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Abstract

Designing Active SiteDirected CovalenProbes for Tyrosine Phosphatases

Suk ho Hong

Tyrosine phosphorylation is an important ptanslational modification in cells that
modulates key cellular pathways. Tyrosine phosphatases are the class of enzymes that remove this
modification from proteinsyet we know relatively little about how they are regulated in various
signaling contexts. Activinbased probes that successfully target active sites of tyrosine
phosphatases and report on their activities can fill in this gap. We show the assessarmiof
thiol-reactive groups for their ability to target catalytic cysteine residues with specificity. Then we
construct and screen a library of fragmbke compounds for their etarget and oftarget
reactivities. We also discuss theoretical consta@ana for screening covalent inhibitors for their
kinetic parameters and show this using our experimental data. Lastly, we augment compounds
selected from the library to enable click chemistry for reporter group attachment for use on the
whole proteome, timately through mass spectromebgsed proteomics methods. We show
enrichment of target proteins. These taigattric design efforts will yield new insights into the

general development processes of actilsdiged probes or inhibitors.
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Chapter 1: Introduction

1.1.Protein posttranslational modifications

Posttranslational modification (PTM) is defined as the chemical changéndpgtendo
proteins after their synthesighich isknown as translatiohThis encompasses bond fortioa to
add small functional groups, such as phosphoryl, glycosyl or acetyl, or larger structures such as
lipids or even proteins such as ubiquitin, as well as bond cleavage, as in proteolysis or
autoprocessing.

PTMs can happen at any time during the lifecycle of a protein, and depending on when
theyhappen, many different aspects of protein characteristics may be altered. PTMs during earlier
stages mainly alter protein fatdy, conformation stability and transport destination, and those
during later stages influence the activity and biological function of the tarfgetexample by
switching protein conformatiorsome PTMs tag the protein for degradation, ending the ltfeeof
protein® This functional variation introduced through PTMs is significant, as through this process,
the proteome attains a mublgher complexitythan what is genetadly encoded in the genome,
allowing another layer of functional diversity.

More than 400 PTMs have been identified so fagigh methods including those utilizing
antibodies as in Western blots or immunoprecipitation and mass spectréisjrsnethodsas
have hundreds of thousands of modification sité¢hile newer proteomeide methods have
facilitated the detection of PTMSs, our ability to understand their biological function lags Behind.
Still, tools such as quantitative MS, peptide synthesis with modified amino acids, and PTM
specific antibodies have allowed us to study many PTMsliakdhem to different biological

functions or significant diseas€Bhe majority ofPTMs are reversible with specialized enzymes


https://sciwheel.com/work/citation?ids=157939&pre=&suf=&sa=0
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for both catalysis of modification and undoing of it, and they are thought to serve as an information

processing route in biological systems, sometimes in combirfation.

1.2. Significance of protein phosphorylation

Phosphorylation has been proven to be a very significant modification in cellular processes,
as itis a reversible PTM thahodulates enzyme activity, interactions withestproteins, stability
and localization. For example, phosphorylation of the activation loop in protein kigpg=gly
stabilizes the active conformation and promotes their acfivitigosphorylated residues can be
recognized by specialized domains such as SH2 domains, that are embedded within other proteins,
which will lead to differentiated proteiprotein interactions§cheme 1.1

In addition to being a functionallyignificant PTM, phosphorylation is also the most
common PTM in eukaryotePatabases have hundreds of thousandeoitified phosphorylation
sites, and up to 30 % of proteins in a mammalianacebstimated to be phosphorylated at a given
time® Therefore, the balance of protein phosphorylation, controlled by protein kinases that
catalyze phosphorylation and phosphatases that catalyze dephosphorylagonsignificant in
understanding signal transduction pathways in cells, and knowing states of phosphorylation in
involved proteins | ead to insights about what
propagation ofmost signals that are geaéxd from outside of a cell (e.g., hormones or growth
factors) and within the cell, whether metabolic or oxidative stiesslve phosphorylation.
Pathways that are regulated using phosphorylation are significant to all aspects of cell biology,
including proliferation, metabolism, progression of cell cycles, transcription and translation. As

disruptions to these crucial pathways can cause changes to cell states and lifecycle, many diseases


https://sciwheel.com/work/citation?ids=1171775&pre=&suf=&sa=0&dbf=0
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of importance, such as cancer and diabetes, have been identifiecitcompanied by aberrant
protein phosphorylation.

