of 0.1% FA in 80%
ACN. Samples were analyzed using a shallow gradient of 3% B to 35% B, followed by an increase
to 95% B, and then a return to 6% B. The LC flow rate was set to 250 nL/min and total analysis
times ranged from 60-90 min. The LC system was coupled online with a high-resolution hybrid
dual-cell linear ion trap orbitrap mass spectrometer (LTQ-Orbitrap Velos Pro; Thermo Fisher).
The mass spectrometer was operated in the data-dependent mode in which a full MS scan from mz
350-1,500 was followed by MS/MS scans of the 15 most intense ions. lons with a charge state of

+1 were excluded, and the mass exclusion time was 60 s.

2.3.8 Experimental design and statistical analysis

The raw files were searched against the Homo sapiens database with no redundant entries
using the SEQUEST search engine built into Proteome Discoverer (version 2.2). Peptide precursor
mass tolerance for the main search was set to 10 ppm, and MS/MS tolerance was set to 0.6 Da.
Searches were performed with full tryptic digestion, and peptides were allowed a maximum of two
missed cleavages. Search criteria included a static modification of cysteine residues of +57.021
Da to account for alkylation and a variable modification of +15.995 Da for potential oxidation of
methionine residues. A variable modification of +79.996 Da was also set on serine, threonine, and
tyrosine residues for the identification of phosphorylation sites. The false discovery rate (FDR) for
PSMs, proteins, and phosphorylation sites was set to 1% for each analysis using a reverse decoy
database, and proteins matching the reverse decoy database, or the common laboratory
contaminant database were discarded.

For determination of IP-, global-, and dephospho- SHP2-dependent phosphorylation, label-
free quantitation was also done with Proteome Discoverer, and samples were normalized based on

total peptide amount. Both unique and razor peptides were used for protein quantitation. All three
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experiments were performed three times, so tyrosine phosphorylation sites unique to the
dephosphorylation samples, as well as sites with at least 2-fold increased phosphorylation relative
to the control, were used for further analysis. Volcano plots and heat maps illustrating which
tyrosine phosphorylation sites were up or down-regulated generated using Perseus 1.6.15.02. First,
the phosphorylation site intensities were transformed into their log2 counterparts, and any missing
values were imputed according to a normal distribution using the default settings (width 0.3, down-
shift 1.8). A two-sample Student’s t-test (FDR < 0.05) was then used to determine which
phosphorylation sites were significantly different in the SHP2 dead mutant samples versus the
SHP2-WT samples for each replicate. Significantly increased pTyr sites intensity in global
phosphoproteome experiment were further analyzed using DAVID*}, STRING v11* and
visualized using Cytoscape v3.7*° with enriched pathways, biological processes, and molecular
function (FDR g-value <0.05). The sequences containing the phosphosites identified in three
separate experiments were aligned according to the phosphotyrosine residue with six amino acids

on either side of the phosphosite and were analyzed with PhosphoSitePlus*®.

2.3.9 Wester blotting

Proteins were separated on 10% SDS-PAGE gels and transferred to nitrocellulose
membrane. After blocking with 5% milk or bovine serum albumin in Tris-buffered saline with 0.1%
Tween-20, the membranes were probed against the proteins of interest using the appropriate
primary antibodies: Anti-Phosphotyrosine antibody 4G10 (EMD Millipore), anti-HA (Santa Cruz),
anti-pY398-Dok1 (Thermo Fisher), anti-RasGAP (Cell Signaling Technologies), anti-GAPDH
(Santa Cruz), anti-SHP2 (Santa Cruz) and anti-FLAG (Sigma) antibodies. These were followed by
incubation with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling). The
blots were developed using the SuperSignal™ West Pico Chemiluminescent Substrate (Thermo

Fisher Scientific).

2.3.10 Data availability

Mass spectrometry derived phosphoproteomics data from this study has been deposited to
the ProteomeXchange Consortium (http://www.proteomexchange.org/) through the PRIDE
partner repository with the dataset identifier PXD28404.
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For reviewer account details:
Username: reviewer_pxz028404@ebi.ac.uk
Password: KFx3JCcp

2.4 Results
2.4.1 Anintegrated proteomic strategy to identify direct substrates of protein phosphatases

Tyrosine phosphorylation is a crucial component of many signaling pathways that regulate
cell growth and survival, and its perturbation is a hallmark of many diseases, including cancers.
Although a similar number of genes encode for tyrosine kinases and phosphatases in the human
genome*’ to balance phosphorylation level, our understanding of phosphatases compared to
kinases is still limited. According to the KEA dataset, there are 1830 known tyrosine kinase
substrates up to date*®, but only 367 known tyrosine phosphatase substrates are reported in the
DePOD database® (Supplemental Information Table S1 and S2). The challenge with the
identification of tyrosine phosphatase substrates leads to a considerable knowledge gap compared

to kinases.

The traditional strategies for identifying phosphatase substrates either suffer from weak
phosphatase-substrate interactions, like a typical substrate-trapping mutant method with a single

3031 interference of the neighboring proteins in chemical cross-linking®* or BioID*,

site mutation
or those that cannot distinguish between direct substrates and downstream protein-protein

interactions®*>’. Our novel strategy consists of three sets of MS experiments run in parallel,

including pull-down of substrate-trapping double mutants complex, in vivo global

phosphoproteomics, and in vitro phosphatase reaction, to improve the specificity and identify
direct substrates of a phosphatase. We reason that overlapping the results from these three separate
MS phosphoproteomics experiments allow us to identify the most biologically relevant substrate
candidates with high confidence (Fig. 1). In the first experiment to isolate the SHP2 phosphatase-
substrate complex, SHP2-WT and SHP2DM- substrate complexes were affinity-purified, digested,
and the resulting peptides were further phospho-enriched using polymer-based metal ion affinity
capture method (PolyMAC)*, followed by LC-MS analysis. SHP2-WT activity causes a loss of
phosphate group signal on tyrosine residues in peptides compared to the SHP2DM sample. Hence,

comparing the phosphotyrosine levels in the two samples could identify potential SHP2 substrates
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(Fig 1A). In the second experiment in parallel, we used an optimized global phosphoproteomics
workflow based on label-free quantification to unravel SHP2-modulated downstream receptor
tyrosine kinase signaling networks driven by epidermal growth factor (EGF) in SHP2-WT and
SHP2KO HEK293 cells. SHP2DM or SHP2-WT were separately overexpressed in SHP2KO
HEK?293 cells. peptides containing phosphotyrosine residues were captured by immobilized anti-
pY PT-66 antibody, further enriched by PolyMAC, and analyzed by LC-MS. The results provide
information how SHP2 regulates downstream protein tyrosine phosphorylation and global pTyr
response initiated by EGF (Fig 1B). In our third experiment, in vitro phosphatase assay, we used
endogenous tyrosine phosphoproteins in the phosphatase substrate complex trapped by the
SHP2DM mutant as the SHP2 substrate pool. Sodium orthovanadate, a competitive PTP inhibitor,
was utilized to elute pTyr proteins from the complex to increase the specificity and reduce the
background generated by the affinity pull down®®>?. Purified recombinant SHP2-WT (active) or
SHP2DM (inactive) phosphatase was subsequently added to the substrate pool in the
dephosphorylation assay. Proteins after the phosphatase treatment were subjected to Lys-C/trypsin
digestion, phosphopeptides enrichment by PolyMAC, and LC-MS/MS analysis (Fig 1C). Lastly,
the overlap of the three separate MS-based experiments gave us the final list of high-confidence

SHP2 substrates in the EGFR signaling pathway (Fig 1D).

