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Abstract

The opposing activities of phosphatases and kinases determine the phosphorylation status of
proteins, yet kinases have received disproportionate attention in studies of cellular processes,
with the roles of phosphatases remaining less understood. This dissertation describes the use of
self-assembled monolayer laser desorption/ionization mass spectrometry (SAMDI-MS) together
with peptide arrays to directly assay phosphatase activity, profile their substrate specificity and
reveal novel cellar regulatory mechanisms protein tyrosine phosphatases (PTPs) are critically

involved in.

SHP?2 is the first identified oncogenic phosphatase. In the first part of this work, we applied
high-throughput SAMDI-MS assays for SHP2 drug discovery and reported an FDA-approved
compound, adapalene, as a potent SHP2 inhibitor. We identified that the adamantyl functional
group is crucial for its inhibition. SHP2 disease mutants were profiled with phosphotyrosine-
containing peptide arrays to study the alteration of substrate specificity. We found that some

mutants particularly favored aromatic residues at the -1 position adjacent to a phosphotyrosine.

Extending the study to the whole PTP family in human proteome, twenty-two tyrosine
phosphatases were characterized with the arrays to give a profile of their specificities. An
analysis of the data revealed that certain residues in the substrates had a conserved effect on
activity for all enzymes tested, including the general rule that inclusion of a basic lysine or
arginine residue on either side of the phosphotyrosine decreased activity. This insight also

provides a new perspective on the role of an R1152Q mutant in the insulin receptor, which is
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known to exhibit a lower phosphorylation level, and which our work suggests may be due to an

increased activity towards phosphatase enzymes.

We then identified more than 6,000 cancer mutations involving basic residues adjacent to
known phosphotyrosine sites through a database search. Using two B-catenin mutants associated
with cancer (T653R/K) and a mouse model for intellectual disability (T653K), we showed that
T653-basic mutant B-catenins are less efficiently dephosphorylated by SHP1 phosphatase,
leading to sustained Y654 phosphorylation and elevated downstream Wnt signal. This example
rationalized how basic mutations proximal to phosphotyrosines can restrict counter-regulation by
phosphatases, providing new mechanismistic and treatment insights for 6,000+ potentially

relevant cancer mutations.

Lastly, we showed that the same principle can be applied for a phosphorylation/chare-
altering modification crosstalk via PTP. Using citrullination for example, we found the
modification neutralized the basic arginine residue and increased the peptide dephosphorylation
kea/Km by 2.3-fold. This novel regulatory mechanism is generalizable because all PTPs lack

activity towards substrates that have a basic residue proximal to the phosphotyrosine.

This dissertation demonstrates the use of SAMDI-MS to provide a rapid and quantitative
assay of phosphatase enzymes will be important to gaining a more complete understanding of the

biochemistry and biology of this important enzyme class.
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Chapter 1. Introduction to Protein Tyrosine Phosphatases, SAMDI-

MS, and Peptide Arrays
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1.1. Protein Tyrosine Phosphatases

1.1.1. Protein Phosphorylation, Kinases, and Phosphatases

Protein phosphorylation is a post-translational modification (PTM) that adds a phosphate ion
(Pi) to amino acid sidechains. It often occurs on serine (86.4%), threonine (11.8%), and tyrosine
(1.8%) through phosphoester bond formation.! Recent studies have demonstrated a widespread
phosphorylation of human proteins on other residues such as histidine, aspartate, glutamate,
cysteine, arginine and lysine.? Phosphorylation provides a mechanism for the reversible and
rapid control of protein function and the regulation of diverse cellular processes, development
and signal transduction. It is estimated that 30% of proteins are phosphorylated and 3.5% of
human genes are devoted to the expression of proteins that directly regulate protein

phosphorylation, including kinases and phosphatases.’

Kinases catalyze the addition of phosphate ions and phosphatases catalyze the removal of
phosphate ions (Fig. 1-1). For serine and threonine, there are 428 protein kinases (PKs) and 30
protein phosphatases (PPs) responsible for regulating their phosphorylation; for tyrosine
phosphorylation, there are 90 protein tyrosine kinases (PTKs) and 107 protein tyrosine
phosphatases (PTPs) in charge.*> While the phosphorylated states of proteins are determined by
the balance of opposing kinase and phosphatase activities, the overwhelming majority of
research work has been carry out to address the roles of kinases and their substrates in regulating
phosphorylation, and has generally assumed that phosphatases serve a non-regulatory
housekeeper role.® However, this assumption lacks justification and appears inconsistent with the

roughly equal numbers of PTPs and PTKs encoded in the human genome. Furthermore, recent
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work has illustrated a regulatory role for PTPs and reported their sophisticated modes of
regulation.” ! Dysregulated PTP activities have also been directly linked to disease and cancer.
For example, SHP2 (PTPN11) has been identified as the first oncogenic phosphatase.!'!"!?
Therefore, the understanding of phosphorylation and signaling would greatly benefit from

advancing our understanding of the roles that PTPs play using novel bioanalytical technologies.

{ S/T: 428 PKs

Kinase Y: 90 PTKs
ATP
{ S/T: 30 PPs
» Y: 107 PTPs
Phosphatase

Figure 1-1 Protein phosphorylation.
The phosphorylated states of proteins are determined by the balance of opposing kinase and

phosphatase activities. Their expression is regulated by 3.5% of human genes.

We note that serine and threonine phosphatases rely on very diverse subunits to exhibit its
regulatory roles.'* Therefore, the significant smaller number of PP compared to PK does not
imply that PP is non-regulatory. However, the study of PP is beyond the scope of this

dissertation.
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1.1.2. Structural Diversity of Protein Tyrosine Phosphatases

Classical PTPs are defined by a signature active site sequence motif HCXXGXXRS(T) or
HC(X)’R where a cysteine residue acts as the nucleophile and the conserved arginine residue
folds back toward the phosphate-binding pocket to assist in substrate binding and catalysis (Fig.
1-2).!°> The dephosphorylation reaction is completed by another conserved motif, the WPD-loop,
protonating the tyrosine residue and catalyzing the hydrolysis of the phosphate leaving group.'¢
Identification of these motifs and the complete sequencing of the human genome made it

possible to catalogue the 107 genes that comprise the PTP family.

Rj
"o : H
H
H ‘\'| . ) ———>/ Neo
Ne=H.. P ~H H
e O A "n—Te T L0 N
H NomHe-e -8 \ H N—H >I K
; K 2 L \
Y ) -
s ‘ s s
1@‘ Cys Arg ‘{yﬁ Arg (C,ys

Figure 1-2 The general mechanism of the PTP-catalyzed reaction.

PTP-conserved HC(X) R motif and WPD-loop catalyze the tyrosine dephosphorylation reaction.
Reprinted with permission from Brandao, T. A.; Johnson, S. J.; Hengge, A. C., The molecular
details of WPD-loop movement differ in the protein-tyrosine phosphatases YopH and PTP1B.
Arch. Biochem. Biophys. 2012, 525 (1), 53-9. Copyright © 2012 Elsevier Inc.

The approximately equal number of PTP and PTK genes suggest similar levels of structural
and functional complexity between the two families. Although all PTPs share the same catalytic
mechanism, their structures are extremely diverse. Among 37 classical PTPs (Fig. 1-3A), there
are 21 transmembrane, receptor-like PTPs (RPTPs). The diversity in the extracellular segments

of the RPTPs presumably reflects a similar diversity of the ligands they respond to. However, the
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identity and function of these ligands remains largely unknown.!” The other 16 classical PTPs
are non-transmembrane/cytoplasmic. The structural diversity of cytoplasmic PTPs can be
defined by a wide selection and combinations of regulatory sequences or adaptor domains that
flank the catalytic domain. Some domains modulate the PTP activity to specific substrates
directly. For example, SH2 domains found on SHP1 and SHP2 recognize phosphotyrosine.
Others control the subcellular localization of the protein. For example, FERM domains that are
widely expressed in 5 different PTPs are involved with localizing proteins to the plasma

membrane.’ '8

Non-classical PTPs are broadly defined as dual specificity phosphatases (DSPs). Although
they are also characterized by the presence of the HC(X) R active site motif and share the same
catalytic mechanism as the classical PTPs, the structure of the DSP active site allows them to
accommodate phosphoserine (pS) and phosphothreonine (pT) residues in addition to
phosphotyrosine (pY) residues in substrates. DSPs are more structurally diverse than the
classical PTPs and possess a much smaller conserved catalytic domain in combination with a

wide variety of regulatory sequences or adaptor domains (Fig. 1-3B).’

The number of PTP genes only illustrates the minimal level of diversity in the family.
Additional complexity is introduced using alternative gene promoters, alternative mRNA
splicing and post-translational modifications.” The structural diversity of PTPs indicates the

importance of PTP function in the regulation of cell signaling.
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Figure 1-3 The structures of PTPs.
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A) The classical PTPs. B) The dual specificity phosphatases. Reprinted with permission from

Tonks, N. K., Protein tyrosine phosphatases: from genes, to function, to disease. Nat. Rev. Mol.
Cell Biol. 2006, 7 (11), 833-46. Copyright © 2006 Nature Publishing Group.
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1.1.3. Regulatory Roles of Protein Tyrosine Phosphatases

The greatest misconception about the roles of phosphatases in regulation of cell signaling is
that phosphatases are merely constitutively active housekeeping enzymes. In contradiction,
phosphatases are specific, essential regulators of signal transduction and serve complimentary
roles in coordination with kinases, like yin and yang.!” One PTP in particular, SHP2 has drawn
great attention from the pharmaceutical and drug development industry. Below, we will discuss

its regulatory roles highlight the importance of the PTP family.

SHP2 (PTPN11) has been identified as the first oncogenic phosphatase.!!"!* The structure of
SHP2 contains one PTP domain and two adaptor domains (N-SH2 and C-SH?2) at the N-terminus,
both of which are SH2 domains that recognize and bind to phosphotyrosine residues. In its native
conformation, the E76 residue in the N-SH2 domain forms an important hydrogen bonding
interaction with the S502 sidechain in the PTP domain, bringing both domains together into a
closed-form structure hindering the PTP active site from its substrate.?’ Activation of surface
receptor tyrosine kinases (RTKs), and the subsequent tyrosine phosphorylation of binding sites
for the SHP2 SH2 domains lead to recruitment of SHP2. Occupation of the SH2 domains by
phosphotyrosines results in a conformational change that resolves the inhibitory interaction of
the N-SH2 domain and the PTP domain (Fig 1-4a).?! Activated SHP2 dephosphorylates
substrates that are inhibitory for signaling toward ERK1/ERK2, AKT or STATS. These include
binding sites for cSRC kinase, a negative regulator of the Ras-pathway, leading to its

activation.??

Leukemia-associated mutations in SHP2 such as E76K, E76Q and S502P impair the

inhibitory interaction of the N-SH2 domain and PTP domain, leading to increased basal PTP
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activity and increased affinity of the SH2 domains for pY ligands (Fig 1-4b).2! Alterations of
substrate selectivity of the enzyme by the aforementioned mutations was also suggested.?* The
constitutively active SHP2 structure caused by mutations facilitates upstream ligand activation
and increases downstream signaling related to cell proliferation and migration and drives disease

development.??
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Figure 1-4 Mechanism of SHP2-mediated signal transduction and the effect of SHP2
mutations in leukemia.

a. WT SHP2 is inactive in the absence of upstream activation. b. Leukemia-related SHP2 mutant
is constitutively active. Reprinted with permission from Ostman, A.; Hellberg, C.; Bohmer, F. D.,
Protein-tyrosine phosphatases and cancer. Nat. Rev. Cancer 2006, 6 (4), 307-20. Copyright ©
2006 Nature Publishing Group.
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In addition to SHP2, other PTPs has emerged in cancer research recently. PRL1 and PRL3
involved in AKT and ERK signaling pathways are also identified as oncoproteins leading to
prostate, colorectal, ovarian, and pancreatic cancers. PTPRT, PTEN and PTPRD are reported
tumor suppressors for their unique kinase counteracting roles in common cancer-related
pathways such as EGFR and STAT3 signaling.>* Beyond cancers, PTP1B, a redox sensitive PTP
where its activity can be tuned reversibly with reactive oxygen species, is found closely related
to insulin insensibility in diabetic and obese patients.?> All these examples suggest that PTPs are
not merely constitutively active housekeeping enzymes. PTP activities are carefully regulated by
delicate mechanisms. PTPs are critically involved in key signaling pathways and their

dysregulation directly leads to disease.

1.1.4. Drug Development Targeting Phosphatases

The imbalanced effort put into kinase and phosphatase research is best reflected in their drug
development. Till the end of 2020, FDA has approved 62 kinase inhibitors, a number that has
doubled in the past 5 years and continues to grow rapidly.?® Among those approved, 48 inhibitors
target receptor or non-receptor tyrosine kinases, 10 for serine/threonine kinases and 4 for dual
functional kinase. This number reflects the key roles tyrosine phosphorylation plays despite its
1.8% composition of the phosphoproteome in the cells.! On the other hand, the development of
phosphatase drugs are much slower the kinase. There are only two FDA-approved phosphatase
inhibitors: FK506 (Tacrolimus) and cyclosporin A (Ciclosporin). At the time of the approval,
their detailed mechanism of action was not yet clear. It was later shown that they bind to the

LxVP-SLiM-binding site on the calcium and calmodulin dependent serine/threonine protein
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phosphatase (calcineurin, PP2B).?-?® To date, there are still no FDA approved drugs targeting

PTPs.

PTPs have long been stigmatized as undruggable for their extremely conserved, and
hydrophilic active sites across the family. It is very challenging to target one specific PTP
without inhibiting others in the same family. In addition, active site inhibitors are often too
hydrophilic to cross the cell membranes. Therefore, drug specificity and bioavailability are two
major obstacles in the development of PTP active site inhibitors.?” With the discovery of critical
roles phosphatases play in disease development in the last few years, interest in phosphatase
biology and in phosphatase drug discovery has been strongly renewed.>’ In 2016, Novartis
introduced a new concept to inhibit SHP2 that changed the game. They reported an allosteric
inhibitor SHP099 that binds into the cleft between the three domains, trapping SHP2 in its closed
conformation to inhibit its activity.’!*?> The strategy cleverly bypassed the active sites to
overcome the long-standing specificity and bioavailability issues with PTP inhibitors. The work
gained momentum in the field and quickly inspired more design of allosteric phosphatase
inhibitors.** Selected phosphatase inhibitors in clinical trials are listed in Table 1-1. Phosphatases

have regained strong attention and are now actively pursued in drug development.



drug company
IFB-088 InFlectis BioScience
LB-100 Lixte Biotechnology
AKB-9778 Aerpio Pharmaceuticals

PRL3-zumab  A*STAR

MSI-1436 Genaera Corporation
JAB-3068 Jacobio

TNO155 Novartis

RMC-4630 Revolution Medicines/Sanofi
RLY-1971 Relay Therapeutics

Table 1-1 Selected list of phosphatase inhibitors in clinical trials.

target
PPPIRISA
PP2A

VE-PTP

PRL3
PTP1B
SHP2
SHP2
SHP2
SHP2

property
Allosteric inhibitor
Catalytic inhibitor

Catalytic inhibitor

Monodonal antibody
Allosteric inhibitor
Allosteric inhibitor
Allosteric inhibitor
Allosteric inhibitor
Allosteric inhibitor

status
Phase 1
Phase 1
Phase 11
Phase 11

Phase 1
Phase 1
Phase 1
Phase 1
Phase [
Phase 1

indication
Charcot—Marie—Tooth disease
Solid tumors
Recurrent glioblastoma
Retinal vein occlusion
Nonproliferative diabetic retinopathy

Diabetic macular edema

Advanced solid tumors
Diabetes mellitus

Advanced solid tumors
Advanced solid tumor
Relapsed/refractory solid tumor

Advanced or metastatic solid tumors

Reprinted with permission from Yuan, X.; Bu, H.; Zhou, J.; Yang, C. Y.; Zhang,
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NCT identifier

NCT03610334
NCTO01837667
NCT03027388
NCT02387788
NCTO03197870
NCTO01702441
NCT02050828
NCTO03191682
NCTO00806338
NCT03518554
NCTO03114319
NCT03634982
NCT04252339

H., Recent

Advances of SHP2 Inhibitors in Cancer Therapy: Current Development and Clinical Application.
J. Med. Chem. 2020, 63 (20), 11368-11396. Copyright © 2020 American Chemical Society.
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1.2. SAMDI-MS and Peptide arrays

1.2.1. Self-assembled Monolayers on Gold

Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the
adsorption of an active surfactant on a solid surface. The formation of these two-dimensional
molecular structure is driven by a spontaneous chemical reaction at the interface, as the system
approaches thermodynamic equilibrium. SAMs of functionalized long-chain hydrocarbons, such
as fatty acids, organosilicon derivatives and alkanethiolates are the most frequently used

building blocks of supramolecular structures.**

Alkanethiolates are the most common monomers used to form SAMs on gold surfaces
through unique gold-thiolate bonds. The Mrksich group pioneers in using such surfaces for a

wide variety of applications including the development of different surface chemistries®’,

electrochemical biosensors®®, enzyme assays®”, molecular patterning and cellular controls**-4!,
These alkanethiolates are usually terminated with tri(ethylene glycol) group (Fig. 1-5A) to
provide an inert background which is resistant to non-specific protein adsorption for biological
applications.*> At a surface density between 5-20%, the surface is presented with various reactive
functional groups for substrate immobilization. For examples, azides/alkynes for click
chemistry*®’, benzoquinones/cyclopentadienes for Diels-Alder reaction**, biotins for streptavidin
capture®, diazirines for photocrosslinking*® and most commonly, maleimides for the Michael
addition with thiols (Fig. 1-5B)*’. The maleimide presenting SAMs (Fig. 1-5C) are extremely

versatile to immobilize any cysteine-containing peptides and are used for all works in this

dissertation.
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Figure 1-5 Formation of alkanethiolate self-assembled monolayers on gold.

A) Tri(ethylene glycol)-terminated Cii-alkane disulfide. B) Cij-alkane disulfide with one
terminal tri(ethylene glycol) and one terminal maleimide C) Alkanethiolate self-assembled
monolayer on gold. The SAMs present functional maleimide groups with a background of

tri(ethylene glycol) groups.

1.2.2. Matrix-assisted Laser Desorption/lonization Mass Spectrometry

Mass spectrometry (MS) is an analytical technique to measure mass-to-charge ratio of ions.
The analyte’s molecular weight (MW) ranges from several Da to several hundreds of kDa. The
versatility of MS makes it extremely useful in biological research: from characterization of small
molecule metabolites to large biomolecules such as proteins and DNA.*® Among all ionization
methods, matrix-assisted laser desorption/ionization (MALDI) is a unique soft ionization process
that allows direct MS characterization of solid analytes. In MALDI, the sample is first mixed
with a matrix material and applied to a metal plate. Then, a pulsed laser irradiates the sample.