Notably, phosphorylation of other molecules @n organism such as lipid
oligonucleotidéand sugak also plays important roles in a cd@lake note ofhe fact that adenosine
triphosphate (ATP), the engrg icur r ency 0 Ynolvides free energy througk ksl s

hydrolysis, which may produce inorganic phosphate, or result in phosphorylation of a biomolecule.

HO

protein

Reversible

phospho-
protein

tyrosine phosphatase

. - Protein-protein
tyrosine kinase interaction

phosphotyrosine
recognition domain . output

Changes to activity (switch)
Subcellular localization

Scheme 1.1: Effects of tyrosine phosphorylation. Tyrosine kinases and phosphatases catalyze
the addition and removal of phosphoryl groups on tyrosine residues, respectively. They result
in profound changes in the properties of the substrate protein.

1.3.Protein tyrosine phosphatases

1.3.1Function and classification of protein phosphatases

Kinases, as stated above, catalyze the transfer of a phosphoryl group frorreadrmh

donor molecule, usually ATP, to an aptm substrate; they are distinct from a similar family of

3
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enzymes called phosphorylases, which catalyeaddition of an inorganic phosphate group to a
substrate. Phosphatases carry out the reverse process of catalyzing the clgawegphofic acid

ester into phosphate and alcohol. Naturally, protein kinases and protein phosphatases catalyze the
phosphorylatiorand dephosphorylatioof protein substrates, and they are further classified by
which amino acid residues they recognizewsstgates. While there are 9 amino acids identified

to be substrates of protein phosphorylafibiyure 1.1) three are notable for eukaryotes: serine,

threonine, and tyrosine, with the first two being the most common.

phosphoesters

9 g 0.~
0=p-0 0=p-0 o
o} o} o
Eukaryotic signalin
AAA AN A yotc signaing
H o) H o H U
pSer pThr pTyr
o o
O‘\F"-.O, O‘p”o =y 'O—F:1=O phosphoramidates
i ¢ SR 0.0 i
, “i> o \N’\\N oy anhydrides -
N = o
l"(N -’LN .’AN ,-'LN
oo H o "o H o
m-pHis  T-pHis pASp pGlu Prokaryotic signaling,
o2 o metabolism...
0, oI
0=p-0° g
S NH,*
iAN !‘(N ’AN
H o H o H A —
pCys pLys pArg phosphorothioate

Figure 1.1: Structures of phosphorylated amino acids. More have been reported, such as
pyrophosphoserine (ppSer).

Traditionally, kinases have been studied more extensively than phosphatases. For example,
many pathways have first been undeosl through the actions of the kinases involvedgood

example is mitogesctivated protein kinas¢ MAPKs) and the MAPK/ERK pathway, which has



been extensively researched, due to itsrdaching impacts on cell proliferation, survival and
differentiaion, and consequent prominence in many diseases including cancer. This pathway
involves multiple checkpoints, which are different kinases serving as regulation sites. Another
example is receptor tyrosine kinases, which serve as starting points for ntamgysadriginating
from an external signal. On the other hand, originally protein phosphatases were seen as
Ahousekeepingo enzymes t hat tend t o dephos|
indiscriminately®. However, phosphatases have gradually emerged in the recent decades as
regulators of many signaling pathways, and thus as potential drug targets‘aSwell

Protein phosphatases are classified according to the residues they take as substrates. Protein
serine/threonine phosphatases dephosphorylate serine and threonine residues of a protein, and
protein tyrosie phosphatases dephosphorylate tyrosirgsme of themrecognize both
serine/threonine and tyrosine residues as substrates

Protein tyrosine phosphatases (PTPs), along with protein tyrosine kinases, are involved in
the regulation of many pathways, such #ee aforementioned MAPK/ERK pathway. One
interesting characteristic of PTPs is that they share a common motif in the active site
(H/V)CXsR(S/T)1 whereas they are different from serine/threonine phosphatases in their structure
and mechanism: serine/thréne phosphatasesemetalloenzymes that have a bimetallic center,
relying on metal ions such as3F®r Mr?* for their catalytic activity. This is in contrast to the
protein tyrosine kinases, which are larghymologousn structure and sequence to fhretein
serine/threonine kinases.