2.4.2 ldentification of SHP2 interacting phosphoproteins by immunoprecipitation of

substrate trapping mutant complex

In the design of the first experiment, we reason that SHP2 substrates are likely SHP2-
interacting proteins and at certain point tyrosine phosphorylated. A kinase adds a phosphate group
which can be directly used to identify its substrates. Offering similar benefits, the PTP substrate-
trapping mutants provide a valuable tool to protect a phosphate group from removal from potential
substrates. A typical trapping mutant, with a serine replacing the catalytic cysteine residue of the
PTP signature motif (C/S), recognizes and binds the substrates but has no PTP activity.
Subsequently, the catalytic pocket of the phosphatase traps that substrate and forms a more stable
phosphatase-substrate complex. SHP2 double mutant (SHP2 DM) with C459S and D425A
mutations was demonstrated to be superior to the single C/S mutant by reinforcing substrate-

phosphatase interaction and improving sensitivity for substrates detection®. Hence, we used the
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double mutant SHP2 in our approach. To identify SHP2-interacting phosphoproteins as potential
substrates, we introduced the HA tag fused with either SHP2 wildtype (SHP2-WT) or SHP2 DM
into the SHP2 CRISPR deleted (SHP2KO) HEK293 cells. SHP2-WT and SHP2DM-substrate
complexes were immunoprecipitated by anti-HA-agarose beads. The isolated proteins were
digested, followed by isolation of phosphopeptides for MS analysis. MS analysis of substrate-
trapping samples across three replicate experiments resulted in the identification of 1,798 peptides,
of which 1,343 were phosphorylated, and 644 of the phosphosites were on phosphotyrosine (Fig.
2A). Among them, 606 phosphotyrosine peptides were identified in the SHP2DM overexpressed
samples while 345 phosphotyrosine peptides in the SHP2-WT overexpressed samples. As
expected, SHP2DM showed an approximately 2-fold increase in overall phosphotyrosine intensity
(Fig. 2B). We defined the fold-change cutoff values in phosphotyrosine peptides and the statistical
significance for discriminating differences in the quantitative results. We set the cutoff value of
fold change based on the log2 ratio of phosphotyrosine peptides and student t-test with a false
discovery rate (FDR) less than 0.05 across the two sample groups. Based on these two thresholds,
we screened for phosphotyrosine sites with significant increases in the overexpressed SHP2DM
group and found 383 such pTyr sites (Fig. 2C and Supplementary Table S3). SHP2 is ubiquitously
expressed in cytosol due to its primary function regulating the intracellular signaling of RTKs in
the cytoplasm. However, unconventional nuclear localization of SHP2 has also been identified by
several studies® %, Hence, SHP2 might be shuttling between different subcellular localizations to
execute biological processes. Thus, we interrogated the subcellular localization of these
upregulated phosphotyrosine proteins. To evaluate the subcellular localization of phosphotyrosine
proteins that interacted with SHP2DM, we utilized Yloc subcellular prediction tool®®. We found
that 50% of the upregulated phosphotyrosine proteins were found in the cytoplasm, 30% in the
nucleus, and 10% were shuffling between nucleus and cytoplasm (Fig. 2D). Furthermore, we
investigated the relationships between the upregulated phosphotyrosine proteins in biological
processes by examining known protein-protein interactions. We found extensive reported physical
interactions between many of the upregulated phosphotyrosine proteins in biological processes,
with protein tyrosine kinase binding (34%) and regulation of mMRNA processing (25%) being the
most over-represented (Fig. 2E & Supplementary Table S4).
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2.4.3 Profiling SHP2-modulated tyrosine phosphorylation in EGFR signaling

We next profiled the global pTyr signaling response initiated by the receptor tyrosine
kinases in SHP2-WT or SHP2DM HEK?293 cells after stimulation with EGF. In doing so, we
overexpressed SHP2DM or SHP2-WT in SHP2KO HEK?293 cells. After starvation overnight, the
cells were stimulated with EGF for 10 minutes. Cells were collected, followed by cell lysis, protein
extraction, and digestion with Lys-C and trypsin. Tyrosine phosphopeptides (pTyr) were enriched
first by immobilized anti-pY PT-66 antibody, further enriched by PolyMAC to improve the
selectivity and analyzed by LC-MS (Fig 1B). We identified 4,537 total peptides and 4,242 total
phosphopeptides, of which 1,965 were phosphorylated on tyrosine residues (Fig. 3A), among
which 1,900 phosphotyrosine peptides were found in the SHP2DM sample, and 1,660 were
identified in SHP2-WT (Fig. 3B). The ligand EGF induced intracellular signaling cascade, which
was attenuated by the SHP2 activity, as was evidenced by the increased overall phosphotyrosine
peptide intensity in SHP2DM compared to the SHP2-WT cells (Fig. 3C). Label-free quantitation
was performed to distinguish SHP2-modulated tyrosine phosphorylation in the EGFR pathway. In
total, 345 upregulated phosphotyrosine sites in 219 phosphoproteins were identified. Details of the
phosphopeptides identified, including the peptide sequence and the PTM scores, are provided in
Supplementary Table S5.

To better understand the phosphorylation event in 219 phosphoproteins, we performed the
Gene Ontology (GO) functional annotation analysis according to the biological process and
molecular function using DAVID tool*® (Supplementary Table S6 and Supplementary Table S7)
to compare to known SHP2 activities. Knowing that EGF was used to stimulate cells, it was not
surprising that the top hit is epidermal growth factor receptor signaling pathways (Fig. 3D). Owing
to the importance of SHP2 in biological processes, most phosphoproteins in the list were enriched
in cell signaling transduction’® and cell adhesion’®"* in the top 15 hits (Fig. 3D). Consistent with
our first experiment and previous studies®%>72, the global analysis also suggested that SHP2 might
play a role in mRNA processing, influencing cellular transcription. GO enrichment analysis of
molecular function has consistently proved that our candidate list of substrates was linked closely
to the binding proteins and enzyme activity (Fig. 3E). To gain further insight into the protein-
protein interaction network and functional category of phosphoproteins, we further analyzed in
String* and visualized by Cytoscape®. In our list, we performed an MCODE cluster analysis in

the Cytoscape on the entire 219 upregulated pTyr and showed in Fig. 3F. Several proteins formed
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noticeable clusters and revealed significantly enriched cellular processes and functions. These
included focal adhesion, transmembrane RTK signaling pathway, protein binding, cell
communication that regulate the biological process. In addition, several proteins were related to
MRNA processing, mRNA splicing, and translation.