The energy is absorbed by the matrix and subsequently transferred to the analyte, triggering the
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desorption and ionization of the target analyte. The instrument is often coupled with a time-of-

flight (TOF) analyzer to resolve ions by their mass-to-charge ratio.*’

The ionization method MALDI provides at the solid-gas ion interface allows the rapid
analysis of surfaces and the preservation of spatial information. Therefore, MALDI-MS is widely
used in high-throughput screening and imaging.’®>! There are also some earlier works that
combine MALDI-MS and SAM surfaces. For example, the surface-enhanced laser
desorption/ionization (SELDI) method employs SAM surfaces on bead for immunoassay.>>->
However, it is not concerned with characterizing the alkanethiolates of the monolayer. Another
approach, surface-assisted laser desorption/ionization (SALDI) characterizes SAMs on gold
nanoparticles. While the method directly characterize the alkanethiolates of the monolayer, it is
limited to nanoparticle surfaces and only allows for small (<1,000 Da) analytes.>*>* Wilkins and
Hanley first applied laser desorption mass spectrometry to characterize SAMs — including
alkanethiols and disulfides — and their complexes with gold atoms.>*->” However, their work did
not use a standard MALDI-TOF mass spectrometers and did not investigate monolayers

derivatized from alkanethiols that were substituted with functional groups and their interfacial

reactions.
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1.2.3. SAMDI-MS and Its Applications

The Mrksich group advanced the technology characterizing SAMs on gold and their
modification by MALDI-MS and introduced self-assembled monolayer laser
desorption/ionization mass spectrometry (SAMDI-MS).*® In SAMDI-MS (Fig. 1-6), SAMs are
coated with matrix and irradiated with laser. Similar to MALDI, the matrix absorbs energy and
transfers to SAMs, breaking the gold-thiol bonds and causing the desorption and ionization of
the alkanethiolate monomers or corresponding alkyldisulfide molecules, which are subsequently
resolved by a TOF m/z analyzer. This method integrates well with the standard MALDI-TOF
instrumentation and allows the investigation of monolayers derived from alkanethiols that were
functionalized. It was first demonstrated to characterize peptides, proteins and carbohydrates
immobilized to the SAM surface®® and quickly developed into a high-throughput, label-free
platform to monitor chemical and enzymatic reactions on a wide variety of substrates utilizing
different immobilization chemistries.’® In these assays, treatment of the monolayers with a
solution containing the reactants or enzymes lead to modifications of the substrate, which is
accompanied by a corresponding change in mass. The reaction products can then be quantitated
with SAMDI-MS. The assay has been used to measure a broad range of enzyme activities
including acetyltransferases, deacetylases, proteases, kinases, glycosyltransferases and more.>®
60-63 The technology is also commercialized by SAMDI Tech Inc., which uses SAMDI-MS to

assist clients in the pharmaceutical industry in early phase drug discovery.®*
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Figure 1-6 SAMDI-MS.

SAMDI-MS combines self-assembled monolayers and MALDI mass spectrometry to rapidly
characterize the masses of alkanethiolates in a monolayer, useful for monitoring chemical and
biochemical reactions at surfaces. Reprinted with permission from Mrksich, M., Mass

spectrometry of self-assembled monolayers: a new tool for molecular surface science. ACS Nano

2008, 2 (1), 7-18. Copyright © 2008 American Chemical Society.

1.2.4. Combining Peptide Arrays and SAMDI-MS

Biomolecular arrays are planar substrates that have large numbers of molecules immobilized
on a surface in patterns where each region presents one unique molecule. Most arrays are
prepared from either small molecules, oligonucleotides, peptides, or proteins. Oligonucleotide
arrays are the most developed, commercially available, and widely used in clinical application
and genetic research. Motivated by the success of DNA arrays, peptide arrays are drawing

attention of researchers because they may provide insights to questions beyond the genetic level,
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such as post-translational modifications (PTMs), protein—protein interactions, protein—substrate

interactions, and enzyme sequence specificity.®

Synthesis of large peptide libraries rely on Fmoc-chemistry-based solid phase peptide
synthesis (SPPS).% There are two approaches to construct peptide arrays with synthetic peptides.
First is the in-situ approach where peptides are directly synthesized on the solid support
(typically membrane or glass) of the arrays. SPOT®’, particle-based synthesis®®, and
photolithographic® peptide arrays all employed this strategy. Despite its convenience, this
approach often requires specialized instrumentation to generate the arrays, the quality of the
peptides is lower and unverifiable, and the solid supports may cause background adsorption
issues. Another approach is to synthesize peptides with standard SPPS and then
immobilize/pattern them onto the array surface through chemical reactions.”® The latter approach
integrates particularly well with SAMDI-MS assays because peptide immobilization chemistry to
the SAM surface is extremely versatile and specific. Combined with the high-throughput
measurement capacity of SAMDI-MS, it is an ideal platform to characterize enzymatic reactions

on large peptide arrays.%

1.2.5. Profiling Enzyme Activities with SAMDI-MS and Peptide Arrays

Many PTMs of proteins — including methylation, acetylation, glycosylation, and
phosphorylation — can be measured to investigate both enzyme activity and substrate specificity
using the combination of SAMDI-MS and peptide arrays. For example, multiple studies from the

Mrksich group have elucidated the biochemistry of acetylation. Histone deacetylases (HDACsS)
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and lysine deacetylases (KDACs) were profiled to understand their amino acid sequence
specificities.”! "> It was also demonstrated that SAMDI-MS and peptide arrays can be used to
profile KDAC activities in cell lysates and showed that KDAC profiles shifted as a result of
different cell developmental stages and responses to inhibitors.”® By treating peptide arrays with
acetic anhydride, a sequence-specific acetylation mechanism of peptides containing a histidine-
tyrosine (HY) dyad was discovered; varying the amino acids around the dyad revealed the

disfavored proximity of acidic residues towards acetylation.”

Sequence specificity information acquired by SAMDI-MS and peptide arrays has also helped
improve peptide-based assays drastically. For example, the detection of a bacterial outer-
membrane protease OmpT was enhanced by 400-fold with the optimized FRRV sequence.”” It
was also shown that OmpT activity profiles can reveal changes in substrate specificities caused
by mutations (Fig. 1-7). In another example, tags were designed to incorporate glycosylation into
proteins by a systematic platform for glycosylation sequence characterization and optimization
by rapid expression and screening (GlycoSCORES), which combines cell-free protein synthesis
and SAMDI-MS/peptide arrays.”® The technologies enable the development of substrate-specific

glycosyltransferases and the analysis of glycoprotein structure-function relationship.”’-8

Combining SAMDI-MS and peptide arrays is a powerful approach to comprehensively
characterize a wide range of chemical and enzymatic modifications. Importantly, this can be
achieved for enzymes notoriously difficult to assay, such as phosphatases. This dissertation aims
to combine SAMDI-MS and peptide arrays to study PTPs and gain insight in their cellular

regulatory roles.
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Figure 1-7 WT and mutant OmpT activity profiles.

A) WT OmpT. B) Mutant OmpT. C) Differential profile reveals that mutOmpT significantly
prefers a serine residue at Z-position, but the WT does not. Reprinted with permission from
Wood, S. E.; Sinsinbar, G.; Gudlur, S.; Nallani, M.; Huang, C. F.; Liedberg, B.; Mrksich, M., A
Bottom-Up Proteomic Approach to Identify Substrate Specificity of Outer-Membrane Protease
OmpT. Angew. Chem. Int. Ed. Engl. 2017, 56 (52), 16531-16535. Copyright © 2017 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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1.3. Dissertation Overview

In this dissertation, I present the original work using SAMDI-MS and peptide arrays to study
protein tyrosine phosphatases and discover new cellular regulatory mechanisms they are

critically involved in.

Chapter 2 reports the SAMDI-MS high-throughput PTP assay and its application in drug
discovery for the oncogenic phosphatase SHP2. We use the assay to screen an FDA-approved
compound library and identify several potential hits. In Chapter 3, we introduce a pY peptide
library to profile SHP2 mutants and understand their roles in disease developments. We report
mutation hot spots and classes of SHP2 mutants involving changes in substrate specificities. The

data would contribute to better understanding of SHP2 disease pathology.

In Chapter 4, we expand the study using pY peptide library to other PTPs in the proteome.
From 22 PTP profiles, we report distinct PTP classes as well as the general rule that inclusion of
a basic lysine or arginine residue on either side of the phosphotyrosine decreases PTP activity.
We discuss a new perspective on the role of an R1152Q mutant in the insulin receptor, which is
known to exhibit a lower phosphorylation level, and which our work suggests may be due to an
increased activity towards phosphatases. We hypothesize that PTP activity restriction by basic

amino acids adjacent to phosphotyrosines may have a broader impact in disease development.

We next sought to validate this hypothesis in Chapter 5 using two B-catenin mutants
associated with cancer (T653R/K) and a mouse model for intellectual disability (T653K). These
mutants introduce a basic residue next to Y654, an established phosphorylation site where

modification shifts B-catenin from cell-cell adhesions and towards its essential nuclear role as
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Whnt-signaling effector. We show that T653-basic mutant p-catenins are less efficiently
dephosphorylated by phosphatases, leading to sustained Y654 phosphorylation and elevated Wnt
signals, similar to those observed for Y654E phospho-mimic mutant mice. This model
rationalizes how basic mutations proximal to phosphotyrosines can restrict counter-regulation by
phosphatases, providing new mechanismistic and treatment insights for 6,000+ potentially

relevant cancer mutations.

In Chapter 6, we report a novel PTM crosstalk mechanism that the normal cells the utilize
this PTP activity restriction by basic amino acids for regulation. We demonstrate that
citrullinating an arginine adjacent to a phosphotyrosine restores the substrate’s susceptibility to
phosphatases, resulting in further dephosphorylation. We validate this crosstalk model using
peptides adapted from myelin basic protein with known citrullination and phosphorylation sites
proximal to each other. We find that citrullination increases the peptide dephosphorylation
kea/Km by 2.3-fold. The results suggest that one modification can lead to a cascade of signals and
provide new insights for phospho-regulation by phosphatases that could be generalized to other

charge-altering PTMs.

The dissertation concludes in Chapter 7 with a summary of described research and a

discussion about further research for advancing the understanding of phosphatases.
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Chapter 2. Using SAMDI-MS to Assay an Oncogenic Phosphatase

SHP2 And Discover Its Inhibitors
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2.1. Introduction

Phosphorylation plays an important role in regulating diverse cellular process and signal
transduction, including the MAPK pathway.” In this pathway, the signal is initiated by EGF
ligands associating with transmembrane receptor EGFR, which then dimerizes and activates its
receptor-tyrosine kinase (RTK) activities, inducing EGFR autophosphorylation. Subsequently, a
complex of SHP2, GAB1 and GRB2 assembles, resulting in the release of the activated Raf.
Then, the signal is passed down by a series of phosphorylation modification catalyzed by MAPK
and its upstream kinases. Finally, ERK phosphorylates transcription factors that are able to enter
the nucleus to initiate the expression of proteins regulating proliferation, cell migration, and
apoptosis.?? Abnormity in this delicate machinery is associated with disease and Leukemia is one

where MAPK pathway upregulation is involved.®°

Among all the kinases, SHP2 is the only phosphatase that are critically involved in the
regulation of MAPK pathway and its dysregulation is directly linked to cancer. It is found that
35% of juvenile myelomonocytic leukemia (JMML) patients have mutations in SHP2. E76
mutations are commonly observed (E76K, E76Q, E76G, E76A and E76V).3!82 These mutants
are constitutively active and exhibit elevated phosphatase activities. The MAPK pathway is
therefore upregulated, resulting in abnormal cell proliferation.?’-2!-83-85 SHP2 has been identified
as the first oncogenic phosphatase and drawn a lot of attention from the pharmaceutical and drug

development industry.!!"!3

Unlike kinases, for which many effective assays are available, it remains difficult to measure

phosphatase activity, particularly in complex samples such as cell lysates.®¢-%® Current assays for
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monitoring phosphatase activity rely on measuring decreases in the amount of phospho-substrate
— typically with *?P-labeling or ELISA — or by measuring the Pi by-product.®*?! Other assays
such as PNPP and DIFMUP are non-selective where different phosphatases interfere with each
other.?”®® Therefore, the field will benefit from novel assays to selectively measure PTP activity

and use for high-throughput screening.

Our laboratory has developed SAMDI-MS, a label-free, high-throughput analytical method
for measuring enzyme activities, including phosphatase activity.’® 6% 92 SAMDI-MS uses
SAMs of alkanethiolates on gold that present a substrate (mostly peptides) for the enzyme of
interest. In this chapter, we describe a SAMDI-MS assay for PTP. This assay is suitable for
measuring SHP2 activity in cell lysates and demonstrates excellent validity and reliability with a
screening Z’-factor of 0.86. We report several inhibitors identified using the assay to screen an
FDA-approved compound library. Finally, we use molecular modeling to assist in understanding
the inhibitory mechanism of one molecule — adapalene — and designing new structures to

improve binding affinity.
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2.2. Results and Discussion

2.2.1. SHP?2 Protein Expression

SHP2 plasmids, WT/pGEX1, E76K/pcDNA1 (constitutively active) and C463S/pcDNAI
(global deactivated) were obtained from Dr. Elizabeth A Eklund’s lab. SHP2 WT, E76 and
C463S were subcloned to pET21d plasmids with N-terminal his-8-tags. The plasmids were
confirmed by DNA sequencing, transformed into BL21(DE3) E. coli. and induced with IPTG for
expression. The expressed proteins were purified with cobalt columns (Fig. 2-1A) and the SHP2
activities were confirmed by PNPP assay in which WT and E76K exhibited PTP activities but
C463S did not in lack of active site cysteine (Fig. 2-1B). Constitutively active E76K mutant was

more active than WT, consistent with the structural prediction.
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Figure 2-1 Expression of active SHP2 and its mutants.
A) Plasmids containing SHP2 and its mutants were transformed to E. coli. and induced with
IPTG for expression. The proteins were purified with cobalt columns using the his-tags. B) The

activities of expressed proteins were confirmed by PNPP assay.



44

2.2.2. SAMDI-MS Phosphatase Assay

We next used SAMDI-MS to assay the activity of SHP2. The workflow is illustrated in Fig.
2-2. First, self-assemble monolayers were prepared on evaporated gold surface with tri(ethylene
glycol)-terminated Cii-alkane disulfide presenting 10% maleimide. Second, a synthetic peptide
Ac-TRDIpYETC, a known substrate of SHP2%*, was immobilized to the surface at pH 7.5
through maleimide-cysteine thiol conjugation. Enzymes (SHP2 WT, E76K and C463) were then
applied to the surface and incubated in a humidified chamber at 37 °C for 30 min, rinsed with
water and ethanol, and finally treated with THAP (2,4,6-trihydroxyacetophenone) matrix. The
plate was analyzed using an AbSciex 5800 MALDI-TOF mass spectrometer to acquire mass
spectra for each spot, which revealed separate peaks corresponding to the substrate and product
of the reaction. The dephosphorylation reaction was characterized by the loss of Pi (-80 Da). The
conversion of phosphopeptide to its product was quantified by integration of the corresponding
peaks and was given by Activity = AUCproduct / (AUCsubstrate T AUCproduct) X 100 % where AUC

referred to the area under the curve.

In Fig. 2-3A, the described method was used to assay PTP activities in E. coli. lysates. The
lysate concentrations were normalized using Bio-Rad protein (Bradford) assay. In spectra of WT
and E76K, mass shifts of -80 Da were observed and the activities were found to be 32 % and 93
% whereas in control (E. coli. not induced with IPTG) and C463S, less than 5% activities from
endogenous bacterial phosphatases were observed. In Fig. 2-3B, a peptide containing both pT
and pY was used to demonstrate the selectivity of the enzymes. Both WT and E76K SHP2
showed reactivities specific to pY because only the mono-dephosphorylated product was

observed but no corresponded to further pT dephosphorylation.
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Figure 2-2 SAMDI-MS phosphatase assay.
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A pY-containing peptide (Ac-TRDIpYETC) is immobilized to the SAMs and treated with
enzyme solutions. The surface is analyzed with SAMDI-MS and the activity is defined by
comparing the substrate and product AUCs.
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Figure 2-3 Assaying SHP2 activities with SAMDI-MS.

A) Assaying SHP2 activities in E. Coli lysates. Consistent with the results of PNPP assay, E76K
is the more active than WT. B) Verification of SHP2 substrate selectivity using a peptide
containing pT and pY. Only one dephosphorylation (-pY) is observed.

2.2.3. SHP?2 Inhibitor Screening

The inhibitor screening was conducted with 200 nM SHP2 WT at 37 °C for 30 min where the
screening Z’-factor was found to be 0.86 (Fig. 2-4A). Screening Z’-factor is an indication of
screening quality defined as:

3 (op +on)

7' =1-
lup + pnl

P and N denote the positive and negative controls. Positive control is defined as the observed
enzyme activity in the absence of inhibitor; negative control is defined as the observed enzyme
activity in the presence of a known inhibitor, bpV(phen) at 10 uM.?! p denotes the average
activity and ¢ denotes the standard deviation. A Z’-factor > 0.7 is considered adequate for a

high-throughput screening assay.”> An FDA-approved small molecule library consisted of 1018
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compounds from Selleckchem (Houston, TX) was screened against SHP2 WT at 10 uM small
molecule concentration. Each compound was incubated with the enzyme for 30 min before
treating the solution to the pY-peptide presenting SAMs. The screening result was plotted, and
27 compounds were found to have > 20% inhibition (Figure 2-4B). These 27 hits were verified at
100 uM (Fig. 2-4C) and 10 uM (Fig. 2-4D) to identify the 4 most potent SHP2 inhibitors:

adapalene, verteporfin, closantel sodium and thonzonium bromide.
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Figure 2-4 Using SAMDI-MS for high-throughput SHP2 inhibitor screening.

A) Using positive and negative controls to determine Z’-factor for the screening. B) SHP2
inhibitor screening results using a Selleckchem FDA approved compound library. C, D) Hits
were verified at 100 uM and 10 puM.
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2.2.4. Determination of ICs9 Using SAMDI-MS

To determine the ICsos of the inhibitors, the compounds were incubated at different
concentrations ranging from 1 nM to 400 uM with enzymes (SHP2 WT, SHP2 E76K and SHP1)
for 30 min before treating the solution to the pY-peptide presenting SAMs as previously
described in section 2.2.3. The activities were measured by SAMDI-MS and converted to
inhibitions, which is given by Inhibition = 1 - Activity. Inhibitions were plotted against inhibitor
concentrations in log scales, and fitted with dose-response curves in SigmaPlot software, which

given by the Hill equation:

I 1
Lax 1+( ICs )”
[Conc.]

I: inhibition, Imax: maximum inhibition, [Conc.]: inhibitor concentration, N: Hill coefficient.

The structures of all 4 inhibitors and their IC50 plots are presented in Fig. 2-5. All exhibit
inhibition to SHP2 WT and E76K with ICses at uM level. Hill coefficient describes the binding
cooperativity between the inhibitor and the enzyme. Ideally, a noncooperative inhibitor that bind
to the enzyme with a 1:1 ratio would have a Hill coefficient of 1; N > 1 indicates positively
cooperative binding, which could often be non-specific.”® For example, from the structure of
thonzonium bromide and its high Hill coefficient, we can reason that its long alkyl chain might
interact with the enzyme through non-specific hydrophobic interaction, making it less likely to
be a potent drug. SHP2 inhibitors are often tested for SHPI inhibition to demonstrate its
specificity since SHP2 and SHP1 share 59 % sequence similarity.”” We identified that adapalene

had potent inhibition to both SHP2 WT and E76K, exhibited some specificity for SHP2 over
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SHP1 (6.7-fold ICso ratio), and its structure was relatively simple. Therefore, we decided to

move forward with adapalene for the following studies.
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Figure 2-5 ICso measurements of 4 SHP2 inhibitors.
The ICsos of 4 identified SHP2 inhibitors against WT, E76K SHP2 and SHP1 were measured by
SAMDI-MS. The data were fitted with dose-response curves in SigmaPlot software. N denotes

Hill coefficient.
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2.2.5. Molecular Modeling and Modification of Adapalene

*This work was performed in collaboration with Dr. Rama K Mishra.

We next used molecular modeling to study the interaction between the inhibitor adapalene
and SHP2. The molecule was docked in the SHP2 catalytic site in the PTP-domain (a.a. 251-313;
325-525; 4PVG.pdb) and allosteric site in the cleft between N-SH2 and PTP domains (full length;
SEHP.pdb) with Induced Fit Docking (IFD). The docking in the catalytic site predicted a pKd
(dissociation constant) of 6.18 with a penalty score -1.28; and pKd in the allosteric site of 8.48
with a penalty score -2.25. The calculated Kd in the catalytic site is near uM in magnitude (107618
M =6.6x 107 M = 0.66 uM), closer to the measured IC50 of adapalene (4.1 uM). Therefore, the
catalytic site docking is a better model of its binding to SHP2 than the allosteric site docking (Fig.

2-6A).