To compare the known SHP2 dependent signaling pathways, we further mapped 219
upregulated pTyr proteins in three different signaling pathway databases, Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Fig. 3G), Wikipathways (Supplementary Fig. 1A), and Reactome
(Supplementary Fig 1B) databases. There is no surprise that EGF/EGFR related signaling pathway
was one of the top hits. In addition, cancer-related signaling pathways such as ERBB, RAS, VEGF,
and GTPase are also highlighted in the top 15 hits (Fig. 3G). The results are consistent with our
understanding that SHP2 plays a prominent role in regulating RAS/MAPK signaling pathways.
SHP2 binds to and dephosphorylates RAS to increase its association with Raf and activate
downstream proliferative RAS/ERK/MAPK signaling”>’*. We identified a large proportion of
phosphoproteins involved in RAS/MAPK signaling, as shown in Fig. 3H. In addition, we also
identified a large number of phosphoproteins involved in focal adhesion (Fig. 3I). The previous
report has demonstrated that SHP2 plays a role in FAK tyrosine dephosphorylation and promotes

cell apoptosis”™.

2.4.4 Detection of SHP2 substrate in vitro through phosphatase reaction

To discover SHP2’s direct substrate in vitro in our third experiment, we performed the
SHP2 phosphatase assay using endogenous pTyr peptides isolated from cells as the substrate pool.
FLAG tagged SHP2DM was firstly overexpressed in HEK293 SHP2KO cells. pretreatment of
cells with pervanadate led to the maximum accumulation of phosphorylated SHP2 substrates,
which could be recognized by FLAG-SHP2DM. The formed phosphatase-substrate complex was
then isolated with anti-FLAG agarose beads and eluted competitively with sodium orthovanadate
to increase the specificity and reduce the background®®>. Recombinant SHP2-WT (active) and
SHP2DM (inactive as the control) phosphatase were purified and subsequently added to the
substrate pool separately for the in vitro phosphatase reaction. After Lys-C and trypsin digestion,
peptides were subjected to phosphopeptides enrichment by PolyMAC, followed by LC-MS/MS
analysis (Fig 1C). We identified 366 pTyr peptides in SHP2DM, and 28 were in SHP2-WT (Fig.
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4A). We compared the occurrences of each amino acid, six amino acid residues upstream and
downstream of the pTyr site, to determine if in vitro phosphatase substrates reveal any sequence
specificity. The generated results in Fig. 4B and motif analysis in Fig. 4C show that the substrate
candidates do not appear to have strong consensus amino acid patterns as most kinases do.
However, there are some apparent trends. On the N-terminal side of pTyr, there is an
overrepresentation of acidic (Asp, Glu, pSer), with no basic residues. The great majority of the
substrates contain at least one acidic residue at positions +1 and +2 in the C-terminal side of pTyr,
whereas basic residues are rare. This shows good agreement between our SHP2 substrate list and

the moderate SHP2 sequence specificity profiles reported previously in the literature’® 7%,

2.4.5 ldentification of direct substrates of SHP2 through integrating three proteomic

strategies

Finally, we reason that overlapping the three substrate lists generated in the three parallel
MS-based experiments would give us the best chance to uncover direct substrates of SHP2 in the
EGFR signaling pathway with high confidence (Fig. 1). We overlapped three lists of the
phosphoproteins that showed significant changes compared to the controls in each experiment and
identified 18 tyrosine phosphoproteins (Fig. 4D) as direct substrates of SHP2 in EGFR signal
pathways. Among them, src substrate cortactin (CTTN), microtubule-associated protein 1B
(MAPIB), and tyrosine-protein phosphatase non-receptor type substrate 1 (SIRPA) (Table 1 &
Supplementary Table S9) are contributed to the core cell migration. GRB2 associated binding
protein 1 and 2 (GAB1/GAB2), and SIRPA proteins are critical nodes in the PI3K/AKT pathway
that is a part of the EGFR signaling pathway. MPZL1 has been reported to be a SHP2 substrate
that plays an important role in signaling pathways related to cell adhesion”®!. GAB1, GAB2,
SIPRA, MPZL1 are known SHP2 substrates®®*>-®> highlighting overall high sensitivity and
specificity of this integrated strategy.

2.4.6 SHP2 dephosphorylates DOK1 at Y398

Among the newly identified potential SHP2 substrates, we prioritized Docking protein 1
(DOK?1) for further validation, as DOK1 is a negative regulator of multiple oncogenic signaling
pathways, including ERK, AKT, STAT, and is a critical regulator of cell proliferation and cell

48



migration®. DOK1 was originally identified as a 62 kDa protein that binds with RasGAP. It has
N-terminal pleckstrin homology (PH), phosphotyrosine binding (PTB) domains, and a C-terminal
SH2-binding motif. The phosphotyrosine residues at its C-terminus play many important roles.
For example, DOK1 pY362 and pY 398 are essential for RasGAP binding and Ras, AKT activation,
and DOK1 pY449 recruits Csk to active Src®’. Cumulative evidence has shown that DOK1 exhibits
tumor-suppressive activity in both non-hematopoietic and hematopoietic malignancies®’-1,

To further validate DOK1 as SHP2 substrate, we performed co-precipitation of DOK1 with
SHP2 in HEK293 cells. We co-expressed FLAG-tagged SHP2-WT or SHP2DM with HA-tagged
DOK1 in SHP2KO 293 cells using lipofectamine 3000. FLAG SHP2 was then immunoprecipitated
for Wester blotting analysis. As shown in Fig 5A, upon EGF and HGF stimulation, SHP2DM
trapping mutant could pull down DOK1, while SHP2-WT resulted in a much weaker binding with
DOK1, indicating that the SHP2 substrate-trapping mutant could capture DOK1. When HA-tagged
DOK1 was immunoprecipitated from the cell lysates (Fig. 5B), DOK1 showed a higher affinity
with SHP2DM. More importantly, the overall pTyr level of DOK1, as detected by the anti-pY
4G10 antibody, was significantly lower in the SHP2-WT sample than both SHP2DM and vector
only overexpressed cells, suggesting that SHP2-WT dephosphorylated DOK1 in the cells. DOK1
pY362 and pY398 were reported to be essential for RasGAP binding. Consistent with the literature
report, RasGAP binding with DOK1 was much weaker in SHP2-WT cells than in the trapping
mutant or vector-overexpressed cells, indicating that dephosphorylation by SHP2 impairs RasGAP
binding with DOK1 (Fig. 5B).

The SHP2-WT or DOK1-SHP2DM complex was further isolated for MS analysis. The
coverage for DOK1 in this experiment reached 80 % by identifying 26 phosphotyrosine sites that
belonged to DOKL1 protein (13 unique peptides) (Table 2 & Supplementary Table S10). The
highlighted phosphotyrosine sites in Table 2 showed a significant increase in the intensity with at
least a 1.5-fold change compared to the control sample group, suggesting that SHP2 might
dephosphorylate DOK1 on these sites.

RasGAP, Ras GTPase activating protein, inactivates Ras by hydrolysis of Ras-GTP to Ras-
GDP and plays arole in proliferation, migration, and anti- and pro-apoptosis. Given that MS results
suggested that DOK1 pY398 is a potential dephosphorylation site by SHP2, and this site is
essential for the binding for RasGAP, thus we next carried out a western blot analysis using a

specific antibody for DOK1 pY398 to further confirm this finding. As expected, the
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phosphorylation level of DOK1 Y398 was significantly reduced in the SHP2KO 293 cells with
overexpressed SHP2-WT protein compared to the vector control (Fig. 5C), which suggests that
SHP2 dephosphorylates this site in situ. To further confirm that SHP2 can directly dephosphorylate
DOK1 Y398, FLAG-tagged DOK1 was overexpressed in SHP2KO 293 cells, and phosphorylated
DOK1 was pulled down by anti-FLAG antibody after pervanadate treatment. An in vitro
dephosphorylation assay was carried out with phosphorylated DOK1 and the recombinant SHP2
PTP domain at varying concentrations for 1 hour. The products were analyzed by western blot
with anti-pY398-DOK1 antibody. As shown in Fig. 5D, the phosphorylation of DOK1 Y398 was
reduced in an SHP2 concentration-dependent manner, indicating that SHP2 can directly
dephosphorylate DOK1 in vitro. In aggregate, our present results indicate that DOK1 is a bona
fide physiological substrate of SHP2.

2.5 Discussion and Conclusion

Here we illustrated an integrated phosphoproteomics strategy combined with three existing
approaches (substrate trapping mutant pull down, in vivo global phosphoproteomics, and in vitro
phosphatase) based MS assay for screening and identifying SHP2 phosphatase substrates. Our
study identified several known SHP2 substrates and binding proteins and validated DOK1 Y398
as a physiological substrate of SHP2. Our strategy generated a high-confidence list of potential
SHP2 substrates that reveal the enzyme’s substrate specificity. However, while the method
includes three analyses that provide three individual potential substrate pools, each has its
advantages and disadvantages. Substrate-trapping mutant immunoprecipitation experiment can
identify substrates based on the binding with the substrate trapping-mutant. Nonetheless, the
tyrosine-phosphorylated binding proteins could also be identified due to their higher affinity to
SHP2DM than SHP2-WT. While the global phosphoproteomics assay would reveal the proteins
affected by the SHP2 activity in vivo, other phosphorylated proteins downstream of SHP2 could
not be differentiated from the direct substrates. The in vitro phosphatase assay can recognize the
potential direct substrates of SHP2. However, in vitro assay results do not always translate to
physiological conditions in vivo. We find that combining these three MS-based experiments helps
remove false-positive identification and discover/confirm the bona-fide direct physiological
substrates of SHP2. Our strategy generates a list with the highest possibility of SHP2 substrates
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that revealed the enzyme’s substrate specificity. We identified 18 proteins (Table 2) through our
strategy, in which GAB16%92% GAB28394 SIRPA84% MPZL188! are known SHP2 substrates,
proving the feasibility of our approach. Meanwhile, we also identified 14 new SHP2 substrates, in
which DOK1 drew most of our interest because of its essential role in ERK, AKT, STAT signal
pathways, and some physiological processes like cell proliferation and cell migration. Therefore,
we focused on DOK1 and validated its Y398 site as a bona-fide physiological substrate of SHP2.
SHP2 is known to activate Ras, which is involved in a wide range of important cellular processes.
Interestingly its underlying mechanism still has not been very clear. DOK1 pY398 is responsible
for the binding of RasGAP, a negative regulator of Ras, the dephosphorylation of DOK1 pY398
by SHP2 might lead to reduced recruitment of RasGAP, and consequently overactivated of
Ras/ERK MAPK signal pathway. Our work linking SHP2 to RAS through DOK1 might shed some
light on the mechanism of how SHP2 plays a critical role in the MAPK signal pathway. We hope
that the newly identified SHP2 substrates will help further define the biochemical and functional

roles of SHP2 in various cellular processes.
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Figure 2-1: Experiment design for phosphoproteomics workflow to identify potential substrates of SHP2. A) IP procedure with substrate
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three MS experiments were overlapped together to determine the direct substrate candidates.
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Figure 2-2: Phosphotyrosine sites identified in the immunoprecipitation experiment. A)
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phosphopeptides identified in SHP2-WT, or phosphatase-dead SHP2 samples; C) Volcano plot of
the significantly changed pTyr sites effected by the SHP2 activity; D) Subcellular localization of
the upregulated phosphotyrosine proteins; E) Gene Ontology analysis of the upregulated
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Figure 2-3: Phosphotyrosine sites identified in the global phosphoproteomics experiment. A) Total
number of unique peptides and phosphopeptides identified; B) Contribution of phosphopeptides
in each sample; C) Box plot of the distribution of pTyr site intensities in the SHP2-WT, and
phosphatase-dead SHP2 samples; GO enrichment of top 15 hits using DAVID tool, as categorized
according to D) biological processes and E) molecular functions; F) Protein-protein interaction
network and functional category of upregulated pTyr proteins in STRING database; G) Pathway
analysis of upregulated pTyr proteins by the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (FDR<0.05) with top 15 hits; H) Protein-protein interaction in focal adhesion and I)
RAS/MAPK signaling pathway.
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Figure 2-3 continued
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Figure 2-4: Phosphotyrosine sites identified in the SHP2-dependent dephosphorylation assay
experiment. A) Number of unique pTyr peptides identified in the dephosphorylation assay using
SHP2DM and SHP2-WT; B)Motif analysis of in vitro phosphatase reaction for SHP2 substrate
specificity showing in heat map for the distribution of amino acid residues; C) Sequence logo
visualization generated from PhosphoSitePlus*’ for SHP2-dependent dephosphorylation sites of
candidate substrates; D) Overlap based on the phosphoproteins across the three MS
phosphoproteomics experiments.
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Table 2-1: Final list from overlapping of phosphoproteins of 3-MS experiments.

Overlap list of 3-MS experiments from unique protein

CTNND1 TJP1 CTTN PKP4 DOK1
ARHGAP12 MAP1B IRS2 HNRNPAZ2B1 PTPN11
BCAR1 KIRREL POLR2A HBS1L

GAB1 GAB2 MPZL1 SIRPA

Table 2-2: DOK1-APMS experiment with annotated sequence.