The docking pose of adapalene in the PTP-domain near the catalytic site (C459) reveals
specific electrostatic interaction between the carboxylic acid and the basic residue R465 in the
pocket (Fig 2-6B). There is also a potential hydrogen bonding with the protein backbone.
However, the adamantyl group is flanking outside of the hydrophilic pocket. We wondered if it
plays any particular role in the binding. Therefore, we used 6-(4-methoxyphenyl)-2-naphthoic
acid 2, an adapalene precursor that did not have the adamantyl moiety, to investigate its
interaction with SHP2.”® At concentrations ranging from 0.01 uM to 400 puM, the molecule was
incubated with the enzyme before treated to the pY-peptide presenting SAMs for SAMDI-MS
PTP assay. We observed no concentration dependency in the SHP2 activity, in contrast with the
positive control adapalene where enzyme activity increased as the inhibitor concentration was

decreased (Fig. 2-6C). Without the adamantyl group, the inhibitor completely lost its potency.
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This result suggests that the adamantyl group is critical in the inhibition despite that it is flanking
outside of the catalytic pocket. It may potentially interact with other domains that keep SHP2

structure in closed form, which limits the PTP activity.
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Figure 2-6 Molecular docking of adapalene and SHP2 PTP-domain.
A) Docking adapalene to the SHP2 PTP-domain found a calculated pKd of 6.18. B) The
carboxylic acid in adapalene contributes to main inhibitory interactions while the function of
adamantyl is unclear. C) Removal of the adamantyl group completely diminish the molecule’s
capacity to inhibit SHP2. Activities were measured my SAMDI-MS in the presence of each
molecule ranging from 0.01 uM to 400 uM. DMSO is a negative control.
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2.3. Conclusion

In this chapter, we describe a SAMDI-MS-based PTP assay to measure SHP2 activity. It is
label free, substrate specific, and capable of measuring phosphatase activity in complex samples
such as cell lysates. We also demonstrate its high-throughput measurement capacity by
conducting a SHP2 inhibitor screening. The assay is reproducible with an excellent screening Z’-
factor of 0.86. We identify several hits from the FDA-approved compound library. Their ICsos
can be determined with SAMDI-MS as the assay is quantitative. The molecular modeling of
adapalene docking in the SHP2 catalytic site reveals that its carboxylic acid interacts with the
basic residues. While the adamantyl is flanking outside of the pocket, its removal diminishes the
inhibition of SHP2, suggesting that the adamantyl is responsible for crucial protein-drug
interaction. This work provides important techniques to drive the development SHP2 inhibitors

as well as new insights in understanding SHP2 active site.
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2.4. Methods

General. Laboratory chemicals and reagents were purchased from MilliporeSigma and used
without additional purification unless specified. Peptide synthesis reagents, including Fmoc
amino acids and Rink-amide resin, were purchased from Anaspec. SAMDI-MS was performed
on a 5800 MALDI TOF/TOF mass spectrometer (AbSciex) using either manual or automated
protocols. A detailed protocol of monolayer plate preparation, peptide synthesis and phosphatase

assay can be found in a published method paper.”

Plasmids. SHP2 WT/pGEX1, E76K/pcDNA1 (constitutively active) and C463S/pcDNA1
(global deactivated) plasmids were generous gifts from Dr. Elizabeth A Eklund. The full length
SHP2 genes were amplified using polymerase chain reaction (PCR) with the primers 5’-
CTAGCTAGCCACCATCACCATCACCATCACCATATGACATCGCGGAGATGGTT-3’
(forward) and 5’-CCCAAGCTTCTAAGTGCCTAGCCCTTCCA-3’ (reverse). All genes were
subcloned to pET-21d(+) vectors using Nhel and HindlII restriction enzyme sites and verified by

Sanger sequencing.

Protein Expression and Purification. To express SHP2 WT, E76K and C463S, the
plasmids were transformed to BL21(DE3) E. coli (New England Biolabs) using heatshock
method. 2xYT media (5 mL) with carbenicillin was seeded with SHP2 BL21(DE3) E. Coli and
allowed to grow overnight at 30 °C while shaking at 240 rpm. The next morning, the cultures
were added to 2xYT media (500 mL) supplemented with carbenicillin and grown at 30 °C while
shaking until the OD600 reached 0.5. The cultures were induced with 1 mM IPTG for 3 h under

shaking at 30 °C. The bacteria were pelleted by centrifugation and lysed in buffer (100 mM Tris
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pH 7.5, 50 mM NacCl, 5 mM TCEP, 10 % glycerol (v/v), 0.1% Triton X-100, 40 mL) containing
one cOmplete-Mini protease inhibitor tablet. The overexpressed SHP2s contained an N’-terminal
His-tags and were purified using HisPur™ cobalt resin (ThermoFisher). Fractions were eluted
with 300 mM imidazole in buffer (100 mM Tris pH 7.5, 50 mM NaCl, 5 mM TCEP), combined,
concentrated using Amicon 50 kDa cutoff centrifugal filter units and stored at -80 °C in 50%

glycerol.

Peptide Synthesis. Cysteine-containing peptides were synthesized using solid-phase peptide
synthesis on Fmoc-Rink Amide MBHA resins (Anaspec). The resin (100 mg) was swelled in
dimethylformamide (DMF) for 30 min, deprotected with 20% piperidine in DMF for 20 min and
rinsed with DMF by vacuum filtration. Amino acids were coupled to the resin with PyBop and
N-methylmorpholine (NMM) in DMF at a 4:4:8 molar excess, respectively, to the resin for 20
min and washed with DMF. The deprotection, wash, coupling, and wash steps were repeated
until the last amino acid was coupled and deprotected. The N-terminus was acetylated with 10%
acetic anhydride in DMF for 60 minutes. The resin was washed with DMF and dichloromethane
and dried in a vacuum desiccator. The peptides were cleaved off the resin with a solution of 95%
trifluoroacetic acid (TFA), 2.5 % triethylsilane, and 2.5 % water overnight, precipitated in ice-
cold ethyl ether, centrifuged, and dried under vacuum. The peptides were purified with HPLC,

lyophilized, and resuspended in 0.1 % TFA in water to a peptide concentration of 1 mM.

Peptide Immobilization. Steel array plates evaporated with 384 gold spots (with a diameter
of 3.0 mm) were soaked at 4 °C in a solution of 1 mM total disulfide with 0.8 mM tri(ethylene
glycol)-terminated Cji-alkane disulfide and 0.2 mM Cjj-alkane disulfide with one terminal

tri(ethylene glycol) and one terminal maleimide in ethanol overnight to allow assembly of the
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monolayer (10% maleimide coverage). A pY-peptide (Ac-TRDIpYETC) was diluted to a final
concentration of 50 uM with 100 mM Tris buffer (pH 7.5) and 0.5 mM TCEP. Peptide solution
(2 pL) was transferred to each gold spot on the monolayer-presenting plate and incubated at 37

°C in a humidified chamber for 1 h to allow peptide immobilization.

SAMDI-MS PTP Assay. SHP2s were diluted in PTP buffer (100 mM Tris, pH 7.5, 50 mM
NacCl, 100 uM TCEP) and 2 pL was applied to each gold spot on a pY-peptide (Ac-TRDIpYETC)
presenting SAMDI plate with a Multidrop Combi (Thermo Scientific). The reactions were
incubated for 30 min at 37 °C in a humidified chamber. After the reactions were complete, the
plate was rinsed with water and ethanol, treated with 1 pL matrix (10 mg/mL THAP, 5 mg/mL
ammonium citrate dibasic in 50% acetonitrile, 50% water and 0.1 % phosphoric acid) to each
spot and dried in air for 20 min. The spots were analyzed by MALDI-TOF MS to obtain a mass
spectrum for each reaction. Enzymatic activities were quantified by measuring the areas under
the curve (AUCs) for the dephosphorylate product peak and the substrate peak and determining

the aCthlty (%) = AUCproduct / (AUCsubstrate + AUCproduct) X 100 %.

SHP2 Inhibitor Screening. FDA-approved compound library (Selleckchem) was diluted to
100 uM in DMSO and transferred to 384-well plates. Using a TECAN robot, SHP2 WT (9 uL,
222 nM in 100 mM Tris, pH 7.5, 50 mM NaCl, 100 uM TCEP) was mix with each compound
solution in the library (1 pL, 100 uM) to a final concentration of 200 nM SHP2 WT and 10 uM
molecule and incubated at room temperature for 30 min. The solution was treated to a 384
SAMDI plate presenting pY-peptide (Ac-TRDIpYETC). The reactions were incubated for 30

min at 37 °C in a humidified chamber, rinsed and analyzed by SAMDI-MS as described above.
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ICs0 measurement. SHP2 inhibitors were diluted to concentrations ranging from 1 nM to
400 pL in a SHP2 WT solution (200 nM in 100 mM Tris, pH 7.5, 50 mM NaCl, 100 uM TCEP)
and incubated at room temperature for 30 min. The solution was treated to a 384 SAMDI plate
presenting pY-peptide (Ac-TRDIpYETC). The reactions were incubated for 30 min at 37 °C in a
humidified chamber, rinsed and analyzed by SAMDI-MS as described above. The activities were
converted to inhibitions, which is given by Inhibition = 1 - Activity. Inhibitions were plotted
against inhibitor concentrations in log scales and fitted with dose-response curves (Hill equation)

in SigmaPlot software.

Molecular Modeling. Induced Fit Docking (IFD) was conducted by Dr. Rama K Mishra in
Northwestern Center for Molecular Innovation and Drug Discovery (CMIDD). Detail protocol is

available through Northwestern ChemCore: https://chemcore.northwestern.edu/.
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Chapter 3. Combining SAMDI-MS and Peptide Arrays to Profile

SHP2 Disease Mutants
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3.1. Introduction

Somatic mutations in PTPN11, the gene encoding the protein tyrosine phosphatase SHP2
contribute to leukemogenesis including juvenile myelomonocytic leukemia (JMML), acute
myeloid leukemia (AML) and Acute Lymphocytic Leukemia (ALL), whereas germline
mutations cause Noonan syndrome (NS) and the clinically related LEOPARD syndrome (LS).!%
Missense mutations in SHP2 are also associated with lung cancer, colon cancer and
neuroblastoma.?*

It is still unclear how different SHP2 mutants develop into a wide spectrum of disease.
Earlier studies focus on a “activity-centric” model where cancer-associated mutations cause
constitutive activation and are more active than those associated with NS.? However, as more
mutants are discovered and linked to more diverse diseases, the model becomes insufficient to
explain the behaviors of all pathogenic SHP2 mutations, especially to those mutations map away
from the N-SH2/PTP domain interface. Structural and mathematical modeling analysis shows

that these mutations can not only affect basal activation, but also switch SH2 domain-

phosphopeptide affinity and substrate specificity to varying degrees.'®

Assays of phosphatase activity are quite challenging, and largely not well-suited to the direct
determination of phosphatase specificity. Our laboratory has developed SAMDI-MS, a label-free,
high-throughput analytical method for measuring enzyme activities, including phosphatase
activity demonstrated in chapter 2. We have combined SAMDI-MS and peptide arrays to profile
enzyme substrate specificities. These examples include profiling glycotransferases, bacterial
72, 75-76

outer-membrane protease OmpT, as well as lysine deacetylase (KDAC) specificities.

Additionally, SAMDI-MS and peptide arrays are also capable of detecting changes in substrate
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specificity, as shown in the study observing distinct OmpT wildtype and mutant activity
profiles.”

In this chapter, we describe the use of SAMDI-MS and a peptide array based on a sequence
previously used in earlier studies of SHP2 activity: Ac-TRDXpYZTC-NH> where the X and Z

positions are variable.”* We profiled WT and 11 full length SHP2 mutants as well as 19 A 104

SHP2 mutants where the N-SH2 domains were removed. We also compared their basal PTP
activities. Our results reveal that some mutants particularly prefer aromatic residues at X position.
These data are consistent with previous prediction of the mutations’ effect on SHP2 function,

and we discuss their implications in pathology.
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3.2. Results and Discussion

3.2.1. Profiling SHP2 Activities With SAMDI-MS and Peptide Arrays

We synthesized a pY-peptide array using standard protocols with FMOC-protected amino
acids. The array contained 361 unique peptides with the sequence Ac-TRDXpYZTC-NH». The X
and Z positions comprise each of the 19 natural amino acids except for cysteine. To an array
plate having 384 gold spots arranged in the geometry of the common microwell plate, we
modified each gold spot with a self-assembled monolayer presenting maleimide groups at a
density of 10% against a background of tri(ethylene glycol) groups as described previously.”
The peptides were diluted in Tris buffer (pH 7.5) and transferred to the monolayer array plate

using a robotic liquid handler, where each peptide underwent immobilization to the monolayer in

its spot via conjugate addition of cysteine thiol to the maleimide group (Fig. 3-1A).
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Figure 3-1 Profiling PTP activities using SAMDI-MS and peptide array.

A) Peptides in a pY-peptide library are immobilized on SAMs. Each spot presents one unique
peptide. B) The surface is treated with a PTP solution. C) Each spot is analyzed with SAMDI-
MS to determine the PTP activity on the peptide.
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Then, each spot on the array was treated with a PTP solution and the reaction was carried out

in a humidified chamber (Fig. 3-1B). Finally, the plate was rinsed, treated with THAP matrix and

analyzed with SAMDI-MS (Fig. 3-1C). Conversion of phosphopeptide to its product was

characterized by integration of the corresponding peaks, where Activity = Area Under the Curve

(AUC)product / (AUCsubstrate + AUCproduct) X 100 %. Activities for each peptide sequence were

represented in a 19 x 19 heatmap where each column defined the amino acid in the X (-1)

position and each row defined the amino acid in the Z position (+1). Activity was represented by
a color scale with white corresponding to 0 % and black as 100 % (Fig. 3-2).

A SHP2WT X-position =~ B SHP2E76K X-position

ARNDEQGHILKMFPSTWYV ARNDEQGHILKMFPSTWYV

E.I- N -
pY I|brary Ac-TRDXpYTC-NH, 0% _ 100 %

Activity

Figure 3-2 Profiling SHP2 WT and E76K activities.
A) SHP2 WT activity profile. B) SHP2 E76K activity profile.
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3.2.2. Comparing SHP2 WT and Constitutively Active Mutant E76K

The PTP activity profile heatmaps of WT and E76K SHP2 (Fig. 3-2) show very similar
patterns: when X and Z positions are positively charged basic residues (R and K), the enzyme
activities are restricted; as the local charges are neutralized by acidic D and E residues, the
enzyme activities are restored. Negatively charged D and E residues promote both WT and E76K
SHP2 activities. The heatmaps also show that hydrophobic residues (I, L, V) and aromatic
residues (F, Y, W) are particularly favored by the enzymes at X position and slightly preferred at
Z position. Proline (P) is disfavored at both positions. No significant difference is observed in the

two maps; therefore, we conclude that WT and E76K SHP2 have the same substrate selectivity.

This result is consistent with the mechanism of action in the SHP2 E76K mutation, which
impairs the inhibitory interaction between the N-SH2 domain and PTP domain, switching the
SHP2 closed conformation to its open form, leading to increased basal PTP activity and
increased affinity of the SH2 domains for pY ligands. Since E76K mutation is located in the N-
SH2 domain and does not participate in the binding of the PTP domain and its substrate, it is less

likely to alter the substrate selectivity of the SHP2 phosphatase.
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3.2.3. Exploring Activities and Substrate Selectivities of SHP2 Mutants

Disease-related SHP2 mutations spread across the entire protein. Their substrate specificities
remain largely unexplored. To study the mutation-function relationship, we selected 11 SHP2
mutants: 2 JMML mutants (D61G, E76K), 8 NS mutants (E76D, Q79R, Q256R, N308D, T468M,
R501K, G503E) and 2 related to both disease (G503R, Q506P).!! The vectors containing the
mutants were generate by site-directed mutagenesis, transformed to E coli., and induced with
IPTG for full-length SHP2 expression (Fig. 3-3A). The lysate concentrations were normalized
with Bradford assays and the SHP2 activities in the lysates were compared using a general
peptide substrate (Ac-IpYERC-NH;) measured by SAMDI-MS (Fig. 3-3B). The control
experiment showed that without IPTG induction, £ coli. had minimal background phosphatase
activity. Consistent with the “activity-centric” model, we observed that IMML-associated N-SH2
domain mutations caused constitutive activation and were more active than PTP-domain
mutations associated with NS.? Although G503 residue was in the PTP-domain, its mutation
could disrupt the key interaction between E76-S502 and lead to constitutive activation. Therefore,
we observed elevated G503E and G503R activities. However, the model could not explain the
disease differentiation of the mutations at 503 and 506 positions because they were shared by

both JMML and NS.

We then profiled all the mutants with the peptide library Ac-TRDXpYZTC-NH> and
SAMDI-MS as previously described (Fig. 3-3C). To our surprise, we found that all SHP2 mutant
profiles remained largely the same, suggesting no specificity changes. This appeared inconsistent
with the structural predictions and the biological outcomes of these mutants. We reasoned that

the N-SH2 domain in the full-length SHP2 protein might hinder the PTP-domain and the nuance
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changes in specificity its mutations caused. Therefore, we next sought to modify the construct to

remove the N-SH2 domain for further studies.

N-SH mutants PTP- domain
mutants

pY library: Ac-TRDXpY . TC-NH,

Figure 3-3 Profiling full-length SHP2 mutant activities.
A) Full-length SHP2 structure. B) Activities of SHP2 and mutants on peptide Ac-IpYERC-NH>
measured by SAMDI-MS. C) Profiles of SHP2 WT and 11 mutants.
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3.2.4. Using SHP2A4104 Constructs to Exam Changes in Substrate Selectivity

*This work was performed in collaboration with Dr. Simone Martinelli.

A plasmid encoding the amino acid sequence corresponding to the isolated PTP domain
preceded by the C-SH2 domain (SHP2A104, residue 105-541) was used to generated 19 disease
related SHP2 mutants via site-directed mutagenesis. The identities of the mutants and their
predicted effect on SHP2 function are summarized in Table 3-1.!° The plasmids were
transformed to E coli.(DE3) Rosetta 2 competent cells for expression. The poly-his-tagged

SHP2A104 proteins were purified using cobalt resins.

Table 3-1 SHP2A104 mutants and their predicted effect on SHP2 function.

# Mutant Disease Mutation Group  Predicted Effect on SHP2 Function'®’
1 WT N/A N/A N/A

2 E110A NS VI SH2 orientation or mobility
3 Q256R NS I A/l switching and specificity®
4 Q256K NS I A/l switching and specificity
5 L261H NS v A/l switching and/or catalysis
6 L261F NS v A/I switching and/or catalysis
7 G268S NS v A/I switching and/or catalysis
8 F285L NS v A/I switching and/or catalysis
9 F285S NS v A/I switching and/or catalysis
10 N308D NS v A/I switching and/or catalysis
11 N308S NS v A/I switching and/or catalysis
12 P491S NS v A/I switching and/or catalysis
13 S502L  NS/Leukemia I A/I switching and specificity
14 S502P  NS/Leukemia I A/I switching and specificity
15 S502T  NS/Leukemia I A/I switching and specificity
16 G503A  NS/Leukemia 11 A/I switching and specificity

17 G503E  NS/Leukemia 11 A/I switching and specificity
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18 G503R  NS/Leukemia 11 A/I switching and specificity
19 N504V NS v A/I switching and specificity
20 E507K Leukemia II A/I switching and catalysis

a4A/1 = Active/inactive conformation

We next profiled all SHP2A104 mutants with the peptide library Ac-TRDXpYZTC-NH;> and
SAMDI-MS as previously described (Fig. 3-4A and B). Their activities were also compared at
the same concentration using a control peptide Ac-IpYERC-NH> (Fig. 3-4C). The activities
indicated a disruptive effect of all mutations at 502, 503, 504 and 507 residues. From the profiles,
we noted some different behavior of these mutants regarding aromatic residues (F, Y, and W),
which might suggest changes in substrate specificity. To quantitate the influence that each

residue has on activity of the substrate for each mutant, we conducted the following analysis.

For each amino acid in the X position, we determined the average activity of all peptides in
the row corresponding to that residue in the heatmap. We also determined the average activity
for all peptides in the array (global average, GA). The ratio of the difference (A) of the average
activity for the particular residue (AA*) and the global average (GA) was then determine
according to the equation A= (AA*- GA)/GA x 100 %. We similarly repeated this analysis for
residues in the Z position (AA?%). The numerical values of these ratios for all 38 rows and
columns (19 amino acids at either the X or Z position) for each of the SHP2A104 and 19 mutants

are shown in Fig. 3-5. This analysis gives insight into the sequence determinants of activity.

First, the matrices show a consistent inhibitory effect (around -60 %) of basic residues at both
X and Z positions across all mutants. This trend may be explained by electrostatic interactions in

the SHP2 pY binding pocket. SHP2 catalytic site has the signature PTP-family motif HC(X)°R



67
where a cysteine residue acts as the nucleophile and the conserved arginine residue folds back
toward the phosphate-binding pocket to assist in substrate binding and catalysis. !> Therefore, the
pocket is highly positively charged to accommodate the negatively charged phosphate. This
gives explanation to the consistent disfavor in basic residues and some preference in acidic

residues on either side of pY.

Second, we find that aromatic (F, Y, W) and most hydrophobic (V, I, L, excluding A)
residues are usually favored by SHP2. A reported crystal structure provides some structural
insight into the preference for aromatic residues.!”? In SHP2, two aromatic groups (Y279, H426)
occupy either side of the PTP active site, providing - interactions to pY and its neighboring
residues on the substrate. However, the matrices indicate that there is no strong correlation
between preferences in the X and Z positions. For example, we find that preference for aromatic

is more critical in the X position.

Lastly, we report evidence changes in specificity of some mutants. While most amino acids
have a consistent A value across WT and mutants in Fig. 3-5, we notice some changes regarding
aromatic residues at X position (FX, YX, WX). E110A, F285S, P491S, S502L and S502P are all
significantly more prefer aromatic residues than WT. Also, G503A, G503E and G503R exhibit a
different degree of preference in aromatic residue. These observations suggest that mutations
proximal to the active site pocket might alter the way SHP2 interact with its substrates,
consistent with previous predictions.!® In addition, changes in specificity give us an alternative
way to explain the complexity in development and differentiation of disease, particularly to those

mutations surrounding residue 502 and 503, associated with both NS and leukemia.
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Heatmap illustrating the average role of an amino acid residue in either the X (AAX) or Z (AA?)

position has on the activity of the substrate for each phosphatase enzyme.
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3.3. Conclusion

This work addresses the long-standing challenges in characterizing SHP2 mutant specificity.
Our use of peptide arrays and SAMDI-MS is the first approach to directly determine the
specificity profiles of SHP2 and its mutants using hundreds of peptide substrates. By applying
this method to WT SHP2, 11 full-length mutants and 19 A104 mutants, we observed conserved
trends in sequence-dependent activity that are important for SHP2 to accommodate its substrate
in the active site. We also report some changes in profiles caused by disease related mutations
previously predicted to have effect on SHP2 specificity. These mutants exhibit a wide degree of
preference to aromatic residues. We expect these data will be valuable in many more
pathological contexts, providing now insights on the development and differentiation of Noonan
syndrome, LEOPARD syndrome, leukemia, and other SHP2-related cancers. Equally important,
we believe this approach will lead to more complete understandings of the regulatory roles of

phosphatases.
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3.4. Methods

General. Laboratory chemicals and reagents were purchased from MilliporeSigma and used
without additional purification unless specified. Peptide synthesis reagents, including Fmoc
amino acids and Rink-amide resin, were purchased from Anaspec. SAMDI-MS was performed
on a 5800 MALDI TOF/TOF mass spectrometer (AbSciex) using either manual or automated
protocols. A detailed protocol of monolayer plate preparation, peptide synthesis and phosphatase

assay can be found in a published method paper.”

Plasmids. SHP2 WT/pET-21d(+), E76K/pET-21d(+) were cloned as previously described in
chapter 2. Other SHP2 full-length mutants were generated using the primers listed in Table 3-2
and site-directed mutagenesis kits (New England Biolabs) following the manufacturer’s protocol.
All plasmids were verified by Sanger sequencing. SHP2A104/pET-26b and mutants were cloned

by Dr. Simone Martinelli.

Table 3-2 Primer list for full length SHP2 mutants.

Mutant Forward Primer (5’ to 3’) Reverse Primer (5’ to 3°)
D61G  AACACTGGGGGCTACTATGAC CTGAATCTTGATGTGGGTAAC
E76D CTTTGGCTGACCTGGTTCAGTATTAC TGGCAAACTTCTCCCCAC

TGAACTGGTTAGGTATTACATGGAA
Q79R c GCCAAAGTGGCAAACTTC

Q256R GACGCTCCAGAGACAGGAATGC TCAAACTCTTCCCAAAAGC

N308D CATTAATGCAGACATCATCATGC TAATCAGAAACAGGCTCATTG
CGGACAGGAATGTTCATTGTGATTG

T472M GCCAATCCCAGCGCTGCA
ACATCCTTATTGACATCATTCGAG

R505K CGGTCCCAGAAGTCGGGGATG CACCATCTGAATGGTTTTAGGAACG

GS07E  CAGAGGTCGGAGATGGTCCAG GGACCGCACCATCTGAAT
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GS07R  CCAGAGGTCGAGGATGGTCCA GACCGCACCATCTGAATG
Q510P GGGATGGTCCCGACAGAAGCACAG CGACCTCTGGGACCGCAC

Protein Expression and Purification. Full length SHP2/pET-21d(+) plasmids were
transformed to BL21(DE3) E. coli (New England Biolabs) and expressed as described in chapter
2. SHP2A104/pET-26b plasmids were transformed to E coli.(DE3) Rosetta 2 competent cells
(Novagen). 2xYT media (5 mL) with kanamycin (50 pg/mL) and chloramphenicol (34 pg/mL)
was seeded with SHP2A104 E. Coli and allowed to grow overnight at 30 °C while shaking at 240
rpm. The next morning, the cultures were added to 2xYT media (500 mL) supplemented with
kanamycin and chloramphenicol and grown at 30 °C while shaking until the OD600 reached 0.5.
The cultures were induced with 1 mM IPTG for 3 h under shaking at 30 °C. The bacteria were
pelleted by centrifugation and lysed in buffer (100 mM Tris pH 7.5, 50 mM NaCl, 5 mM TCEP,
10 % glycerol (v/v), 0.1% Triton X-100, 40 mL) containing one cOmplete-Mini protease
inhibitor tablet. The overexpressed SHP2A104 were purified using HisPur™ cobalt resin
(ThermoFisher). Fractions were eluted with 300 mM imidazole in buffer (100 mM Tris pH 7.5,
50 mM NaCl, 5 mM TCEP), combined, concentrated using Amicon 30 kDa cutoff centrifugal

filter units and stored at -80 °C in 50% glycerol.

Peptide Synthesis. Solid-phase peptide synthesis was performed on Rink-amide resin (10
mg) housed in 96-well filter plates. N-terminal fluorenylmethyloxycarbonyl (Fmoc) protecting
groups were deprotected with 20% piperidine in dimethylformamide (DMF) at room temperature
for 20 min. The resin was filtered and rinsed 5 times with DMF on a multiscreen vacuum

manifold. Amino acids were coupled to the resin with PyBop and N-methylmorpholine (NMM)
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in DMF at a 4:4:8 molar excess for 30 minutes, twice. The deprotection and coupling were
repeated for each residue. Following deprotection of the final residue, the N-terminus was
acetylated with 10% acetic anhydride in DMF for 60 minutes. Peptides were cleaved and
deprotected in 95% trifluoroacetic acid (TFA), 2.5% triethylsilane (TES), and 2.5% water for 16
h. The cleavage solution was evaporated with N> gas flow. The peptides were resuspended in
0.1% TFA in water, lyophilized and resuspended again in 0.1% TFA in water to a final

concentration of 200 uM and stored at -80 °C.

Preparing Peptide Arrays on SAMDI Plates. Steel array plates evaporated with 384 gold
spots (with a diameter of 3.0 mm) were soaked at 4 °C in a solution of 1 mM total disulfide with
0.8 mM tri(ethylene glycol)-terminated Cii-alkane disulfide and 0.2 mM Cij-alkane disulfide
with one terminal tri(ethylene glycol) and one terminal maleimide in ethanol for 2 days to allow
assembly of the monolayer (10% maleimide coverage). Peptides were diluted to a final
concentration of 20 pM with 100 mM Tris buffer (pH 7.5) in a 384-well plate with 5 pL. TCEP
beads (Thermo Scientific) in each well. Using a TECAN robotic liquid handler, 2 pL of peptide
solution from each well was transferred on to the corresponding gold spot on the monolayer-
presenting plate and incubated at 37 °C in a humidified chamber for 1 h to allow peptide

immobilization.

Profiling SHP2 activities by SAMDI-MS. SHP2s were diluted in PTP buffer (100 mM Tris,
pH 7.5, 50 mM NaCl, 100 uM TCEP) and 2 pL was applied to each gold spot on the peptide
array plate with a Multidrop Combi (Thermo Scientific). The reactions were incubated at 37 °C
in a humidified chamber. Concentration and incubation time for each mutant were adjusted so

that the average activity across the array is ~40%. After the reaction was complete, the plate was



74
rinsed with water and ethanol, treated with 1 pL matrix (10 mg/mL THAP, 5 mg/mL ammonium
citrate dibasic in 50% acetonitrile, 50% water and 0.1 % phosphoric acid) to each spot and dried
in air for 20 min. The spots were analyzed by MALDI-TOF MS to obtain a mass spectrum for
each reaction. Enzymatic activities were quantified by measuring the areas under the curve
(AUC:s) for the dephosphorylate product peak and the substrate peak and determining the activity
(%) = AUCproduct / (AUCsubstrate + AUCproduct) X 100 %. Activity heatmaps were generated by

Microsoft Excel.
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Chapter 4. Profiling Protein Tyrosine Phosphatase Specificity with

SAMDI-MS and Peptide Arrays

*This chapter is reproduced in part with permission from Huang, C.-F.; Mrksich, M.
Profiling Protein Tyrosine Phosphatase Specificity with Self-Assembled Monolayers for Matrix-
Assisted Laser Desorption/lonization Mass Spectrometry and Peptide Arrays. ACS Comb. Sci.

2019, 21, 760-769. Copyright © 2019 American Chemical Society.
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4.1. Introduction

While the phosphorylated states of proteins are determined by the balance of opposing kinase
and phosphatase activities, the overwhelming majority of work addressed the roles of kinases
and their substrates in regulating phosphorylation, and generally assumed that phosphatases
serve a non-regulatory housekeeper role.® However, this assumption lacks justification and
appears inconsistent with the roughly equal numbers of PTK and PTP in the human proteome
(90 PTKs and 107 PTPs).*> Further, recent work has illustrated a regulatory role for PTPs and
sophisticated modes of regulation.”!? Their dysregulated activities have also been directly linked
to disease and cancer; SHP2, for example, was identified as the first oncogenic phosphatase.!!"!?
Advancing our understanding of the roles that PTPs play in signaling would benefit from

determining the substrate specificities of PTPs. Here, we use peptide arrays and SAMDI-MS to

profile 22 phosphatases, and we report distinct classes of substrate specificities for PTPs.

Assays of phosphatase activity are quite challenging, and largely not well-suited to the
direct determination of phosphatase specificity. One approach uses bottom-up proteomics or
ELISA (enzyme-linked immunosorbent assay) to observe dephosphorylation of a sample that has
first been enriched in phosphoproteins.!®1% Approaches for directly assaying enzymatic
phosphatase activities frequently use generic and non-specific substrates—commonly, PNPP or
DIFMUP—which release products that can be measured with absorbance or fluorescence
spectroscopy. Alternatively, the malachite green assay measures the phosphate by-product, but is
difficult to apply to cell lysates that have significant background levels of phosphate ions.%6-%8

Hence, these assays involve tedious sample preparation, are not high-throughput, and do not

easily permit the use of a large number of substrates; these limitations have hindered studies of
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PTP specificity, particularly as compared to numerous studies of kinase specificity and
activity.!1% MS-based phosphatase activity assays have gradually become popular in the field
for their easier workflow and the high-throughput nature. MALDI-MS has been used in several

recent examples to screen for PTP inhibitors. %!

Combinatorial libraries and peptide arrays are powerful tools for studying the substrate
specificities of a variety of enzymes.% !> To determine the specificity of PTPs, Pei and co-
workers used a combinatorial bead-based peptide library that was prepared by split-pool
synthesis. They developed a colorimetric labeling method to identify non-phosphorylated
tyrosine residues that result from PTP activity and could sequence those beads to identify active
substrates for the PTPs.!!3-!1* Their work showed acidic residues are favored over basic residues
in the substrates for 14 PTPs, and basic residues decrease activity.!!> However, the methods have
the limitation that they can isolate and sequence a small fraction of the peptides in the pool, and
therefore while they provide general trends for activity, they do not give a nuanced
understanding of specificity. Cesareni and co-workers prepared an array of phosphotyrosine-
containing peptides. Because they were unable to directly measure the extent of
dephosphorylation of each peptide, they instead used a mutant PTP that could bind the substrate
but was catalytically impaired and used this binding activity as a proxy for enzyme activity. They
measured ‘activity’ profiles for sixteen PTPs using an assay where the PTP was conjugated to
GST, which was then labeled with an anti-GST-Cy5 conjugate. However, there remains the
possibility that the mutant enzyme has an altered substrate-specificity.” !'1¢!!® Other work has
used phosphopeptide arrays to profiles PTPs, with an anti-phosphotyrosine antibody to identify

active substrates.'!®
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Our development of the SAMDI-MS method provides a label-free and high-throughput
assay for measuring a broad range of enzyme activities.”® %©-%3 This method uses SAMs that
present the peptide substrate against a background of tri(ethylene glycol) groups, which are
effective at preventing the non-specific adsorption of proteins and play an important role in
biological assays.*’ Treatment of the SAMs with a enzyme solution may lead to a post-
translational modification of the substrate, accompanied by a corresponding change in mass. The
product can then be quantitated with MALDI-MS, which reveals peaks corresponding to both the
substrate and product (and any intermediates or additional products). The SAMDI-MS method is
compatible with the common 384 and 1,536 spot formats and has been used to profile enzymes
with peptide arrays.®> 71-73: 7576, 120 We also recently demonstrated SAMDI could be used to
profile the activity of a PTP on a phosphopeptide array.”® Becker and coworkers’ recent advance
in studying protein-protein interactions using protein arrays and MALDI-MS also demonstrates

the power of combining these technologies.'?!1??

In this chapter, we describe the use of a peptide array based on a sequence previously used in
earlier studies of SHP2 activity: Ac-TRDXpYZTC-NH2, and where the X and Z positions are
variable.”* We profiled 22 phosphatases and generally found that the specificities of those
investigated previously were consistent with earlier reports, but our studies also revealed that
many of the PTPs have unique and highly selective activities. Our data provides general rules of
how charge, steric bulk, and hydrophobic character affect enzyme activity for the various PTPs.
Finally, our data confirm that all of the phosphatases lack activity towards substrates that have an
arginine or lysine residue to either side of the phosphotyrosine, and we discuss the possible

relevance of this dependence in molecular mechanisms of diabetes.
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4.2. Results and Discussion

4.2.1. Preparation of Phosphopeptide Array

We prepared an array having 361 peptides with the sequence Ac-TRDXpYZTC-NH2, where
the X and Z positions comprise each of the 19 canonical amino acids except for cysteine. In this
way, we can determine which residues, when present adjacent to the phosphotyrosine, promote
and inhibit activity. We used an array plate having 384 gold spots arranged in the geometry of
the common microwell plate, where each was modified with a self-assembled monolayer
presenting maleimide groups at a density of 10% against a background of tri(ethylene glycol)
groups as described previously.” The peptides were synthesized using standard protocols with
FMOC-protected amino acids and then stored in a 384 multi-well plate as described previously.*’
The peptides were transferred to the monolayer array plate using a robotic liquid handler, where
each peptide underwent immobilization to the monolayer in its spot via conjugate addition of

cysteine thiol to the maleimide group (Fig. 4-1).
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Figure 4-1 Profiling phosphatase activities using peptide arrays and SAMDI-MS.

(Left) Peptides are immobilized on a self-assembled monolayer surface presenting 10%
maleimide against a background of tri(ethylene glycol) gruops. (Middle) The array is treated
with a phosphatase and the extent of dephosphorylation of each peptide is analyzed with a
MALDI-TOF mass spectrometer. (Right) A SAMDI spectrum of the initial monolayer has a peak
at m/z = 1972 corresponding to the phosphotyrosine peptide—alkyldisulfide conjugate and a
spectrum of the monolayer after treatment with a phosphate reveals a new peak at 80 Da lower

mass, which corresponds to the dephosphorylated product.
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4.2.2. Profiling Activities of DEP1 (PTPRJ)

We first describe an experiment to profile the specificity of the transcriptional regulatory
phosphatase DEP1 on the peptide array. We prepared a solution of the phosphatase (1.2 nM in
100 mM Tris, pH 7.5, 50 mM NaCl and 100 uM TCEP) and used a robotic liquid dispenser to
rapidly apply 2 pL of this solution to each spot on the array plate. The array was placed in a
humidified chamber at 37°C for one hour and then rinsed first with water and then ethanol, and
finally treated with THAP (2,4,6-trihydroxyacetophenone) matrix. The plate was analyzed using
an AbSciex 5800 MALDI-TOF mass spectrometer to acquire mass spectra for each spot, which
revealed separate peaks corresponding to the substrate and product of the reaction. The
conversion of phosphopeptide to its product was characterized by integration of the
corresponding peaks and is given by Activity = AUCproduct / (AUCsubstrate + AUCproduct) X 100 %
where AUC refers to the area under the curve (Fig. 4-1). The ionization efficiencies of the
substrate and product are not identical and therefore these nominal conversions are not calibrated,
but the quantities do provide a relative measure of activity and therefore are useful in the

following studies.

The activities for each peptide sequence are represented in a 19 x 19 heatmap where each
row defines the amino acid in the Z position (+1), and each column defines the amino acid in the
X (-1) position. The percent dephosphorylation is represented in greyscale with white
corresponding to 0% activity and black to 100% activity. The heatmap of DEP1 (Fig. 4-2, upper
left) shows that peptides containing a glycine in the Z position have higher activity, and similarly
those having the aromatic residues phenylalanine and tyrosine, and to a lesser extent the

hydrophobic residues isoleucine and leucine, in the X position are more active.
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Figure 4-2 Activity heatmaps for each of 22 phosphatases profiled on the peptide array
having 361 sequences of form Ac-TRDXpYZTC-NH2.

The columns represent 19 different amino acids at X position and the rows represent the amino
acids at the Z position. The activities are represented in grey scale where white corresponds to 0

% activity and black to 100 %.
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4.2.3. Profiling Activities of 22 Phosphatases.

We repeated the experiment described above for 21 additional phosphatases—ten non-
receptor protein tyrosine phosphatases (NRPTPs, classical PTPs), eight receptor protein tyrosine
phosphatases (RPTPs, classical PTPs), three regenerating liver phosphatases (PRLs, VH1-like
PTPs) and one alkaline phosphatase (ALP). The heatmaps for each of these phosphatases are
shown in Fig. 4-2. Initial inspection of the heatmaps reveals several significant observations.
First, the phosphatases show a range in specificity, with some having a clear preference for a
smaller number of peptides within the array. Second, there are multiple classes of specificity that
are shared by a subset of the enzymes. Third, there are positions in the substrate where certain
residues affect the activity of the substrate in a similar way for all of the enzymes, and other

specificities that are shared by a subset of the enzymes.