DOK1-APMS
No. identified DOK1 pTyr sites 26
No. identified DOK1 unique peptides 13
Coverage of DOK1 protein 80 %
Total PSM 2086

Identified DOK1 pTyr sites

SHNSALYSQVQK Y449
LTDPKEDPIYDEPEGLAPVPPQGLYDLPR | Y362, Y377
PLYWDLYEHAQQQLLK Y337, Y341
EEGYELPYNPATDDYAVPPPR Y398, Y402, Y409
EDPIYDEPEGLAPVPPQGLYDLPR Y362, Y377
KPLYWDLYEHAQQQLLK Y337, Y341
IAPCPSQDSLYSDPLDSTSAQAGEGVQR | Y315
LPSPPGPQELLDSPPALYAEPLDSLR Y296
LSALEMLENSLYSPTWEGSQFWVTVQR | Y146
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CHAPTER 3. DEVELOPMENT OF KINETIC ASSAY LINKED
PHOSPHOPROTEOMICS TO IDENTIFY DIRECT SUBSTRATES OF
PROTEIN TYROSINE PHOSPHATASE PTP1B

3.1  Summary

Tyrosine phosphorylation is critical for signal transduction, and dysregulation is a hallmark
of many diseases, including numerous cancers. Even though both protein tyrosine kinases and
tyrosine phosphatases equally contribute to balancing tyrosine phosphorylation levels, there is a
significant gap in knowledge understanding phosphatases compared to kinases, which is partly due
to the limited methods for identifying substrates. As a possible solution, we developed a novel
strategy termed kinetic assay linked phosphoproteomics to identify phosphatase substrates. Briefly,
the method incorporates two parallel MS-based experiments: in vivo PTP1B phosphoproteomics
perturbed by PTP1B inhibitor and insulin treatment and in vitro Kinetic profiles of PTP1B
phosphatase utilizing dimethyl labeling to quantify enzyme reaction. To demonstrate the concept,
we applied it to protein tyrosine phosphatase 1B (PTP1B) in the insulin signaling pathway. As
results, eight potential substrates of PTP1B were discovered in our method, including the known
substrates such as CTTN, CTTNDL1, and PXN.

3.2 Introduction

Protein tyrosine phosphatase 1B (PTP1B) is a non-transmembrane tyrosine-phosphatase that
plays a significant role in multiple signaling networks, particularly insulin cascades that directly
dephosphorylates the insulin receptor'. Accumulating evidence also indicates that PTP1B is
involved in human disorders such as obesity®, diabetes®*, cancers®®, and most recently in
neurodegenerative diseases!®. PTP1B has long been recognized to inhibit insulin signaling, which
has led to its identification as a prospective therapeutic target for treating type 2 diabetes and
obesity?. Trodusquemine (MSI-146) is a PTP1B inhibitor that showed very high selectivity for
treatment of obesity and diabetes had made its way through to Phase Il of the clinical trialst®.
Similarly, DPM-1001, an analog of the trodusquemine, also has gone through its clinical trial but
has not reached Phase 11 yet*?. Another clinical approach to inhibiting PTP1B is to apply antisense

oligonucleotides. This has shown higher selectivity toward PTP1B than smaller molecular
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inhibitors, which are currently in Phase Il as well*®. The clinical trial of MSI-1436C for the
treatment of metastatic breast cancer was terminated at Phase | for undefined reasons!4. Overall,
few compounds have reached early-stage clinical trials, but none have yet achieved the clinical
trials later stage or registration. PTP1B-targeting drugs have a promising future ahead of them,
and many researchers are still working on improving PTP1B inhibitors’ pharmacological
properties. There are several challenges to overcome when it comes to choosing PTP1B as a
therapeutic target. As a result, future research into this area to develop PTP1B inhibitors to treat
the human disorders linked with it will be required.

PTP1B is widely accepted as a therapeutic target, although its exact mechanism of action
remains elusive. The enzyme has a high substrate selectivity, but new substrates for the enzyme
are still being discovered. One reason for the continuous discovery of PTP1B substrate is PTP1B
can operate as both a tumor suppressor and a tumor promotor depending on the substrate it
encounters in the cell. For instance, PTP1B overexpression has been demonstrated to increase
tumorigenesis in colon cancer® and the pathogenesis in breast cancer®. In contrast, deficiency has
been shown to increase the invasiveness of prostate cancer!’, and the absence of myeloid PTP1B
in mice results in a shortened lifespan due to the late development of acute leukemia’. Hence, a
better picture of how PTP1B interacts mechanistically with its substrates in the signaling cascades
is required.

This study aims to develop a high throughput strategy to systematically identify PTP1B
phosphatase substrates in the insulin signaling cascade. This new method relies on two MS-based
phosphoproteome experiments; PTP1B substrate candidates were determined by overlapping the
two data, specifically 1) PTP1B inhibitor-treated phosphoproteome and 2) PTP1B enzyme kinetic
dephosphorylation assay. Briefly, in the PTP1B inhibitor phosphoproteome, we focused on the
pTyr that shown upregulated in PTP1B inhibitor and insulin-treated sample. In Kinetic
dephosphorylation assay, the enriched phosphotyrosine peptides were dephosphorylated with
active PTP1B phosphatase with a different time course. The overlap of these two lists will give
high confident hits of potential PTP1B substrate candidates. The project is intended to reveal
previously unknown substrates as a generic discovery tool for unresolving PTP1B phosphatase
biology.
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3.3 Methods and materials

3.3.1 Cell culture, transfection, stimulation, and protein extraction

HEK?293 cells were maintained in Dulbecco’s modified Eagle’s medium (Corning)
supplemented with 10% fetal bovine serum (Corning). Cells (~90% confluence) were transfected
with PTP1BD181A-FLAG plasmids using polyethyleneimine (PEI) as in Longo et al (2013)*. 48
hours after transfection, the cells were treated with 1 mM pervanadate for 30 min. The stimulation
reactions were stopped by washing with ice-cold phosphate-buffered saline (PBS). Cells were
lysed in lysis buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 % Triton x-100, 10 % glycerol,
1X phosphatase inhibitor cocktail 2 & 3 (Sigma)) and sonicated in the ice-water bath at 15 W
output with 3 bursts of 10 sec each and cooled on ice for 20 sec between each burst. The extracts
were cleared by centrifugation at 16,000 x g for 20 min at 4 °C. Protein concentration was

measured by BCA assay (Pierce) according to the manufacturer’s protocol.

3.3.2 Peptide preparation

For Lys-C digestion before PT-66 enrichment. 1 mg of proteins denatured in 12 mM
SDC/SLS buffer to a final volume of 200 pL, reduced and alkylated with 10 mM TCEP and 40
mM CAA at 95 °C for 5 min. Diluted 4-fold 50 mM TEAB and digested with Lys-C (Wako) (1
pg/100 pg sample protein overnight at 37 °C). The Lys-C activity was quenched by acidification
using TFA to a final concentration of 1%, and detergents were removed by ethyl acetate. The
digests were desalted using Sep-Pak 100 mg C18 cartridge (Waters). Each cartridge was activated
with 1 mL methanol, equilibrated with 1 mL 80% ACN/0.1% TFA (Buffer B), and then washed
with 1 mL of 5% ACN/0.1% TFA (Buffer A). Following sample loading, the cartridge was washed
with 1mL of 5% Buffer A, and samples were eluted with 1 mL Buffer B. Desalted samples were
dried to completion in a vacuum concentrator. Dried peptide samples were stored at -80°C for
further use.