4.2.4. Quantitative Analysis of Heatmaps.

We first analyzed the heatmaps to quantitate the influence that a particular residue has on
activity of the substrate for each phosphatase. For each amino acid in the X position, we
determined the average activity of all peptides in the row corresponding to that residue in the
heatmap. We also determined the average activity for all peptides in the array (which we refer to
as the global average). The ratio of the difference (A) of the average activity for the particular
residue (AA*) and the global average (GA) was then determine according to the equation A=
(AA*- GA)/GA x 100 %. We similarly repeated this analysis for residues in the Z position (AA?).
The numerical values of these ratios for all 38 rows and columns (19 amino acids at either the X

or Z position) for each of the 22 phosphatases are shown in Fig. 4-3. This analysis gives insight
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into the sequence determinants of activity. The residues that contribute to more than 10%
activation or inhibition at X (-1) and Z (+1) positions are summarized in Table 4-1. The Table
reveals that certain residues consistently activate or inhibit activity of the substrate across the
phosphatases we profiled. Finally, we also generated histograms to identify the residues that
activate and inhibit phosphatase activities at X and Z positions (Fig. 4-4). The x-axis represents
amino acids and the y-axis is the total number of PTPs found from Table 4-1 that
activates/inhibits dephosphorylation activities at either X or Z positions. We found that the
determinants of sequence selectivity depend significantly on the chemical properties of the
amino acid including charge, steric bulk, hydrophobic character as well as the PTP active site

structure, and we discuss several of these observations below.
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Figure 4-3 The ratio of the difference (A) heatmap of 22 PTPs.
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(AAZ?) position has on the activity of the substrate for each phosphatase enzyme. For each amino

acid and position, the ratio of the difference of the average activity of peptides having that

residue and the average of all peptides over the latter were determined and represented both in a

red-to-green color scale and with the percent. Green indicates that the residue on average

increases the phosphatase activity and red indicates a reduction.
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Table 4-1 Summary of PTP selectivity.
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Figure 4-4 Histograms showing the role of residues found in PTP specificities.

The x-axis represents amino acids and the y-axis is the total number of PTPs that
activates/inhibits dephosphorylation activities at either X or Z positions. The colors correspond
to different degrees of activation/inhibition in activities assayed by SAMDI-MS. (A) Aromatic
and hydrophobic residues are activating at the X position. (B) Basic residues, G and P are
inhibitory at X position. (C) Aromatic residues are favored at the Z position while G is also

favored in contrary to X position. (D) Basic residues and P, again, are inhibitory at the Z position.
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4.2.5. Basic Residues Generally Reduce Substrate Activity

Among the most consistent trends in our data is that basic residues (R, K, H) at either X or
Z position very frequently decrease the activity of the substrate for all but one of the
phosphatases studied here, consistent with a previous report.!'> Among 22 phosphatases, 21
exhibit a preference against basic residues adjacent to pY on their substrate. For example, the
oncogenic phosphatase SHP2 shows an average decrease in activity of 64% and 53% when
arginine is present at the X and Z positions, respectively. This trend may be explained by
electrostatic interactions in the pY binding pocket. Most PTP catalytic sites have a signature
motif HCXXGXXRS(T) or HC(X)°R where a cysteine residue acts as the nucleophile and the
conserved arginine residue folds back toward the phosphate-binding pocket to assist in substrate
binding and catalysis.!> The presence of a second positively-charged residue nearby may reduce
the electrostatic attraction between the phosphatase and its substrate and would therefore lower
the binding energy of the substrate. Our observation that arginine (R) and lysine (K) have a more
significant effect in decreasing activity than does histidine (H) is consistent with their basicities,
because the lower pKa of protonated imidazole means that it can be deprotonated with less
energetic penalty. Below, we return to the significance of the basic residue in regulating

phosphorylation states of proteins and possible relevance to disease.

We did find, however, one phosphatase, PTPmu, that favored an arginine residue in both the
X and Z positions. This enzyme, though, does not tolerate a lysine residue in this position,
suggesting that a specific hydrogen bonding interaction is involved and not just electrostatics.
We studied the active site sequence using UniProtKB protein sequence alignment tool'?* and

found that PTPmu has two PTP domains. The first one with catalytic motif HCSAGVGRT is
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conserved across all assayed RPTPs. The second domain has a catalytic motif HCLNGGGRS
that is different from others. This second catalytic domain might contribute to the arginine

preference with extra hydrogen bonding interactions.

4.2.6. Acidic Residues Play a Complex Role

Unlike the influence of basic residues described above, the presence of acidic residues (D
and E) has varied effects on the activities of the peptide substrates for the phosphatases.
Inclusion of an acidic residue can either increase, decrease or not affect the activity of the
peptide, depending on the particular phosphatase. We found SHP1, SHP2, PTPN7, PTPN12,
PTPN13 and PRLs showed increased activities for peptides having an acidic residue next to the
pY substrate; PTPN14, MEG2, PTPRA, PTPRB, PTPRE, DEP1, PTPsigma, PTPmu showed
lower activities on substrates having acidic residues in these positions; PTP1B, TC-PTP, MEGI,
RPTPg and hALP were less affected by the presence of acidic residues in these positions. CD45
is an interesting case because an aspartic acid (D) at the X position reduces PTP activity but
when present at the Z position, results in an increased activity. Our results reveal that acidic
residues play a more complex role than commonly described as generally being favored. !> 124123
The quantitative SAMDI-MS assay allows us to see the whole picture of PTP activity profiles

and understand how each amino acid contributes to the selectivities.
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4.2.7. Glycine Has Different Effects at X and Z Positions

Glycine (G) is a unique residue because of its wider conformational space in protein

126 We found that glycine plays very different roles in affecting substrate activity when

structure
present at X (-1) and Z (+1) positions. At the Z position, glycine is often an activator (observed
for 15 out of 22 phosphatases, Fig. 4-4C) and we find it never inhibits activity relative to the
average activity for all peptides (Fig. 4-4D). This trend suggests that the binding pocket at the +1
position of the substrate does not participate in strong recognition of the sidechain. At the X
position, in contrast, glycine frequently serves to decrease activity (observed for 16 out of 22

phosphatases, Fig. 4-4C). Clearly, side chain interactions of the substrate with the active site are

important in this position.

4.2.8. Proline Is a Strong Inhibitor for PTPs

Proline (P), because of the secondary amide, has a turn conformation that often disrupts
binding of a substrate to the active sites of enzymes.'?” We found that in no case is the presence
of a proline residue at either the X or the Z position favorable for PTP activity. All 21 PTPs
disfavor proline residues at both X or Z positions on their substrates (Fig. 4-4B and 4-4D). ALP
has a slight preference for a proline at the X position though we note it is not a classic cysteine-

based protein tyrosine phosphatase and the active site structure is very different.'?
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4.2.9. Aromatic and Hydrophobic Residues Are General Activators

We found that aromatic residues (Y, F, W) are among the most consistent activators for
PTP activity (Fig. 4-4A and 4-4C). This observation is consistent with previous work that
analyzed substrate selectivity of SHP1, SHP2, PTP1B and PTPRA!'*, We found the trend is
universal to all 21 PTPs assayed. A crystal structure provides some structural insight into the
preference for aromatic residues.!®? In SHP2, two aromatic groups (Y279, H426) occupy either
side of the PTP active site, providing n-n interactions to pY and its neighboring residues on the
substrate. The analogous residues in PTP1B are Y46 and F182. From sequence alignment of all
the PTPs assayed, we found that the role for these two residues in substrate recognition are
highly conserved. All PTPs have the Y residue (except PTPN14, which has an I) in the first
position and either an H, Y or F in the second position (except RPTPg which has an M). These
residues also provide hydrophobic interactions to the hydrophobic residues (A, I, L, V) while
they are less activating compared to aromatic residues perhaps because the interaction is weaker

and less specific.

4.2.10. Polar Neutral Residues Are Less Involved in PTP Specificities

Unlike residues having side chains with charge, aromatic or steric non-polar groups, polar
neutral residues (N, Q, S, T) have fewer features for molecular recognition and play a minor role
in enhancing or decreasing the activities of the peptide substrates. Amides (N, Q) are more
frequently found to be slightly disfavored, but even this trend is inconsistent across the

phosphatases.
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4.2.11. Comparisons to Prior Studies

Pei and co-workers’ pioneering studies of PTP specificity used combinatorial peptide
libraries prepared by split-pool synthesis and had more than 10° peptides.'’> Beads that had
active peptide sequences for the PTPs were identified with a colorimetric labeling method and
then sequenced by partial Edman degradation-mass spectrometry (PED-MS). This approach has
the benefit that it rapidly identifies the most active sequences from a very large number of
peptides, but the limited throughput of PED-MS only allows a very small fraction of the beads to
be sequenced. In their experiments as low as 0.0008% of peptides were sequenced and therefore
the overall specificity and the nuanced preferences for the PTPs are not revealed. The approach
also relies on a qualitative isolation of beads based on intensely, medium and lightly red beads
and does not directly provide a more quantitative ranking of activities. In these respects, our
work with peptide arrays and mass spectrometry provides a complementary insight into the PTP
specificity. We note that the expense associated with peptide synthesis currently limits our array
sizes to hundreds (not thousands or millions) of peptides, but it does have the benefit of

providing relative activities for each peptide substrate in the array.

Pei and co-workers first discovered that PTPs generally have a preference of substrates
having an abundance of acidic residues and disfavor substrates with basic residues. Our work
confirms this finding that basic residues are indeed the most disfavored for PTPs in their
substrates, and reveals that acidic residues promote activity, though they play more complex
roles when compared to all other amino acids. SHP1, SHP2, PTPN7, PTPN12, PTPNI13 and
PRLs prefer acidic residues whereas PTPN14, MEG2, PTPRA, PTPRB, PTPRE, DEPI,

PTPsigma, PTPmu disfavor them; and they are not particularly preferred when compared to all
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other amino acids for PTP1B, TC-PTP, MEG1, RPTPg and hALP. For those PTPs that prefer
acidic residues, we found that the preference is more obvious at Z (+1) position. For example, a
glutamic acid (E) at X (-1) leads to a small -2% activity decrease for PTPN12, however at Z (+1)
it increases activity by +113% for this phosphatase, and was consistent with results reported by
Pei and coworkers. Similarly, we also find that aromatic residues in the substrate promote
activity for the PTPs. While the combinatorial screening approach taken by Pei and coworkers
successfully captured the most obvious characteristics of PTP substrate selectivites, our use of
peptide arrays gave a more complete understanding of specificity. We are able to better assess
those residues that generally contribute to lower PTP activities and understand their roles. We
also found that glycine has an opposite effect when present in the X and Z positions; prolines are
disfavored in general; non-aromatic hydrophobic residues are also activators and polar residues

are less involved in PTP specificities.

4.2.12. Categorizing PTPs According to Their Substrate Selectivities.

We next asked whether the different specificities of the PTPs are related to the phylogenetic
tree and sequence similarity of the enzymes. In Fig. 4-5, we show how the presence or absence
of five amino acids (R, D, E, G, P) can be used as filters to partition the PTPs into distinct classes.
Starting at the left of the tree we divide the enzymes into groups according to each of eight
features (listed at the top of the figure), where the upper group has the feature and the lower
group does not. We started by selecting the enzymes that favor a P residue in the X position and
followed by those that favor an R in either X or Z positions; these rules isolated a single

phosphatase (hALP). We then selected PTPs that favor a R residue in both the X and Z positions
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(again, isolating one enzyme PTPmu). Because acidic residues play a complex role in PTP
selectivity—where they can either increase, decrease or not affect the activity on the peptide—
we then separated PTPs that either favor D and E in both the X and Y positions (D,E*Y) or
disfavor these residues. Finally, noting that glycine often promotes activity when present in the Z
position but decreases activity in X position, we used this filter to further separate the PTPs.

Finally, we separated the PTPs according to role of proline in decreasing activity.

We used the UniProtKB tool to compare and align the PTP sequences and we generally
found that PTPs that are evolutionarily related have similar specificities. For example, SHP1 and
SHP2 share >55% sequence identity (60.8 similarity in PTP domain), a common backbone fold,
and a common regulatory mechanism.'” We found that their substrate specificities were
indistinguishable by the criteria we used in preparing the selectivity tree (Fig. 4-5). Similarly,
PTPN13 shares a common substrate specificity with SHP1/2 in our selectivity tree and also has a
high sequence similarity to SHP1 and SHP2 in the protein sequence. Three PRLs are very similar
in both sequence and substrate selectivity and yet different from classic PTPs. The three
phosphatases PTPRA, DEP1 and PTPbeta all belong to the same receptor-like PTP family and
exhibited a similar specificity. The enzyme hALP is serine-based phosphatase that uses Zn>" and
Mg?* activation, and its catalytic mechanism is very different from the cysteine-based PTPs. The
sequence is completely unique, and this is the only enzyme we find that prefers a P residue in the
X position. We also note that these observations agree with an evolutionary tree analysis

previously reported by Cesareni and co-workers.'®
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Figure 4-5 Specificity tree of the 22 phosphatases profiled.
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We use specificity features based on five amino acid residues (P, R, D, E, G) at X and Z position

to differentiate the phosphatases. A well-separated tree indicates that phosphatases are unique in

their substrate specificity.
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4.2.13. A Potential Mutation/Modification Crosstalk Involving PTPIB

The phosphatase specificities determined in this work can contribute to our understanding
of the mechanisms by which mutations contribute to pathological phenotypes. For example,
Beguinot and coworkers reported a mutant of the insulin receptor (INSR, R1152Q) that was
found in patients with non-insulin-dependent diabetes (Fig. 4-6A)."3° This mutant is interesting
because it is adjacent to a tyrosine that is known to be autophosphorylated (Y'!*!) by the insulin-
bound receptor and that participates in the tyrosine triplet that activates the receptor tyrosine
kinase (RTK) activity of INSR and regulates the downstream cellular signal transduction.'*! This
study also reported that the mutant had a higher level of basal kinase activity on various
endogenous and exogenous substrates, even though phosphorylation of Y'!'*! is significantly
lower than that in the wild-type receptor. The phosphorylation of the mutant by the wild-type
receptor was also impaired, leading to the conclusion that the mutation led to poor
phosphorylation of Y!!3! because it is a less active substrate for its own kinase domain, and in
turn had a lower sensitivity to insulin, which in turn contributes to diabetes. It is interesting that
this study did not consider the possibility that the mutation made the site more active for its PTP;
because the level of phosphorylation depends on the dynamic balance of two opposing activities,
it can be decreased either by a lower kinase activity or a higher phosphatase activity. In this

example, PTP1B is specifically responsible for dephosphorylating this site.'3?

Our profiling experiments revealed that replacing an arginine with a glutamine on a peptide
substrate leads to an increase in PTP1B activity. This insight would suggest that mutant INSR
shows less phosphorylation at Y!!3! both because it is a poorer substrate for the kinase and

because the corresponding phosphorylated peptide is a better substrate for PTP1B. We gained
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support for this possibility by comparing the relative activities of PTP1B on 2 peptides—Ac-
TRDYpYRTC-NH2 (YpYR) and Ac-TRDYpYQTC-NH: (YpYQ)—where we found the latter
was significantly more active as a substrate for PTP1B. A crystal structure of PTP1B and the

triple-phosphorylated INSR peptide reveals how the arginine residue is repelled by this highly

basic triple-pY-binding pocket. !
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Figure 4-6 Dephosphoraylation of peptides corresponding to WT and mutant INSR by the

PTP1B phosphatase.
A) The mutation R1152Q occurs in the triple phosphorylation site of INSR and is adjacent to the
Y51 phosphorylation site. B) SAMDI spectra following treatment of each peptide with PTP1B

shows significantly more activity on the peptide corresponding to the mutant.
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4.3. Conclusion

This work addresses the long-standing challenges in characterizing phosphatase activities.
Our use of peptide arrays and SAMDI-MS is the first approach to rapidly determine the
specificity profiles of phosphatases using hundreds of peptide substrates. By applying this
method to 22 phosphatases, we observed trends in sequence-dependent activity that will be
useful in developing hypotheses for phosphorylation-dependent signaling activities in cells;
many of these trends agreed with previous work based on combinatorial screening, but gave a
more complete assessment of specificity. The most general trend—that the presence of a basic
residue next to the phosphotyrosine site decreases PTP activity on the substrate—will likely have
broad relevance (such as our description of a mutant in non-insulin dependent diabetes), and we
expect these data will be valuable in many more contexts. Equally important, we believe this
approach will lead to more complete understandings of the biochemistry and biology of

phosphatase enzymes.
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4.4. Methods

General. Laboratory chemicals and reagents were purchased from MilliporeSigma and used
without additional purification unless specified. Peptide synthesis reagents, including Fmoc
amino acids and Rink-amide resin, were purchased from Anaspec. Phosphatases were purchased
from MilliporeSigma. Self-assembled monolayers with matrix-assisted laser desorption-
ionization (SAMDI) mass spectrometry were performed on a 5800 MALDI TOF/TOF mass
spectrometer (AbSciex) using either manual or automated protocols. A detailed protocol of
monolayer plate preparation, peptide synthesis and phosphatase assay can be found in a

previously published method paper.®

Peptide Synthesis. Solid-phase peptide synthesis was performed on Rink-amide resin (10
mg) housed in 96-well filter plates. N-terminal fluorenylmethyloxycarbonyl (Fmoc) protecting
groups were deprotected with 20% piperidine in dimethylformamide (DMF) at room temperature
for 20 min. The resin was filtered and rinsed 5 times with DMF on a multiscreen vacuum
manifold. Amino acids were coupled to the resin with PyBop and N-methylmorpholine (NMM)
in DMF at a 4:4:8 molar excess for 30 minutes, twice. The deprotection and coupling were
repeated for each residue. Following deprotection of the final residue, the N-terminus was
acetylated with 10% acetic anhydride in DMF for 60 minutes. Peptides were cleaved and
deprotected in 95% trifluoroacetic acid (TFA), 2.5% triethylsilane (TES), and 2.5% water for 16
h. The cleavage solution was evaporated with N> gas flow. The peptides were resuspended in
0.1% TFA in water, lyophilized and resuspended again in 0.1%TFA in water to a final

concentration of 200 uM and stored at -80 °C.
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Preparing Peptide Arrays on SAMDI Plates. Steel array plates evaporated with 384 gold
spots (with a diameter of 3.0 mm) were soaked at 4 °C in a solution of 1 mM total disulfide with
0.8 mM tri(ethylene glycol)-terminated Cii-alkane disulfide and 0.2 mM Cjii-alkane disulfide
with one terminal tri(ethylene glycol) and one terminal maleimide in ethanol for 2 days to allow
assembly of the monolayer (10% maleimide coverage). Peptides were diluted to a final
concentration of 20 uM with 100 mM Tris buffer (pH 7.5) in a 384-well plate with 5 uL. TCEP
beads (Thermo Scientific) in each well. Using a TECAN robotic liquid handler, 2 pL of peptide
solution from each well was transferred on to the corresponding gold spot on the monolayer-
presenting plate and incubated at 37 °C in a humidified chamber for 1 h to allow peptide

immobilization.

Phosphatase Assays by SAMDI Mass Spectrometry. Phosphatases were diluted in PTP
buffer (100 mM Tris, pH 7.5, 50 mM NaCl, 100 uM TCEP) and 2 pL. was applied to each gold
spot on the peptide array plate with a Multidrop Combi (Thermo Scientific). The reactions were
incubated at 37 °C in a humidified chamber. (See Table 4-2 for concentration and incubation
time for each phosphatase.) After the reaction was complete, the plate was rinsed with water and
ethanol, treated with 1 pL matrix (10 mg/mL THAP, 5 mg/mL ammonium citrate dibasic in 50%
acetonitrile, 50% water and 0.1 % phosphoric acid) to each spot and dried in air for 20 min. The
spots were analyzed by MALDI-TOF MS to obtain a mass spectrum for each reaction.
Enzymatic activities were quantified by measuring the areas under the curve (AUCs) for the
dephosphorylate product peak and the substrate peak and determining the activity (%) =
AUCproduct / (AUCsubstrate T AUCproduct) X 100 %. Activity heatmaps were generated by Microsoft

Excel.