For trypsin digestion after PTP1B phosphatase reaction. PTP1B dephosphorylation
reactions were quenched by adding 100 pL 24 mM SDC/SLC, diluted 4X 50 mM TEAB and
further digested with trypsin (Sigma) (1 ng/100 pg sample for additional of 6 hours at 37 °C). TFA
was added to a final concentration of 1%, and detergents were removed by ethyl acetate. The

digested peptides were desalted using C18 Stage tips (Glygen). Each SDB-XC StageTip was
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equilibrated with 20 pL Buffer B, and washed with the same volume of Buffer A. Following
sample loading, the tip was washed with 20 pL Buffer A, and samples were eluted with 20 pL
Buffer B. Desalted samples were dried to completion in a vacuum concentrator. Dried peptide

samples were stored at -80°C for further use.

3.3.3 PT-66 enrichment

15 uL anti-phosphotyrosine antibodies (clone PT-66) conjugated to agarose beads (Sigma)
were washed trice with 100 mM of Tris-HCI buffer, pH 7.5. 200 pg dried peptides were dissolved
in 100 mM of Tris-HCI buffer, pH 7.5, and added to washed PT-66 beads, incubated for 12-16 h
at 4 °C with rotation. 200 pg dried peptides were used for TMT labeling, and 300 pg were used
for dimethyl labeling. On the next day, the bead-bound peptides were washed three times with 100
mM Tris-HCl buffer (pH 7.5) in a 10 pm filter tube (Mo Bi Tec). Phosphopeptides were eluted at
room temperature with 3X 100 uL of 0.1% TFA for 10 min each. All eluates were combined and

dried in a vacuum concentrator.

3.3.4 PTP1B phosphatase assay

The PT-66 enriched peptides were resuspended in PTP1B phosphatase reaction buffer (50
mM Tris-HCI, pH 7.5, 10 mM MgCl2, 1 mM DTT, and 100 nM DADEpY LIPQQG peptides (Santa
Cruz)). Saved 100 pL of sample in a new tube and labeled it as 0 min reaction (Ctrl) sample. The
reactions were performed by adding 0.1 nM active PTP1B enzyme at 37 °C, and aliquots (100 uL)
from reactions were removed at different time points (TMT labeling samples: 1 min, 5 min, 10
min, 15 min, and 30 min. Dimethyl labeling samples: 1 min and 10 min). Each sample was
quenched by adding 100 pL of 24 mM SDC/SLS, and further digested with trypsin.

3.3.5 Dimethyl labeling

The desalted peptides dissolved in 100 puL of 100 mM TEAB were mixed with formaldehyde
(4% in water) and 0.6 M freshly prepared sodium cyanoborohydride added immediately. The
mixture was vortexed for 1 hr at room temperature, quenched with 16 uL of ammonium hydroxide

for 1 min, and added 20 pL of 10% FA. The sample undergone 10 min PTP1B reaction was labeled
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using light formaldehyde (CH»0), whereas deuterated formaldehyde (CD.O) was used to label 1
min PTP1B reaction sample, and the control sample used heavy formaldehyde (*3CD,0). The same

amount of three samples were combined and desalted using C18 StageTip (Glygen).

3.3.6 TMT labeling

Desalted peptides were labeled with TMT (6-plex) reagents (ThermoFisher Scientific).
Peptides in different time points (0 min, 1 min, 5 min, 10 min, 15 min, and 30 min) were
resuspended in 100 pL of 50 mM TEAB, and each sample was labeled with 50 pg of TMT reagent.
Samples were incubated at room temperature for 1 hr with gentle agitation. TMT reaction was
quenched with 2 pL of 5% hydroxylamine for 15 min. TMT labeled samples were combined, dried
to completion, reconstituted in 200 pL of 0.1% TFA, and desalted on C18 StageTips (Glygen).

3.3.7 LC-MS data acquisition

The labeled peptides were resuspended in 10.8 pL. of MS-grade 0.05% TFA/2% ACN and
analyzed by online nanoflow liquid chromatography-tandem mass spectrometry (LC-MS/MS)
using Q Exactive HF-X (QE HF-X) coupled online to an Ultimate_Nano HPLC (ThermoFisher
Scientific). 10 pL of the sample was loaded at onto a trap column (75 pm X 2 cm C18, 3 um 100
A) (ThermoFisher Scientific) that was connected to a house packed analytical column (~30 cm
with ReproSil Pur 120 C18 AQ 1.9 um beads (Dr.Maisch Gmbh) and heated to 50 °C. Mobile
phase flow rate was 300 nL/min, comprises 0.1% FA (Solvent A) and 80% ACN/0.1%FA (Solvent
B). The 90-min LC-MS/MS method used to following gradient profile for dimethyl labeling
sample: (min:%B) 0:5; 8:5; 68:35; 69:90; 70:5; 71:90; 72:5; 73:90; 74:5; 75:90; 79:90; 80:5; 90:5.
TMT labeled sample also used 90-min method with following gradient profile: (min:%B) 0:5; 5:5;
8:10; 68:45; 69:90; 70:5; 71:90; 72:5; 73:90; 74:5; 75:90; 79:90; 80:5; 90:5. The QE HF-X was
operated in the data-dependent mode for dimethyl labeling sample, acquiring MS2 scans
(resolution=30,000) after each MS1 scan (resolution=60,000, scan range of 375-1500 m/z) on the
top 15 most abundant ions using an MS1 AGC of 1e6, and an MS2 AGC of 2e4. The maximum
ion time utilized for MS2 scans was 200 ms; normalization collision energy was set to 28; the
dynamic exclusion on time was set to 60 s; isolation window of 1.6 m/z. The QE HF-X was

operated in TMT mode for TMT sample acquiring HCD MS2 scans (resolution=30,000) after each
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MS1 scan (resolution=60,000) on the top 10 most abundant ions using an MS1 target of 3e6 and
an MS2 target of 2e5. The maximum ion time utilized for MS2 scans was 100 ms; isolation window

of 0.7 m/z; the HCD-normalization collision energy was set to 32.

3.3.8 Data search and analysis

The raw files were searched against the Homo sapiens database with no redundant entries
using the SEQUEST search engine built into Proteome Discoverer (version 2.3). Peptide precursor
mass tolerance for the main search was set to 10 ppm, and MS/MS tolerance was set to 0.02 Da.
Searches were performed with full tryptic digestion, and peptides were allowed a maximum of two
missed cleavages. Search criteria included a static modification of cysteine residues of +57.021
Da to account for alkylation and a variable modification of +15.995 Da for potential oxidation of
methionine residues and acetyl of +42.011 Da at the N-terminus of protein. A variable
modification of +79.996 Da was also set on serine, threonine, and tyrosine residues to identify
phosphorylation sites. The false discovery rate (FDR) for PSMs, proteins, and phosphorylation
sites was set to 1% for each analysis using a reverse decoy database. Proteins matching the reverse
decoy database, or the common laboratory contaminant database were discarded.

For TMT modifications. The reporter ions quantifier node was enabled, and the integration
tolerance was set to 20 ppm with HCD activation type. A variable modification of +229.163 Da
was set on N-terminus peptide and a static modification of +229.163 Da at lysine residue.

For dimethyl labeling. Static modifications of 1) light dimethyl of +28.031 Da; 2)
intermediate dimethyl of +32.056 Da; 3) heavy dimethyl of +34.063 Da were set at lysine and any
N-term peptide.

3.3.9 Western Blotting

40 ug of protein lysate were mixed with 1X LDS loading buffer and 10 mM DTT, boiled
for 5 min. Loaded to an SDS-PAGE gel with 4-12% gradient (ThermoFisher Scientific) and ran
using 1X MOPS buffer. The sample on the gel was transferred to polyvinylidene difluoride
membrane using 1X transferring buffer (25 mM bicine, 25 mM Bis-Tris, 1 mM EDTA, 13%
MeOH) for 75 min. The membrane was then incubated in blocking buffer (1% BSA diluted in
TBS-T) with gentle shaking for 1 hr at room temperature. The membrane was incubated in 1:1,000
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anti-PTP1B (Cell Signaling), or anti-pY100 (Cell Signaling), or anti-FLAG (Thermo) antibody
overnight at 4 °C with gentle shaking. Next, the membrane was rinsed three times in TBS-T for 5
min each with 0.1% Tween-20. Subsequently, the membrane was incubated for 1 hr at room
temperature in 1: 5,000 dilutions of HRP-conjugated secondary antibody: anti-mouse (Thermo),
anti-rabbit (Thermo). The membrane was washed three times quickly in TBS-T with 0.1% Tween-
20 for 5 min each. Detection was performed using ECL buffer (Thermo), and blots were developed

in G153 developing buffer (HealthCare) in a dark room.
3.4 Results
3.4.1 Invivo global phosphoproteome for identification of insulin pathway substrates

Diabetes mellitus is a metabolic and endocrine disorder characterized by chronic
hyperglycemia that results in biochemical changes as well as tissue damage. The number of adults
with diabetes is expected to rise from 22.3 million in 2014 to 39.7 million in 2030 and 60.6 million
in 2060'°. Substantial evidence indicates that PTP1B plays a significant part in the insulin signaling
system, and PTP1B inhibitor was considered a promising therapeutic target for treating type 2
diabetes'??>%, PTP1B dephosphorylates insulin receptor substrate 1 (IRS-1) in the insulin
signaling pathway, reducing insulin sensitivity, or turning off signaling. A significant variety of
PTP1B inhibitors have been generated and tested for their capacity to enhance insulin signaling,
whether they are bioactive compounds derived from natural products or synthetic small
molecules?t26-30,

We optimized our new protocol to profile pTyr in PTP1B inhibitor compound 111?-treated
cells in the insulin signaling pathway. As seen in Fig. 3-1 our workflow is straightforward, and
cells were collected after PTP1B inhibitor and insulin incubation for subsequent pTyr peptide
enrichment and LC-MS/MS analysis. We identified 332 and 297 total peptides in the PTP1B
inhibitor treated and DMSO sample (Fig. 3-2 A), respectively. 271 pTyr sites were found in the
PTP1B inhibitor-treated sample and 224 pTyr sites in DMSO (Fig. 3-2 B). A volcano plot was
created to depict the guantitative data graphically, and it showed 114 pTyr sites upregulated in
PTP1B inhibitor-treated sample. Several known PTP1B substrates were highlighted in blue
(CTTN3!, EGFR%%, FER®, IRS134%®, PTPN11%, SRC¥®, TYK2¥) (Fig. 3-2 C). Cellular

compartment and biological process classification of the 114 pTyr proteins were analyzed using
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DAVID 6.8 to compare to known PTP1B activities*®. Most proteins are membrane-bound and
cytoplasmic proteins, but there are also large numbers of nucleus proteins (Fig. 3-2 D). In terms
of biological processes, most proteins are involved in insulin pathways, as expected, RPTK,
EGFR, PI3K, and phosphatidylinositol-mediated signaling, and mRNA and RNA splicing (Fig. 3-
2 E). Hence, the analysis shows that many hit proteins in the pTyr protein list are consistent with
known PTP1B activity. Next, we will overlap this pTyr protein list with a dimethyl labeled list to
eliminate the false positive hits to increase the confidence of PTP1B substrate identification.

3.4.2 Profiling of in vitro PTP1B phosphatase substrate via kinetic profile

Label-free quantification relies on comparing MS1 peptide signal intensities between MS
runs, so it is easy to incorporate into our protocol. As seen in Fig. 3-3 that PTP1B-substrate
complexes were isolated using FLAG-IP then followed by in-solution digestion. The resulted
peptides were dephosphorylated by active PTP1B for 15 and 45 min. However, each time points
of samples were measured individually in label-free quantitation, and as a result, we had “missing
quantitation values” between runs (data not shown). To overcome this, TMT tags were used to
label different time points, and our new protocol was refined, as shown in Fig. 3-4.

TMT labeled multiplexed phosphoproteome resulted in more phosphopeptides
identification®®*! and accurate quantitation. Hence, our new protocol (Fig. 3-4) TMT is used to
tag six different time points to profile PTP1B kinetics. Few parameters need to be considered to
monitor enzyme activity in vitro over a given time. First, to ensure a similar substrate concentration
in this protocol, we enriched 200 g lysate with PT-66 antibody for generation of at least 1500
pTyr peptides. Second, we optimized PTP1B enzyme assay timing and concentration. The standard
curve of PTP1B activity was generated by a straightforward time-course experiment combined
with different enzyme concentrations. As seen in Fig. 1-5 A, D-F, too much enzyme (1nM, 10 nM,
20 nM, and 50 nM) led to the completion of the reaction too quickly, and no signal was detected
after 1 min. Whereas Fig. 1-5 C shows too little enzyme, the readout is not strong enough to
measure relative background signal reliably. As a result, 0.1 nM PTP1B gave a standard curve of
the enzyme activity (Fig. 1-5 B). We used this concentration for the rest of the labeled experiments.

To access the quality for TMT labeling, we performed a correlation analysis of reporter
intensities for all channels and visualized in Fig. 1-6 A, with the Pearson value of >0.9. A total of

1056 peptides were identified in this experiment, with 1038 peptides were labeled with TMT tags,
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representing 98% of TMT labeling efficiency, and among 736 were pTyr peptides (Fig. 1-6 B).
The intensity of proteins or peptides in different time points was illustrated in the heatmap in which
PTP1B enzymes were active enough to dephosphorylate most proteins and peptides after 1 min of
reaction (Fig. 1-6 C & D). Next, we analyzed the kinetics of PTP1B enzyme. We took only a single
phosphorylation site of pTyr peptides into consideration in calculating the first-order reaction. The
rate and the substrate concentration were directly proportional to each other. A total of 158 pTyr
sites were passed the criteria in the kinetics analysis. The distribution of these 158 pTyr peptides
in PTP1B enzyme rates in the reaction was shown in Fig. 3-7 A, with an average Kcat/Km rate of
E07 sM* was also consistent with prior work (Fig. 3-7 B). Motif analysis of phosphosites did not
reveal enrichment for specific motif patterns for these 158 pTyr peptides, but it preferred higher
acidic residues around the pTyr site (Fig. 3-7 C). The kinetics analysis of some known PTP1B
substrates did not show the consistency of dephosphorylation (Fig. 3-7 D), and this put a question
to our method analysis. Is it because of inactive PTP1B enzyme during the reaction or ratio
suppression in TMT labeling that affects our kinetic analysis? To answer this question, we
modified the protocol from TMT labeling to dimethyl labeling, which uses MS1 in quantitation
and eliminates the ratio suppression issue. Dimethyl labeling was utilized in place of TMT tags.
Lastly, we overlapped this pTyr protein list with a dimethyl labeled list to eliminate the false
positive hits to increase the confidence of PTP1B substrate identification.