Table 4-2 Reaction conditions for profiling phosphatase activities.

Phosphatase

hALP*

PTPIB (PTPNI)
TC-PTP (PTPN2)
MEG]1 (PTPN4)
SHP1 (PTPN6)
PTPN7

MEG2 (PTPN9)
SHP2 (PTPN11)
PTPN12

PTPN13

PTPN14

PTPRA

PTPbeta (PTPRB)
CD45 (PTPRC)
PTPRE

RPTPg (PTPRG)
DEP1 (PTPRJ)
PTPmu (PTPRM)
PTPsigma (PTPRS)
PRLI

PRL2

PRL3

Cat. #
524604
P6244
SRP0218
SRP0205
SRP5076
SRP5077
SRP0206
SRP0217
SRP5073
SRP5074
SRP0211
SRP5078
P9864
SRP0219
SRP5333
SRP0223
SRP0220
SRP0222
SRP0224
SRP0208
SRP0209
SRP0210

MilloporeSigma Concentration

(nM)
1.4 U/mL?
6.7
9.3
0.34
14
93
4.2
54
25
20
164
12.5
2.2
15
34
10
1.2
78
20
1683
1745
1710

time

l1h
l1h
l1h
lh
4h
overnight®
lh
lh
overnight
overnight
overnight
overnight
lh
lh
overnight
l1h
l1h
2h
overnight
overnight
overnight

overnight

Temperature

37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C
37°C

“Buffer pH adjusted to 8.0, supplied with 2.5 mM Mg>" and 0.5 mM Zn**

’Molar concentration not provided by the vendor

‘Overnight = 16-20 h
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Chapter 5. Tyrosine Phosphatase Activity Is Restricted by Basic
Charge Substituting Mutation of Substrates: Implications for

Missense Mutations Associated with Disease

*This chapter is reproduced in part from Huang, C.-F.; Gottardi, C. J.; Mrksich, M. Tyrosine
Phosphatase Activity Is Restricted by Basic Charge Substituting Mutation of Substrates:
Implications for Missense Mutations Associated with Disease. Manuscript in prep. Copyright ©

belongs to the future publisher.
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5.1. Introduction

While phosphoproteome equilibrium states are determined by competing kinase and
phosphatase activities, most studies overwhelmingly address the role of kinases and assume that
phosphatases are non-regulatory.® However, while sharing the same phosphorylation sites, the
numbers of protein tyrosine kinases (PTK) and protein tyrosine phosphatases (PTP) in the human
proteome are roughly equal (90 PTKs and 107 PTPs).*> The “housekeeper” assumption of
phosphatases lacks justification and appears inconsistent. Emerging work further demonstrate
sophisticated regulatory roles for PTPs, "!° where dysregulated PTP activity is linked directly to
disease. For example, PTP1B contributes to the development of insulin resistance and type 2

diabetes'** and SHP2 is identified as the first oncogenic phosphatase.!!"!3

Understanding general rules for PTP-substrate specificity would advance our understanding
of their roles in signaling.!*>13 Phosphatase activity assays are challenging and largely not well-
suited to direct determination of phosphatase specificity. Our group developed SAMDI-MS (self-
assembled monolayers for matrix-assisted laser desorption/ionization mass spectrometry), a
label-free technology to assay enzyme activities.’® Combined with peptide arrays, we profiled a
series of enzymes—including acetyltransferases, glycotransferases, proteases, kinases and
phosphatases—determined their specificities, studied the nature of protein-substrate interaction,
improved the design of mutants and probes for synthetic biology purposes and understood the
underlying mechanism of disease development.® 673757699 In our recent study, we profiled 22
PTPs and found most lack activity towards substrates that have an arginine (R) or lysine (K)
residue to either side of the phosphotyrosine (pY).!*” PTP selectivity against basic residues

agreed with those in the prior studies.!'>!!® Using 5 different cell lysates, we confirmed that PTP
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activity disfavors a basic residue adjacent to the pY site.!*® This finding raises the possibility that
charge-substitution mutations proximal to pY sites could impact a range of signaling proteins
and disease pathology. For example, the insulin receptor R1152Q mutant found in several type 2
diabetes patients manifested lower Y-phosphorylation levels, previously attributed to reduced
kinase activity.!** However, our work suggests that loss of the positive charge at R1152Q might
increase accessibility of phosphatases towards pY, leading to less Y1151 phosphorylation.'*” In
the study that follows, we aim to validate our hypothesis that charge-substitution missense
mutations proximal to Y residues can affect pY abundance and signaling in vivo, using the

established pY modified adhesion-signaling protein, f-catenin (j-cat).

B-cat is a canonical junction-nuclear signaling protein. As a physical link between cell
surface cadherins and the actin-binding protein a-catenin, -cat plays a critical role in cell-cell
cohesion. Outside of the cadherin-catenin complex, -cat also functions as essential effector of
the Wnt pathway, pairing with DNA-binding factors to activate transcription of genes that drive
cell fate decisions.!* The degree to which B-cat participates in these two functions is determined

by the availability and relative affinity of p-cat binding with its competing partners. '’

One modification that shifts B-cat from its cell-cell adhesive function in favor of nuclear
signaling is its phosphorylation at Y654 by Src family kinases (SFKs) where this modification

141-142 and also antagonizes its

reduces B-cat binding to the cadherin cytoplasmic domain
degradation by the B-cat phospho-destruction complex'#!4, leading to additional modifications
that enhance transcriptional activity.!* Interestingly, forward genetic screens in mice generated a

missense mutation that created a basic residue adjacent to Y654 (T653K), leading to intellectual

disability and syndromic features including a broaden face (batface, Bfc).!*® While the Bfc
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mutation reduced B-cat binding to N-cadherin and mimicked Wnt-pathway gain-of-function
phenotypes during early neuro-development, how the T653K mutant leads to elevated B-cat

signaling remains unknown.

In this chapter, we establish the broad principle that basic amino acid missense mutations
proximal to neighboring phosphotyrosine residues restrict PTP-mediated dephosphorylation.
Through a database search, we identify 6,000+ cancer mutations involving basic residues being
added or removed adjacent to the phosphotyrosine sites.!*”"1*® The B-cat T653K Bfc mutant and
its other basic variation T653R are both found in the cancer genome.!*” We demonstrate that
introducing a basic residue adjacent to B-cat Y654 antagonizes its dephosphorylation by SHP1,
favoring persistent phosphorylation and elevation of the canonical B-cat target, AXIN2. This
mechanism rationalizes neuro-developmental phenotypic similarities between T653K Bfc and

145-146

Y 654E phospho-mimic mutant mice , as well as how -cat missense mutations proximal to

Y654 may drive epithelial cancers.'*
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5.2. Results

5.2.1. Profiling Activities of SHPI

We sought to profile SHP1 (PTPNG6) specificity on a peptide array with the sequence Ac-
TRDXpYZTC-NH», where the X and Z positions comprise each of the 19 canonical amino acids
except cysteine. The array was synthesized and immobilized to a 384-gold-spot plate as
previously described.”” A solution of the SHP1 (14 nM in 100 mM Tris, pH 7.5, 50 mM NaCl
and 100 uM TCEP) was prepared and dispensed to each spot on the array plate (Fig. 5-1, left, 2
uL). The reaction was carried out in a humidified chamber at 37 °C for four hours and then
rinsed with water and ethanol. Each spot was treated with THAP (2,4,6-trihydroxyacetophenone)
matrix and analyzed using a MALDI-TOF mass spectrometer. Conversion of phosphopeptide to
its product was characterized by integration of the corresponding peaks, where Activity = Area
Under the Curve (AUC)product / (AUCsubstrate T AUCproduct) X 100 %. Activities for each peptide
sequence are represented in a 19 x 19 heatmap (Fig. 1, right) where each column defines the
amino acid in the X (-1) position and each row defines the amino acid in the Z position (+1).

Activity is represented by a color scale with white corresponding to 0 % and purple as 100 %.
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Figure 5-1 Phosphatase activity profiling using peptide arrays and SAMDI-MS.

Activity

(Left) Peptides immobilized on a self-assembled monolayer surface presenting a background of
tri(ethylene glycol) groups. Array is treated with PTP and dephosphorylation of each peptide is
analyzed with SAMDI-MS. (Right) Heatmap for SHP1 shows basic residues adjacent to

phosphotyrosine inhibit enzymatic activity.

5.2.2. Basic Residues Inhibit PTP Activity

The SHP1 heatmap (Fig. 5-1, right) clearly shows peptides containing basic residues (R or
K) at either X or Z position exhibit lower dephosphorylation activity. In addition to SHP1, we
found almost all 22 profiled PTPs disfavor basic residues.'’” Consistent with results from
individual purified PTPs, we found that collective PTP activities also disfavor basic residues
adjacent to the phosphotyrosine across five different cell lines.'*® Since classic PTPs have a
signature catalytic site with the motif HCXXGXXRS(T) or HC(X)°R where a cysteine residue

acts as the nucleophile and the conserved arginine residue assists in substrate binding and
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catalysis'>, we propose that basic residues adjacent to phosphotyrosine can universally decrease

PTP activity, because they disrupt electrostatic interactions in the catalytic pocket (Fig. 5-2a).

WT aa Mutaa pY site Cancer type

a Cc
PTP Gene site
T ,\ ABL1.254
.: Phospho-tyr BCR 277
®: Basic residue CBLB.134
CTNNB1.653
b
CTNNB1.653

H

‘l%

PTP EGFR.868
EGFR.977
PTK
ERBB2.1111

R HRAS.31

N

KRAS.63

PTK LCK.393
Up-regulated TP53.221

G

Q

R

R

Y253

Y276

Y133

Y654

Y654

Y869

Y978
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Y32

Y64
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Y220

uterine cancer, leukemia
melanoma

lung cancer

germ cell cancer, ovarian
cancer

stomach cancer

breast cancer, lung cancer
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breast cancer
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breast cancer, uterine cancer

melanoma, brain cancer, germ
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melanoma

esophageal, vulvar, parotid
gland

phospho-signal

Figure 5-2 Basic residues antagonize PTP activity.

a, Basic residues inhibit PTP-positively-charged pocket from associating with phosphotyrosine

substrates. b, Charge-mutation/PTP-restriction mechanism: Mutant with a basic residue adjacent

to the phosphotyrosine antagonizes dephosphorylation, leading to persistent phospho-signal

compared to wild-type. ¢, Basic residue-substitution missense mutations identified for select

cancer-relevant genes.

5.2.3. A Charge-Mutation/PTP-Restriction Mechanism

Given the general trend that PTPs disfavor basic residues adjacent to their phosphotyrosine

substrates, we reasoned that charge-substitution mutations proximal to phosphotyrosines could

impact pY steady-state levels due to reduced PTP accessibility, leading to mis-regulated
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phospho-signal across a range of proteins and disease pathology. Fig. 5-2b shows one scenario
where a basic residue created adjacent to phosphotyrosine in the missense mutant prevents PTP
from efficiently dephosphorylating the substrate. Consequently, steady-state concentration of the

phospho-protein increases and up-regulates downstream signaling.

We observed an opposite scenario for the diabetes-related R1152Q insulin receptor
missense mutation, which substituted a basic residue with a neutral amino acid."*” This mutation
facilitated dephosphorylation of the neighboring pY, leading to reduced steady-state
concentration of pY and signals that ultimately promote diabetes development. While the
previous model rationalized reduced kinase activity towards the insulin receptor R1152Q mutant

as responsible for its lower pY levels,!3°

we wondered if perturbed phosphatase accessibility
could play a wider role in missense mutations associated with diseases. Indeed, an appeal of our

model is that it generally applies to all members of the PTP family (Fig. 5-2b).

5.2.4. Database Search Identifies 6,000+ Relevant Cancer Mutants.

*This work was performed in collaboration with Dr. Lihua Zou.

To identify cancer mutants with basic residue substitutions adjacent to phosphotyrosines,
we employed two datasets: the protein post-translational modification (PTM) database
PhosphoSitePlus and single-nucleotide variations (SNV) cancer database BioMuta.!#”1¥® We
used PhosphoSitePlus to identify all reported phosphotyrosine sites and found corresponding
cancer mutations at their +1 and -1 positions in BioMuta. We then filtered these sites with amino

acid R and K appearing on wildtype or mutant at the +1 and -1 positions to identify base-
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substitution missense cancer mutations including both base additions and removals. To our
surprise, we identified 6,000+ mutants, most with poorly defined contributions to protein
function. Notable sites identified on oncogenes and the tumor suppressor p53 are listed in Fig. 5-
2c, which might be relevant to the direct development of cancers. While these pY-proximal
missense mutations appear to occur frequently, there has been no way to systematically study
them, nor generalized rule for how such mutations might affect the phospho-status of adjacent

sites.

Towards this end, we became interested in the CTNNBI gene/B-cat protein, because T653R
and T653K were identified in the above search and proximal to the well-studied Y654 phospho-
site associated with reduced cell-cell adhesion and elevated nuclear signaling. Moreover, -cat
T653K was also identified in a screen for mutations affecting craniofacial development in mice,
generating phenotypes that overlap with dominant human B-cat/ CTNNBI mutations causing
intellectual disability with similar syndromic features.!*¢ While the B-cat T653K mutant was
rationalized to work as a mild, gain-of-function signaling form of B-cat due to phenotypic

similarity with a B-cat Y654E phospho-mimic knock-in mice,!'*

rigorous evidence that B-cat
T653K leads to enhanced Wnt signaling through persistent phosphorylation of Y654 was lacking.
We sought to address this hypothesis both as a means to understand the disease relevance the [3-

cat T653K mutation and to test the general rule that basic amino acid charge-substitution

proximal to pY leads to sustained phospho-signaling.
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5.2.5. p-cat T653 Basic Mutants Show Greater Phosphorylation at Y654.

We obtained a FLAG-B-cat /pcDNA3 plasmid and generated 2 basic mutants T653R,
T653K and a neutral one T653A as control. All 4 constructs express similarly in transfected
HEK 293T cells. Consistent with previous studies'**, no Y654 phosphorylation was observed at
baseline using an anti-B-cat pY654 site-specific phosphoantibody (Fig. 5-3a). Co-transfection
with constitutively active Src kinase (Src/CA) led to robust detection of WT B-cat with the p-cat-
pY654 specific antibody (Fig. 5-3b). Unfortunately, this antibody was unable to distinguish
phosphorylation of our mutant -cats where the adjacent T653-residue was altered, because the
recognized epitope is not solely determined by pY, but by adjacent residues as well (A-T-pY-A-
A). To get around issues with the B-cat-pY654 antibody, we sought to use a general phospho-
tyrosine antibody (clone PY20). We found, however, that even a pan-pY antibody recognized
WT and T653A mutant B-cat proteins better than the T653K/R basic mutants (Fig. 5-3c),
consistent with evidence that the PY20 antibody also disfavors substrates with basic residues
adjacent to pY.'>® Thus, despite being a pan-phosphotyrosine antibody, PY20 shows lower
binding to pY residues preceded by basic amino acids, which means that estimation of pY
abundance by immunoblotting under-represents the true level of phosphorylation for these

protein sequences.

While the pan-PY20 antibody fails to recognize all pY sequences equally, it does manifest
demonstrable affinity for all of our B-cat constructs. Thus, we reasoned we could use excess
PY20 antibody to quantitatively immunoprecipitated most pY proteins (including exogenously
expressed FLAG-tagged B-cats) and infer B-cat pY status by immunoblotting with the FLAG

antibody, where the FLAG epitope is identical across all constructs (Fig. 5-3d). With this
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approach, we found that B-cat T653R and T653K mutants show more phosphorylation by
Src/CA than WT and T653A, consistent with our in vitro peptide library profiling results (Fig. 5-
3e). To explore the role of phosphatase regulation of this site, we co-transfected SHP1, a known
PTP to dephosphorylate B-cat pY654!'%4, along with B-cat constructs and Src/CA. We found that
while the amount of phospho-B-cat was reduced, the basic mutants remained more
phosphorylated than WT (Fig. 5-3f). Importantly, treatment with the phosphatase inhibitor,
sodium pervanadate (NazVOs), eliminated phosphorylation differences detected between WT
and mutant B-cats (Fig. 5-3g). These data strongly suggest that it is differential phosphatase
activity towards B-cat pY 654 versus WT [B-cat that drives phospho-abundance differences, where

PTP activity can be restricted by presence of basic residues adjacent to the pY site.



113

b
@ HEK FLAG-BCat FLAG-BCat ¢ FLAG-BCat
i T TEESR S Eesi B WT T653R T653K T653A WT T653R T653K T653A
fLAG sge A —222R SrciCA  +  + + + SrcICA  + + + +
(BCat) o
(BCan (BCat) g
post o ] | -
pY654
BCat
d FLAG-BCat FLAG-BCat e Replcation FLAG-BCat
WT T653R T653K T653A WT T653R T653K T653A WT T653R T653K T653A
Src/CA - - - + + Src/CA + + + +
ree eoa [ - <mat>-==- S
=
g  FLAG (BCat) =l=== Input
e — — — (=¥

Input o n=3
FLAG Bcao_l et :
22
2
f FLAG-BCat g FLAG-BCat N 1 I
WT T653R T653K T653A WT T653R T653K T653A CRp s
SrcICA  + + + + SrelCA  + + + + 2
SHP1 + + + + Na;VO, + + + + %
04

o

FLAG (BCat)

(T 653 amino acid
FLAG (pC2 I | . FLxG (ct) [EES—

SHP1 (red) (lysate) Src
Src (green) — — —

Figure 5-3 B-cat phosphorylation at Y654 is enhanced by basic amino acid replacement at
T653.

a, Four B-cat constructs were transfected and expressed equally in HEK 293T cells. b, Co-

Input
(lysate)

transfection of Src/CA promotes B-cat Y654 phosphorylation. Site-specific antibody does not
recognize mutants. ¢, Equal amount of lysates (1 mg) were immunoprecipitated with a FLAG
antibody. Pan-phosphotyrosine antibody displays different binding affinity to WT and mutants. d,
B-cats were immunoprecipitated with pY and blotted for FLAG to quantify their Y654
phosphorylation. e, In biological triplicate experiments, both basic f-cat T653 mutants are more
phosphorylated than WT. f, B-cat pY654 is a substrate for SHP1. f, Inhibiting PTPs with
pervanadate (100 uM) eliminates the difference in Y654 phosphorylation between WT and

mutants.
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5.2.6. p-cat Basic Charge Mutants Manifest Enhanced Wnt-Signaling.

To address the role that B-cat T653K/R mutants play in Wnt-signaling, we quantified
AXIN2 levels as an indicator, because it is a universal target gene and a negative-feedback
regulator of the pathway.!'>! We used the CRISPR-Cas9 strategy to generate a HEK B-cat*© cell
line (See section 5-5 for the generation and characterization of the knockout cells) and selected
clones lacking AXIN2 induction upon treatment with the Wnt pathway agonist and GSK3
inhibitor, LiCl (Fig 5-4a, clone 16).!%! FLAG-tagged constructs were transfected into the B-cat®®
cells, serum-starved overnight and then fed with 5% FBS for 6 h before harvesting. We found
AXIN2 was largely depleted after transfected cells were serum starved (Fig. 5-4b, first lane) and
increased only after cells were supplied with FBS, allow us to effectively synchronize our cells.
Using this method, we found that the T653R and T653K mutants expressed significantly more
AXIN2 (Fig. 5-4b). These findings are consistent with the elevated pY654 phosphorylation
observed in Fig. 5-3e, and demonstrate that the more phosphorylated basic mutants contribute to
elevated B-cat signaling. To show that phosphatase activity was required for the different levels
of B-cat signaling, we treated cells with 100 uM Na3zVOs to inhibit PTPs and found that WT B-
cat induced AXIN2 as much as the basic mutants (Fig. 5-4c). Altogether, these experiments
definitively demonstrate that disease-associated missense mutant forms of B-cat (T653K/R)
display enhanced Wnt-signaling activity through a positive-charge gating (or steric hindrance)

mechanism that restricts tyrosine phosphatase substrate selectivity at pY 654.
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Figure 5-4 p-cat T653 basic charge mutants display enhanced Wnt-signaling.
a, HEK B-cat®© cells generated with CRISPR-Cas9 displays a lower AXIN2 expression level

treated with LiCl. Clone 16 was used for the studies. b, In biological triplicate experiments,

T653R and T653K B-cats induce more AXIN2 protein expression than WT fB-cat. ¢, PTP

inhibition with pervanadate (100 pM) eliminates differences in AXIN2 levels between WT and

mutant (-cats.