As seen in Fig. 3-8, the workflow for dimethyl labeling is straightforward, for a total of 3
time point. The first time point sample was labeled with light formaldehyde (CH20), and the
second time point sample was labeled with deuterated formaldehyde (CD20), and the last time
point sample with heavy carbon-13 (*3CD,0). Overall, in four replicates, we identified 4786 total
dimethyl labeled peptides, in which 2777 were phosphopeptides, and 2345 were pTyr peptides
(Fig. 3-9 A). In each labeling, we identified more than 800 phosphopeptides with more than 700
pTyr. However, the quantifiable pTyr were limited to 348 in light labeled samples. 348 pTyr
peptides were further analyzed based on their dephosphorylation profile in 10- and 30-min PTP1B
phosphatase assay, 158 pTyr sites were the final list that showed dephosphorylation profile that
meet the criteria (Fig. 3-9 B). To further evaluate 158 phosphoproteins, we overlapped it with
literature reported PTP1B substrates and nine proteins from our list showed consistency (Fig. 3-
10 A). Finally, the list from dimethyl labeling and insulin experiments were further overlapped

with each other and with literature reported PTP1B substrate list (Fig 3-10 B). Four of proteins
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were found to be common in our list and nine were potential PTP1B substrates. Proteins from the

list needs to validate further to check the validity of our experiment.

3.4.3 Detection of in vitro PTP1B protein substrates

We also attempted to work on the protein level to isolate PTP1B-substrate using the FLAG
tag and eluted substrates from the complex by sodium orthovanadate (Fig. 3-
11). PTP1BD181A plasmid was transfected into the HEK293 cells using PEI cationic polymer.
PEI cationic polymer is cost-effective, but it has greater toxicity to the cells. To evaluate whether
PEI is suitable for HEK293 cells and the duration of PEI incubation, we transfected a control GFP
plasmid into HEK293. To access the expression of GFP, we visualized the cells under the
microscope (Fig. 3-12 A). The optimum PEI incubation time is around 48h when saw >85% GFP
expression with few cells’ death. Hence, we used the same condition for our PTP1B plasmid
transfection using PELI.

Whether PTP1B is expressed in the mammalian cells or not, we evaluated it in Western
blot. As seen in Fig. 3-12 B that PTP1B proteins were successfully isolated using FLAG
immunoprecipitation (MW ~55 kDa). We also evaluated whether pervanadate worked or not. The
first line of input showed smearing in the left Western blot indicated that phosphorylation of
tyrosine residues was protected from pervanadate stimulation. Next, we used sodium
orthovanadate to elute the PTP1B substrate from the complex. The substrates pool was divided
into two equal portions, one treated with PTP1B active enzyme and another incubated with PTP1B
mutated version. Consequently, both samples were digested with Lys-C and trypsin.
Phosphopeptides were enriched using PolyMAC, and the resulted peptides were subjected to LC-
MS/MS analysis. We identified a total of 192 pTyr sites in the control sample (PTP1B inactive
enzymes were used in the PTP1B phosphatase reaction) and 21 pTyr peptides in the WT sample
(Fig. 3-13 A). 176 out of 192 pTyr in the control sample were classified as Class | pTyr peptides,
and within 172 pTyr sites showed at least a 1.5-fold change in phosphorylation intensity (Fig. 3-
13 B). These 172 pTyr sites correspond to 111 pTyr proteins that might be PTP1B substrate
candidates. Among the hits, few known PTP1B substrates were identified, such as CTTN®!,
EGFR%4  CAV1%, CTNND1*, INSR*4 |GF1R?*?** GAB1%?, BCAR1*“ and
ARHGAP1244° Next, we performed cellular compartment and biological process analysis of the
111 pTyr proteins using DAVID 6.8% to compare to known PTP1B activities (Fig. 3-13 C & D).
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PTP1B is well known to be located mainly at the ER and accesses substrates via endocytosis, ER
network movement and biosynthesis®®®. Hence, it is expected to see proteins that are either
membrane-bound or cytosolic present in our list. Consistent with prior work, most of our proteins
in the list are either membrane-bound or cytoplasmic (Fig. 3-13 C). PTP1B and substrates are
involved in cell-cell communication, insulin signaling pathway?#254651-53 ~ As expected, our
proteins in the list are involved in cell migration, tyrosine phosphorylation, cell adhesion, and
insulin-related signaling pathways like EGFR, MAP, and GTPase activity cascades (Fig 3.13 D).

However, for trusted MS-based data, it requires either biological or technical replicates or
another method to validate the results. Failed to replicate the protein level experiment due to either
active PTP1B enzyme or lost selectivity of PTP1B in the lysate. PTP1B is a ubiquitously expressed
phosphatase in cells, and its activity sensitivity is maintained in a subcellular context. However, in
our method, it lost its sensitiveness. It not only dephosphorylates pTyr peptides also pSer and pThr.
We attempted to optimize the PTP1B enzyme condition to suit our method (Fig. 3-14) by lowering
PTP1B amount (Fig 3-14 A), reducing reaction temperature (Fig. 3-14 B), lowering PTP1B
reaction concentration (Fig 3-14 C), or varying incubation time in the enzyme reaction. By
changing each condition, it is clear that PTP1B dephosphorylates pTyr and pSer and pThr. Besides,
we also noticed that not all experiments carried out the same amount of pTyr at the starting point
and wondered what step led to this. We blotted the PTP1B substrates pool eluted by sodium
orthovanadate, and it showed that this competitive inhibitor was not consistent in different
experiments (Fig 3-15). Therefore, we optimized the PTP1B-substrate elution conditions (Fig. 3-
15).
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Figure 3-1: Workflow of PTP1B-dependent activation on the insulin signaling pathway.
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Figure 3-2: A) Number of peptides/proteins identified in PTP1B inhibitor and DMSO treated
cells. B) Total number of phosphopeptides identified in PTP1B inhibitor and DMSO treated
samples. C) Volcano plot illustrates significantly upregulated pTyr sites found in PTP1B
inhibitor treated sample; known PTP1B substrates indicated in blue. D) Cell component analysis
of 114 pTyr proteins using David version 6.8. E) Biological process analysis of 114 pTyr
proteins using David version 6.8.
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Figure 3-3: Workflow of label-free quantitation of pTyr in PTP1B phosphatase reaction.
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