116

5.3. Discussion and Conclusion

This chapter describes a general substrate selectivity rule using peptide arrays and SAMDI-
MS to discover that basic residues adjacent to pY antagonize PTP dephosphorylation. We
applied this rule to the canonical signaling/adhesion protein, B-cat, where missense mutations
associated with disease were known but incompletely understood. Specifically, we describe a
charge mutation/PTP-restriction (or gating mechanism) surrounding -cat Y654 and neighboring
residues that contributes to Wnt-pathway gain-of-function phenotypes in vivo. B-cat basic
mutants, T653R and T653K, are both found in cancer database and a mouse phenotype with
intellectual disability caused by the T653K mutation was previously identified.'*® We showed
that both basic mutants are more phosphorylated and lead to high levels of AXIN2, suggesting
elevated Wnt signaling compared to WT B-cat (Fig. 5-5). Importantly, this difference is
eliminated when cells are treated with a phosphatase inhibitor Na3VOas, suggesting that
phosphatases differentially target mutant versus WT B-cat. Our model now explains the neuro-
developmental phenotypic similarities between Y654E phospho-mimic and T653K bfc mutant
mice.!*146 As phosphatases are less efficient in dephosphorylating pY654 next to T653K basic
residue, the mutant favors persistent phosphorylation and elevation of B-cat-mediated gene
expression, rationalizing its resemblance to a permanent phospho-mimic in the developmental
process. Our study also points to a potential SHP1 activation treatment strategy through

induction of SHP1 expression or small molecule activators.'>?

This study also shows how SAMDI-MS combined with peptide arrays is a powerful and
versatile platform to discover general rules for enzyme-substrate specificities and the findings are

generally applicable to protein substrates. Remarkably, the rule we describe—where PTPs
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disfavor basic residues proximal to pY—is surprisingly universal and generalizable. We
validated this rule in two cases with B-cat (this work) and insulin receptor!®” where basic residues
are added or removed in missense mutations proximal to pY to affect phosphorylation status and
signals that drive disease development. Our database search identified over 6,000 relevant cancer
mutations that could employ this missense mutation/PTP restriction mechanism. This opens up
the possibility that phosphatases may play a much larger role in cancer development than that

previously appreciated.

In summary, the phosphatase-centered basic mutation/dephosphorylation crosstalk
mechanism provides a novel way to view the phospho-regulation of proteins. We expect this to

enable new understanding of diseases and inspire more diverse treatment strategies.
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Figure 5-5 B-cat charge-mutation/PTP-restriction mechanism that enhances Wnt signaling.

(Left) WT pY654 is dephosphorylated by PTPs and degraded. (Right) Basic mutants inhibit

pY654 dephosphorylation. Sustained phosphorylation of [-cat reduces association with

cadherins and leads to enhanced transcriptional co-activation with T-cell factor (TCF), revealed

by the canonical target and negative regulator, AXIN2. Schematic created with Biorender.com.
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5.4. Methods

Profiling SHP1 activity. Peptide library and SAMDI plates were prepared and immobilized
as previously described.” SHP1 (SRP5076, MilliporeSigma) was diluted to 14 nM in PTP buffer
(100 mM Tris, pH 7.5, 50 mM NaCl, 100 uM TCEP) and 2 pL was applied to each gold spot on
the peptide array plate with a Multidrop Combi (Thermo Scientific). The reactions were
incubated for 4 h at 37 °C in a humidified chamber. After the reaction was complete, the plate
was rinsed with water and ethanol, treated with 1 pL matrix (10 mg/mL THAP, 5 mg/mL
ammonium citrate dibasic in 50% acetonitrile, 50% water and 0.1 % phosphoric acid) to each
spot and dried in air for 20 min. The spots were analyzed by MALDI-TOF MS (AbSciex 5800)
to obtain a mass spectrum for each reaction. Enzymatic activities were quantified by measuring
the areas under the curve (AUCs) for the dephosphorylate product peak and the substrate peak
and determining the activity (%) = AUCproduct / (AUCsubstrate + AUCproduct) X 100 %. Activity

heatmaps were generated by Microsoft Excel.!*’

Database search. Phosphotyrosine sites were downloaded from PhosphoSitePlus and
single-nucleotide variations (SNVs) in cancer were downloaded from BioMuta.'*""'4® The cancer
mutations at +1 and -1 positions to a phosphotryrine that added or removed a basic residue (R or

K) were extracted. Database search was performed by Dr. Lihua Zou.

Plasmids and site-directed mutagenesis. p-cat/pcDNA3 plasmid was a generous gift from
Dr. Eric Fearon. Site-directed mutagenesis kits (New England Biolabs) were used to generate [3-
cat/pcDNA3 T653R, T653K and T653A mutants following the manufacturers protocol. Primers

[5’-AGG TGT GGC GAG ATA TGC AG CTG CTG-3’ (R forward), 5°-AGG TGT GGC GAA
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ATA TGC AGC TGC TG-3’ (K forward), 5’-AGG TGT GGC GGC ATA TGC AGC TGC TG-
3’ (A forward), and 5’-TCA TTC CTA GAG TGA AGT AAC TCT GTC AGA G-3’ (reverse)]
were purchased from Integrated DNA Technologies. Src/CA/pDEST40 (#124659) and SHP1/pJ3
(#8572) plasmids were purchased from addgene. All plasmids were transformed to DHSa E. coli.
(New England Biolabs), amplified and purified with DNA maxiprep kits (Invitrogen). All

sequences were confirmed by Sanger Sequencing (ACGT, Inc.).

Antibodies. The following primary antibodies were used in this study: mouse anti-FLAG
(F3165, MilliporeSigma), rabbit anti-FLAG (F7425, MilliporeSigma), rabbit anti-pY 654-f3-cat
(ab59430, abcam), rabbit anti-Src (701396, Invitrogen), mouse anti-phosphotyrosine (clone
PY20, P4110, MilliporeSigma), mouse anti-SHP1 (MAS5-11669, Invitrogen), rabbit anti-f-cat
(clone RM276, SAB5600086, MilliporeSigma), mouse anti-B-cat (610153, BD Bioscience),
mouse anti-y-catenin (610253, BD Bioscience), rabbit anti-AXIN2 (PA5-25331, Invitrogen) ,

mouse anti-GAPDH (CB1001, MilliporeSigma)

Cell culture. HEK 293T cells were obtained from American Type Culture Collection
(ATCC) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Corning), containing
10% fetal bovine serum (FBS, Atlanta Biologicals), 100 U/ml penicillin and 100 mg/ml

streptomycin (Corning) at 37 °C and 5% COa.

Transfection and cell lysis. For one reaction, plasmids (1 pg each) and Lipofectamine
2000 (3 uL, Invitrogen) were diluted in 125 pL Opti-MEM (Corning) respectively and mixed.
The mixture was incubated for 30 min at room temperature. HEK cells were plated in 6 well-

plates at a seeding density of 1.0 x 10° cells in 1.25 mL Opti-MEM. The reaction mixture was
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added to the cells and incubated for 3 h at 37 °C and 5% CO,. DMEM completed with FBS and
antibiotics (1.5 mL) were added. The cells were incubated for two day, washed with PBS and
harvested in cell lysis buffer [SO mM Tris, 150 mM NaCl, 5 mM EDTA, 1% Triton X100, pH
7.5, cOmplete™ Protease Inhibitor (1 tablet/ 10 mL, Roche), PhosSTOP™ (1 tablet/ 10 mL,
Roche), 200 uM Na3VOas.]. Lysates were sonicated and centrifuged at 14,000 rpm for 10 min to
remove debris. The concentrations were determined by Bradford assay (5000006, Bio-Rad). For
AXIN2 immunoblotting, the transfected cells were serum-starved overnight and incubated with

DMEM complete for 6 h before lysis.

Immunoprecipitation. Primary antibodies (10 pg) were added to 1 mg cell lysate diluted to
0.5 mL with cell lysis buffer and incubated overnight at 4 °C under agitation. Protein A-agarose
beads (~50 pL, MilliporeSigma) were added and incubated for 1 h at 4 °C under agitation.
Immunocomplexes were collected by centrifugation and washed four times with ice-cold cell
lysis buffer. Proteins were solubilized with 30 uL 3x SDS loading buffer (150 mM Tris, 4.5%

SDS, 240 mM DTT, 0.12% Orange G, 30% glycerol, pH 7.5) and separated by SDS-PAGE.

Immunoblotting. Lysates or IP eluates were resolved by 4-20% Criterion TGX Midi gels
(Bio-Rad) and transferred to nitrocellulose membranes (GE) following the manufacturer’s
protocol. Membranes were blocked in Intercept (TBS) blocking buffer (LI-COR) for 1 h at room
temperature. Membranes were incubated overnight with primary antibodies at 4 °C and then with
fluorophore-conjugated secondary antibodies (LI-COR) for 1 h at room temperature. All
antibodies were used at the dilutions suggested by the manufacturers. The bands were visualized

by LI-COR Odyssey Fc Imaging System. The images were processed with Imagel.
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HEK CTNNBI Knockout with CRISPR-Cas9. Guide RNA (gRNA) targeting different
human CTNNBI exons were designed with CHOPCHOP online tools.'”* The sequences of
oligonucleotides were as follows: 5’-TGAGTAGCCATTGTCCACGC-3’ (exon 1), 5’-
CTAACAGCCGCTTTTCTGTC-3’ (exon 2), 5’-CTGTCTTTTCGCCGACAATC-3’ (nonsense),
and 5’- CAACAGTCTTACCTGGACTC-3" (exon 3). Single guide RNA (sgRNA), Cas9
nuclease (HiFi) and duplex buffer were purchased from Integrated DNA Technologies. RNAs
were reconstituted and diluted to 5 uM with duplex buffer; Cas9 protein to 10 uM with PBS.
HEK cells were plated in 12-well plates at a seeding density of 1.0 x 10° cells in 1 mL DMEM-
complete a day before. For one reaction, sgRNA (20 uL), Cas9 (15 uL), DMEM (30 uL, no
serum and antibiotics) and Lipofectamine RNAiMax (4 pL, Invitrogen) were mixed and
incubated at room temperature for 20 min. The complex was treated to the cells in complete
medium and incubated overnight at 37 °C and 5% CO;. The medium was changed and the cells
were allowed to recover for one day. Cells were split to maintain 30-50% confluency. The
sgRNA-Cas9 treatment was repeated 3 times. Cells were expanded and sorted with a flow
cytometer (FACSMelody, BD) to 96-well plates to grow single cell colonies. The colonies were
screened for low (< 5 ng/well at confluent) B-cat expression using a -cat ELISA kit (Invitrogen).
The selected colonies were verified with western blot. The knockout cell line was maintained in

the same conditions as WT.

Immunocytochemistry. Microscope cover glasses (12 mm, Fisher) were flamed and coated
with 1 mL poly-D-lysine (0.1 mg/mL, Gibco) in a 12 well plate for 1 h at room temperature.
HEK cells (WT, B-cat®® or 1:4 mixture) were seeded at at a seeding density of 1.0 x 10° cells and

incubated for 3 days. Cells were fixed in 4% paraformaldehyde (PFA) in PBS for 30 min,
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quenched with 100 mM glycine, permeabilized with 0.3% Triton X-100, and blocked with 3%
normal goat serum (MilliporeSigma). Primary (1:100, rabbit anti-B-cat, clone RM276,
MilliporeSigma) and secondary (1:300, Alexa Fluor 568 goat anti-rabbit, MilliporeSigma)
antibody incubations were performed at room temperature for 1 h, Hoechst (1:10,000,
ThermoFisher) was incubated for 5 min, interspaced by multiple washes in PBS, and followed by
mounting coverslips in ProLong Gold fixative (Life Technologies). Fixed cells were imaged on
an Axioplan 2 microscope (Carl Zeiss) at room temperature using a x40 objective lens. Captured

images were processed in Imagel.
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5.5. Creating B-cat®® HEK 293T cell lines using CRISPR-Cas9

*This work was performed in collaboration with Dr. Alex Yemelyanov and Annette S. Flozak.

Guide RNAs targeting 3 different human CTNNBI exons (guide 1, 2, 4, Fig. 5-6a) as well as
a nonsense sequence (guide 3, reverse of guide 2) were designed using CHOPCHOP online
tools.!> Wildtype HEK 293T cells were transfected with each sgRNA-Cas9 complex overnight 4
times and the bulk cells were expanded and blotted for B-cat (Fig. 5-6b). Guide 2 and 4 showed
about 50% knockout in bulk cells whereas those treated with exon 1 and the nonsense guides had
B-cat expressed like WT. The result was consistent with previously reported efforts creating f3-
cat®O cell using the same gRNA sequences.'>* Cells treated with gRNA 2 and 4 were then sorted
to 96-wells plates (1 cell/well) with a flow-cytometer, expanded and primarily screened with
ELISA for low-B-cat expressing colonies. These colonies were further expanded and blotted for
B-cat (Fig. 5-6¢). Several colonies from both guides showed a complete knockout on western
blots (rabbit anti-B-cat, clone RM276). We also observed that clone 16 and 18 had a more

significant upregulation of plakoglobin (yCat), which was previously identified to rescue the

tKO 155

junction in B-cat™" cells.

We next used an AXIN2 antibody to verify the B-cat®® cells. To avoid species overlap, we
switched to a mouse B-cat antibody (BD). To our surprise, some clones previously appeared to
be B-cat null (anti-B-cat-RM276) showed a fragment below 75 kD using the BD antibody (Fig. 5-
6d). This was most likely a c-terminus fragment as the antibody was generated with the
immunogen B-cat a.a. 571-781. The fragment was also active to turn on Wnt pathway and induce

AXIN2 expression with or without the Wnt pathway agonist and GSK3 inhibitor, LiCl.!*! We
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identified that clone 16 was a complete B-cat®®

cell line without c-terminus fragments and
background AXIN2 expression (Fig. 5-6e). The cell line was further verified for knock by
immunocytochemistry. A separate culture of WT and KO cells and staining with a -cat antibody
showed a distinct difference where -cat was observed at the junctions in WT but not in KO (Fig.
5-6f, first two images). A co-culture of WT and KO cells (Fig. 5-6f, last image) clearly
demonstrated on the same slide that B-cat only distributed at the junctions in WT (upper right

area) but not KO (lower left). HEK 293T B-cat®® clone 16 was used for the further studies in this

chapter.
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Figure 5-6 Creating B-cat®® HEK 293T cell lines and their characterization.

a, gRNA sequences used for CRISPR-Cas9 B-cat knockout. b, Bulk cells blotted for -cat after
sgRNA-Cas9 complex treatments. ¢, Validation of knockout by single cell colonies. d,
Validation using a c-terminus f-cat and AXIN2 antibodies. e, Screening for AXIN2-null cells
with LiCl (30 mM) treatment. f, Separate and co-culture of WT and B-cat X0 HEK 293T cells.
Scale bar: 50 pum.
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Chapter 6. A Novel Citrullination/Phosphorylation Crosstalk via

Protein Tyrosine Phosphatases

*This work was performed in collaboration with Dr. Jennifer Grant. This chapter is
reproduced in part from Huang, C.-F.; Grant, J; Mrksich, M. A Novel
Citrullination/Phosphorylation Crosstalk via Protein Tyrosine Phosphatases. Manuscript in prep.

Copyright © belongs to the future publisher.
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6.1. Introduction

Protein tyrosine phosphatases (PTPs) and protein tyrosine kinases (PTKs) regulate
phosphorylation levels by removing or adding phosphate group on proteins. The number of
human PTPs and PTKs are roughly equal (90 PTKs and 107 PTPs), however, phosphatases are
often stigmatized as non-regulatory “housekeeping enzymes” and receive disproportional
research attention compared to kinases.*® Emerging work further demonstrates that PTP
dysregulation is linked directly to several diseases, which emphasize the importance of studying

11-13, and

PTP activity.”! For example, SHP2 is identified as the first oncogenic phosphatase
PTP1B contributes to the development of insulin resistance and type 2 diabetes.!** These
discovery draw new momentum to phosphatase drug development and signaling studies®’,

including how PTPs can mediate modification crosstalk between different residues described in

this work.

Despite these advancements in phosphatase biology, there are still limited assays to directly
monitor PTP activities, making it difficult to discover novel crosstalk mechanisms. Most

87-88 which are not

phosphatase assays often rely on non-specific small molecule substrates
effective mimics of native protein PTP substrates and prevent studies of structure-activity
relationships. Peptide probes are gaining popularity for their sequence specificity and ability to
profile combinatorial arrays of unique sequences, providing insights for PTP-substrate
specificity.!13-116: 135-136 We developed a label-free approach using SAMDI-MS (self-assembled
monolayers for matrix-assisted laser desorption/ionization mass spectrometry) to measure PTP

156

activities on peptides.”® This assay is extremely sensitive that allows single-cell measurements'>®,

and high-throughput (~10° samples/day).'>” Combined with peptide arrays, we profiled 22 PTPs
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and found most lack activity towards substrates that have an arginine (R) or lysine (K) residue
directly adjacent to either side of the phosphotyrosine (pY).!3” This substrate specificity was
confirmed in lysates from five different cell lines.'*® We recently demonstrated that charge-
substitution mutations proximal to pY sites, could impact a range of signaling proteins and

137" our work suggested that

disease pathology through a crosstalk mechanism. In one example
neutralizing the positive charge on R1152 of an insulin receptor reduces phosphorylation of
Y1151, which may contribute to type 2 diabetes.'** In chapter 5, we showed that B-catenin (B-cat)
cancer mutations introducing a basic residue adjacent to PB-cat Y654 (T653R and T653K)
antagonizes its dephosphorylation by SHP1, favoring persistent phosphorylation and elevation of
the canonical P-cat-mediated Wnt-signaling, which ultimately leads to cancers.!4>-146. 149
Therefore, the crosstalk mechanism that we reported appears to be ubiquitous, and may have
undiscovered roles in cell signaling and other pathologies. These examples also demonstrate that
SAMDI-MS and peptide arrays together are platforms that can discover crosstalk relationships

between residues that are derived from protein substrates.5% 776

Protein citrullination is a post-translational modification (PTM) that replaces the basic
guanidino group on an arginine residue with a neutral uriedo functionality.!>® Altering local
amino acid charge states can induce different protein conformations, modulate protein-protein
interactions, and send important cellular signals.'”® For example, negatively-charged actin
filaments bind less to lipid vesicles as their negative surface charge increased due to
phosphorylation or deimination of myelin basic protein (MBP), the most abundant protein

components of the myelin membrane in the central nervous system (CNS).!®® Therefore,
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understanding how phosphorylation and citrullination are cross-regulated would advance our

insights in CNS-related disease such as multiple sclerosis.!¢!-162

In this chapter, we describe a novel citrullination/phosphorylation crosstalk via PTPs. We
demonstrate that an arginine residue proximal to a phosphotyrosine residue restricts PTP
dephosphorylation. Removal of the basic residue by protein-arginine deiminases (PADs)
citrullination restores PTP activity and shifts the substrate toward dephosphorylation. We report
that citrullination at MBP R264 increases its neighboring pY261 dephosphorylation by 2.3-fold
in kea/Km as a proof-of-concept where these modifications crosstalk and could generate a

cascade of regulatory signals.
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6.2. Results and Discussion

6.2.1. Basic Residues Antagonize PTP Activity

We previously profiled 22 PTP specificities on a peptide array with the sequence Ac-
TRDXpYZTC-NH», where the X and Z positions comprise each of the 19 canonical amino acids
except cysteine.!’” The array was synthesized and immobilized to a 384-gold-spot plate, treated
with PTP solutions and analyzed with SAMDI-MS (Fig. 6-1A). Conversion of phosphopeptide to
its product was characterized by integration of the corresponding peaks, where Activity = Area
Under the Curve (AUC)product / (AUCsubstrate T AUCproduct) X 100 %. Activities for each peptide
sequence were represented in a 19 x 19 heatmap where each column defined the amino acid in
the X (-1) position and each row defined the amino acid in the Z position (+1). Activity was
represented by a color scale with white corresponding to 0 % and purple as 100 %. A
representative SHP2 activity heat map is shown in Fig. 6-1B, where basic residues (R and K)
inhibit SHP2 activity at both X and Z positions, generating noticeable white lighter rows and
columns of corresponding amino acids on the heatmap. We demonstrated that basic residues
proximal to pY universally restrict all PTP dephosphorylation'®’, and this discovery can be
applied to protein substrates (chapter 5), making SAMDI-MS combined with peptide arrays an

extremely powerful platform to discover crosstalk relationships between residues.
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Figure 6-1 Profiling phosphatase activity using peptide arrays and SAMDI-MS.
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A) Phospho-peptides immobilized on a self-assembled monolayer surface are treated with PTP
and dephosphorylation of each peptide is analyzed with SAMDI-MS. B) Heatmap for SHP2
shows basic residues (R and K) adjacent to phosphotyrosine inhibit enzymatic activity. Activity

measured by SAMDI‘MS iS deﬁned as (AUC)product / (AUCsubstrate + AUCproduct) X 100 %

6.2.2. Citrullination Restores PTP Activity.

The SHP2 heatmap (Fig. 6-1B) clearly shows peptides containing a basic arginine (R)
residue at either X or Z position exhibit lower dephosphorylation activity. Citrullination is a
canonical PTM catalyzed by protein-arginine deiminases (PADs) which removes a basic R
residue through guanidine deimination, leaving a neutral uriedo group (Fig. 6-2A). On substrates
where an arginine is adjacent to pY, citrullination eliminates the local positive charge that is
inhibitory to PTP activity and therefore allows more efficient PTP dephosphorylation, creating a
crosstalk between two modifications (Fig. 6-2B). To demonstrate that citrullination restores PTP
activity, we measured SHP2 activity on peptides with an R on either side of pY (Fig. 6-2C, blue)

and compared to those with a citrulline (Cit) replacing the R. We found that either by
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synthetically incorporating Cit (Fig. 6-2C, light green) or enzymatically modifying R to Cit by
PAD1 (Fig. 6-2C, dark green), citrullination increases PTP dephosphorylation, confirming the
crosstalk relationship. We note that this mechanism universally applies to most PTPs and not just
specific to SHP2 because all PTPs share the evolutionary conserved active site structure and
disfavor basic residues as we previously described!*’, making the citrullination/phosphorylation

crosstalk relationship via PTPs extremely generalizable and valuable in cellular phospho-

regulation.
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Figure 6-2 Citrullination increases PTP activity.

(o2}
o

% Activity

A) Citrullination by PADs removes the positive charge on arginine and replaces with a neutral
uriedo group. B) Arginine inhibits PTP activity while citrulline allows more efficient
dephosphorylation. C) Peptides containing a citrulline exhibit higher PTP dephosphorylation

activity than those containing an arginine. Activity is measured by SAMDI-MS.
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6.2.3. MBP Modification Crosstalk Between Y261 And R264.

We next identified a protein substrate that could utilize the described crosstalk to regulate
its phospho-state. Myelin basic protein (MBP) has been reported to have multiple
phosphorylation and citrullination sites that alters its charge state and regulates lipid vesicles’
affinity to actin-filament.'** It has a phosphotyrosine site (Y261) and a citrullination site (R264)
separated by two amino acids.'*” The pY261-phosphopeptides were synthesized with R and Cit
at 264-residue and their SHP2 activities were compared (Fig. 6-3). We observed that Cit264
peptide is more prone to dephosphorylation, consistent with the proposed crosstalk mechanism
and prior studies suggesting that long-range electrostatic interactions, which is responsible for

PTP substrate selectivity against basic residues, could extend to 5 residues up/down-stream. '!>
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Figure 6-3 Dephosphorylation of MBP peptides.

MBP pY261 dephosphorylation is antagonized by R264 (25% activity, top spectrum) while the
activity is restored by Cit264 (76% activity, bottom spectrum). On SAMDI-MS spectra, red
asterisks indicate phosphopeptides and blue indicate corresponding dephosphorylated products

separated by -80 Da.
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6.2.4. Citrullination Increases PTP k../K.

We finally used SAMDI-MS to monitor SHP2 dephosphorylation reaction progression on
MBP peptides to describe the crosstalk relationship in kinetic terms. We previously
demonstrated that SAMDI-MS is great platform to study enzyme kinetics.!%3"1% MBP peptides
were incubated with SHP2 at different concentrations. The reactions were quenched at different
time points by adding 100 uM bpV(Phen) and crude was immobilized to the SAM surface for
analysis. The product concentrations were calculated using the activity. The ionization efficiency
were accounted for by comparing the substrate and product peak to the tri(ethylene glycol)-
terminated alkanethiolate (EG3) monolayer background peak as previously described.”” We note
that there is no drastic change in ionization efficiency in any modification in this work because
peptides are covalently conjugated to the monolayer. The reaction traces for both peptides are
showed in Figure 4A. The initial velocities (Vo) were calculated and plotted against the substrate
concentrations (Figure 4B). We did not observe the saturation of the enzyme-substrate
complexes and the convergence of Vo to Vmax in our given substrate concentration range. We
were limited by the solubility of the peptides and therefore could not calculated kcar and Km
separately. However, we could deduct kca/Km directly from the slopes of the plots and found
them in the 10° M"'s"! magnitude, consistent with the reported SHP2-peptide substrate kca/Kwm in
prior studies.''> We found that citrullination at MBP R264 increase its dephosphorylation kca/Km
by 2.3-fold, confirming citrullination/phosphorylation crosstalk mechanism driven by PTP

substrate selectivity.
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6.3. Conclusion

This work illustrates how peptide arrays and SAMDI-MS can be used to discover crosstalk
between amino acid residues through PTMs. We report a novel phosphorylation regulatory
mechanism by citrullination of the neighboring arginine. Interestingly, it is phosphatases, not
kinases, that play the key regulatory role because the PTP family universally disfavor basic
residues nearby their substrates and can utilize this unique selectivity for control. Therefore, this
mechanism is extremely generalizable to all PTPs despite most pY sites are unknown for their
specific PTP. In addition, this work hints that other PTMs altering basic residues, for example,
lysine acetylation, might also be able to regulate their neighboring pY through the same PTP-
mediated mechanism. Studying indirect regulation of PTMs has also become an important task in
cell signaling and development of disease treatment strategies. For example, a loss-of-function
mutation in PAD could result in increasing MBP Y261 phosphorylation due to the R264 PTP
inhibition according to our work. However, it could be mistaken as a gain-of-function mutation
of its kinase and leads to a kinase inhibitor treatment that only cure the symptoms, not the
disease. Together, SAMDI-MS and peptide arrays provide a rapid and reliable platform that

would advance our understandings in this important area.
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6.4. Methods

General. Laboratory chemicals and reagents were purchased from MilliporeSigma and used
without additional purification unless specified. Peptide synthesis reagents, including Fmoc
amino acids and Rink-amide resin, were purchased from Anaspec. SAMDI-MS was performed
on a 5800 MALDI TOF/TOF mass spectrometer (AbSciex) using either manual or automated
protocols. A detailed protocol of monolayer plate preparation, peptide synthesis and phosphatase

assay can be found in a previously published method paper.®’

Plasmids. SHP2/pcDNAI1 plasmid was a generous gift from Dr. Elizabeth A Eklund. The
full length SHP2 gene was amplified using polymerase chain reaction (PCR) with the primers 5’-
CTAGCTAGCCACCATCACCATCACCATCACCATATGACATCGCGGAGATGGTT-3’
(forward) and 5’-CCCAAGCTTCTAAGTGCCTAGCCCTTCCA-3’ (reverse) and subcloned to
a pET-21d(+) vector using Nhel and HindIII restriction enzyme sites. PAD1/ pET-16b plasmid

was obtained from Thermo Fisher Scientific- GeneArt.

Protein Expression and Purification. To express SHP2, the plasmid was transformed to
BL21(DE3) E. coli (New England Biolabs) using heatshock method. 2xYT media (5 mL) with
carbenicillin was seeded with SHP2 BL21(DE3) E. Coli and allowed to grow overnight at 30 °C
while shaking at 240 rpm. The next morning, the culture was added to 2xYT media (500 mL)
supplemented with carbenicillin and grown at 30 °C while shaking until the OD600 reached 0.5.
The culture was induced with 1 mM IPTG for 3 h under shaking at 30 °C. The bacteria were
pelleted by centrifugation and lysed in buffer (100 mM Tris pH 7.5, 50 mM NaCl, 5 mM TCEP,

10 % glycerol (v/v), 0.1% Triton X-100, 40 mL) containing one cOmplete-Mini protease
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inhibitor tablet. The overexpressed SHP2 contained an N’-terminal His-tag and was purified on a
nickel-NTA column. Fractions were eluted with 300 mM imidazole in buffer (100 mM Tris pH
7.5, 50 mM NaCl, 5 mM TCEP), combined, concentrated using a Amicon 50 kDa cutoff

centrifugal filter unit and stored at -80 °C in 50% glycerol.

To express PADI1, the plasmid was transformed into BL21DE3pLysS E. coli using chemical
transformation methods. 2xYT media (5 mL) with carbenicillin and chloramphenicol was seeded
with PAD1 BL21DE3pLysS E. Coli and allowed to grow overnight at 30 °C while shaking at
240 rpm. The next morning, the culture was added to 2xYT media (500 mL) supplemented with
carbenicillin and chloramphenicol, and grown at 30 °C while shaking until the OD600 reached
~0.45. The culture was cooled at 4 °C and PAD1 expression was induced with 0.5 mM IPTG
overnight under shaking at 25 °C. The bacteria were pelleted by centrifugation and lysed in
buffer (50 mM sodium phosphate (7.5), 500 mM NacCl, 0.5 mM EDTA, 10 % glycerol (v/v),
0.1% Triton X-100, 50 mL) containing Bug Buster (10x, 2 mL) and one cOmplete-Mini protease
inhibitor tablet. The overexpressed PAD1 contained an N’-terminal His tag and was purified on a
nickel-NTA column. Fractions were eluted with a gradient of 5-500 mM imidazole in 50 mM
sodium phosphate (7.5), 500 mM NacCl, 0.5 mM EDTA, 10 % glycerol (v/v), 0.1% Triton X-100.
The eluted fractions were combined and concentrated to 1 mL in a 25 mL Amicon 30 kDa cutoff
centrifugal filter unit. The PAD1 was further purified using size exclusion chromatography on an
Akta FPLC (GE Healthcare) using running buffer (50 mM sodium phosphate (7.5), 500 mM
NaCl). Fractions containing PAD1 were confirmed by SDS-PAGE, pooled and concentrated, and

stored at 80 °C in 50% glycerol.
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Profiling SHP2 Activity. SHP2 was diluted in PTP buffer (50 nM in 100 mM Tris, pH 7.5,

50 mM NaCl, 100 uM TCEP) and 2 pL was applied to each gold spot on a peptide array plate
with a Multidrop Combi (Thermo Scientific). The reactions were incubated at 37 °C for 1 hina
humidified chamber. After the reaction was complete, the plate was rinsed with water and
ethanol, treated with 1 pL matrix (10 mg/mL THAP, 5 mg/mL ammonium citrate dibasic in 50%
acetonitrile, 50% water and 0.1 % phosphoric acid) to each spot and dried in air for 20 min. The
spots were analyzed by MALDI-TOF MS to obtain a mass spectrum for each reaction.
Enzymatic activities were quantified by measuring the areas under the curve (AUCs) for the
dephosphorylate product peak and the substrate peak and determining the activity (%) =
AUCproduct / (AUCsubstrate + AUCproduct) X 100 %. Activity heatmaps were generated by Microsoft

Excel.

Sequential Enzymatic Reaction on the Surface. Peptides (Ac-TRDXpYZTC-NH,, X, Y =
I, AorR, 100 uM in 100 mM Tris, pH 7.5 buffer) were immobilized to a SAMDI plates for 1 h
at 37 °C. The surface was rinsed with water and ethanol, and each spot was treated with 2 pL
PADI (875 nM in 100 mM Tris pH 8.0 with 10 mM CaCl; and 50 mM NacCl) and incubated at
room temperature for 30 min in a humidified chamber. After the citrullination reaction was
completed, the surface was rinsed with water and ethanol, and treated with 2 uL. SHP2 (50 nM in
100 mM Tris, pH 7.5, 50 mM NaCl, 100 uM TCEP) and incubated at 37 °C for 1 h in a
humidified chamber. Finally, the surface was rinsed, treated with matrix and analyzed by

SAMDI-MS following the same procedure above.

Kinetic Experiments. MBP peptides (CGFGpYGGRAS and CGFGpYGGCitAS) were

dilute to 11 different concentrations (100-5000 uM in 100 mM Tris, pH 7.5, 50 mM NaCl, 100



142
uM TCEP, 10 uL each). Equal volume (10 uL) of SHP2 (10.72 uM or 5.36 uM in 100 mM Tris,
pH 7.5, 50 mM NacCl, 100 uM TCEP) were added to the peptides. The reactions were terminated
at different time points (1-120 min) by adding bpV(Phen) to a final concentration of 100 uM.
After all reactions were carried out, 2 ul of the reaction crude was transferred to each spot on a
SAMDI plate and incubated for 1 h at 37 °C to allow peptide immobilized. The surface was then
rinsed, treated with matrix and analyzed by SAMDI-MS following the same procedure above.
AUC was used to calculate the conversion of phosphopeptides to their corresponding
dephosphorylated products. GraphPad Prism 8 software was used to generate reaction trace plots
and fit the data to a Michaelis-Menten model of the form:

[S]

Vo = keatlEo] Ko + [5]

Since we did not observe convergence of Vo in the given substrate concentration range, we

can assume Ky >> [S] and use the slope of Vo-[S] plots to deduct kcar/Km.
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Chapter 7. Summary and Perspectives
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This dissertation presents the combination of SAMDI-MS and peptide arrays to study protein
tyrosine phosphatases. Before I joined the Mrksich group, there were already some preliminary
works using SAMDI-MS to assay phosphatases. However, challenges including phosphopeptide
synthesis and low ionization efficiency made it difficult to conduct high-throughput phosphatase
studies. In this dissertation, I present my original work utilizing the high-throughput
measurement capacity of SAMDI-MS in conjunction with multi-molecular libraries—including
small molecule, peptide, and protein—to study the PTP family and their roles in cell signaling

and disease development, an area that is often outshined by its kinase counterparts.

Chapter 2 illustrates the SAMDI-MS high-throughput PTP assay and its application in drug
discovery for the oncogenic phosphatase SHP2. We used the assay to screen an FDA-approved
compound library with 1018 unique molecules. We identified several potent SHP2 inhibitor and
measured their ICsos using SAMDI-MS. We applied molecular modeling to study one inhibitor,
adapalene, and found that its adamantyl functional group was crucial for inhibition. This chapter
demonstrates importance of a reliable, high-throughput and label-free assay like SAMDI in drug

discovery, particularly for those enzymes that are notoriously hard to assay.

Chapter 3 addresses a long-standing topic in SHP2 oncology, which is whether SHP2 disease
mutants alter their substrate specificity or merely affect their basal activity level. We combined
SAMDI-MS with a pY peptide library to profile SHP2 and its mutants. This is the first approach
to directly determine their specificity using hundreds of peptide substrates. We also reported
changes in profiles caused by disease related mutations, including a wide range of preference to
aromatic residues. The results would contribute to better understanding of SHP2 disease

pathology.
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Chapter 4 broadens the scope of study to profiling the PTP family in the human proteome.
We used peptide arrays and SAMDI-MS to profile 22 PTPs and reported distinct PTP classes.
We found the general rule that basic lysine or arginine residues on either side of the
phosphotyrosine antagonize PTP activity. Using an R1152Q mutant in the insulin receptor as an
example, we discussed a new mechanism on how mutations in PTP substrates could lead to
disease. We reasoned that PTP activity may be restricted by basic amino acids—
generated/removed by missense mutations—adjacent to phosphotyrosines leading to abnormal

signaling and disease development.

Chapter 5 presents a cell model to validate this hypothesis. We first identified more than
6,000 cancer mutations involving basic residues adjacent to known phosphotyrosine sites. Using
two B-catenin mutants associated with cancer (T653R/K) and a mouse model for intellectual
disability (T653K), we showed that T653-basic mutant B-catenins are less efficiently
dephosphorylated by SHP1 phosphatase, leading to sustained Y654 phosphorylation and
elevated downstream Wnt signals, similar to those observed for Y654E phospho-mimic mutant
mice. This model rationalized how basic mutations proximal to phosphotyrosines can restrict
counter-regulation by phosphatases, providing new mechanismistic and treatment insights for

6,000+ potentially relevant cancer mutations.

Chapter 6 takes a turn from disease models and demonstrates how a similar mechanism can
be applied by normal cells to regulate their phospho-states using other PTMs. We reported a
novel citrullination/phosphorylation crosstalk via PTPs. We showed that citrullination of an
arginine adjacent to a phosphotyrosine removes the PTP restriction by basic residues, resulting in

further dephosphorylation. The crosstalk mechanism was showcased using peptides adapted
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from myelin basic protein with known citrullination and phosphorylation sites proximal to each
other. Citrullination increased the peptide dephosphorylation kca/Km by 2.3-fold. The results
provide novel insights for phospho-regulation by the PTP family because they all share the

similar active site structures and disfavor basic residues in their pockets.

In summary, my work successfully established a high-throughput platform to assay PTP
activity with SAMDI-MS. Combined with peptide arrays, we could directly profile PTP
specificities, which revealed their diverse roles in cell signaling and disease development. We
used the assay to aid drug discover, understand SHP2 oncology and identify the most general
substrate specificity rule among PTPs: basic residues antagonize PTP activities, leading to the
discovery of new disease development and PTM crosstalk mechanisms. The results will have a

broader significance in advancing the biochemistry of phosphatases and their role in signaling.

Finally, I would like to share some thoughts on future directions as the phosphatase field is
thriving and our development of SAMDI-MS and peptide arrays has gone a long way beyond
measuring enzyme activities. First, I think there are bioinformatic works to systematically
analyze the basic mutants we identified in chapter 6. To date, very little is known about
mutations on the substrate. It would be beneficial to understand what pathways, phosphatases
and kinases are involved and whether there exist connections. Second, we discussed
citrullination/phosphorylation crosstalk via PTP in chapter 7. The similar mechanism should be
applicable to other charge-altering PTMs such as lysine acetylation. This would be very relevant
to histone biology as phosphorylation and acetylation site are clustered. Third, recent advance in
allosteric SHP2 inhibitor has drawn attention to the non-catalytic domains of PTPs to investigate

the non-enzymatic interactions. Our group has developed the Pi-SAMDI technology to assay
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domain-ligand interactions.'® The field would benefit from profiling these domains and
understanding how they are affected by small molecules or mutations. For example, we reported
that some mutations in the PTP-domain alter SHP2 substrate selectivity. However, how N-SH2
or C-SH2 domain mutations affect their specificity remains largely unexplored. Lastly, the
methodology described in this dissertation can be generalized for other phosphatases. For
example, our group has used phosphoserine and phosphothreonine peptide arrays to profile S,T-
phosphatases in cell lysates.!* It would be interesting to study how their specificity are regulated

by different subunits they are associated with.
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