More than 98% of all phosphorylation sites are Ser and Thr, and accordingly,
serine/threonine kinasese more numerous thayrosine kinasesHowever,there are over 100

PTPs in humangompared to onlgbout 40 protein serine/threonipleosphatses*. This suggests


https://sciwheel.com/work/citation?ids=3294902&pre=&suf=&sa=0&dbf=0
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that individual PTPs have different functiomsdthereperhaps isubstrate specificity for each

PTP. Indea, even though they share a structural motif and the same catalytic mechanisms, they
differ in their biological roles® Interestingly, even with highly conserved activies; individual

PTPs display a wide range of catalytic efficiencies; for example, PTP1B has about tenfold higher
efficiency than that of HePTP Establishingheroles ofeach PTP has been a lestanding goal

in this topic'® Genomic approaches such as ribonucleic acid (RNA) interference and knockout
analysis have been used to fill this gapowing thaphosphatases are important to cell survival

or serve as tumor suppressbtrBut there are limitations to those methods, including the fact that
phosphataseare often regulated pestnslationally, which those methods cannot report®on.
Research in this field would benefit significantly frorfaenily-wide tool toprofile the functional

states of PTRssuch a tool could allow researchers to assess the roles of individual PTPs in
particular signaling@ventsor pathwaysand potentialijhelpidentify therapeutic targets for disease

treatments.

1.3.2Structure and classificationof protein tyrosine phosphatases

The PTP superfamily, with 107 genes in the human gencemnehe further separated into
several categorig$igure 1.2). There are 99 class | PTPs, 1 class Il PTP, 3 class Ill PTPs, and 4
class IV PTPs. Class | PTPs form the ongjroup, that contains 38assical PTPswhich are
specific to phosphotyrosine residues and consi2il.dfansmembranegceptorlike PTPs and.7
cytosolic, norreceptorPTPs.They also contain 6#ual specificity phosphatases (DUSPRs
DSPg, also knavn as VHllike. Class Il PTP is a single gene encoding LMWPTP, and class Il
PTPs comprise Cdc25A, Cdc25B and Cdc25C. Class IV PTPs are unique in that their catalytic

residue is an aspartic acitl.
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: PTP catalytic domain

SH2

| L
L | Ta, T

2

CD45 PTPa PTP1B DUSP3 LMWPTP
SHP1 PTEN Cdc25A
SHP2
Receptor-like (21)  Nonreceptor (17)
Classical (38) DUSP (61)
Class | (99) Class Il (1) Class Il (3)
PTP (107)

Figure 1.2: Classification of human PTPs and domain architectures of structures.

As introduced PTPs possess a common motif also knowth@BTP signature motif in its
active site.The structural similarityof class | PTPsloes not end at just the signature motif. The
tertiary structures share many features such as the active sitencleding the Rloop, and a
functionally important surface loop calldte WPD loop, as well as other loops calledd@p and
E-loop (Figure 1.3}! In addition, ¢assical PTPs hava substrate recognition loop that DUSPs
lack, and this may explain the difference in their compatibility with substiisii@®over, PTPs
are notable for their modular structures (Figure 1.2). At least 79 PTPs contain one or more
additional domainsrecepto-like PTPs have transmembrane regions, and PTPs may have another
pseudophosphatase domain or other extensions that modulate their function or targeting abilities.
For example, SHP2 has two SH2 domains that regulate the catalytic activity by assumiegtdiffe

conformationsn response to phosphoprotein binding


https://sciwheel.com/work/citation?ids=3294902&pre=&suf=&sa=0&dbf=0

Substrate specificity is conferred by both the auxiliary domains that may provide protein

shown to be important in substrate recognitof.

WPD loop

Q-Ioop\;g&gﬁz

S 7A%
\\ —TE-loop

g2

74 ‘ ’/‘,
\ J" /
‘ 7 L ""n/" 4

/

substrate recognition loop

"4 \-P-Ioop

shown in sticks, and numbered as inPTP1B. (PDB: 1PTY)

Thereasonwhy yr osi ne

phosphatases

have

protein interaction or subcellular localizatihas well as individual residues in the catalytic

Figure 1.3: Structural motifs of a classical PTP bound to a ligand. Conserved residues are

been

conserved, making it hard to find a specific structure for a single tdf§dthis is in stark contrast

domain. Several individual residues have been linked to substrate specificity in PTPs, mostly

through crystal structured;?® the dynamics and plasticity of various loop structures were also

rega

at first wasthat the active site pocket preferred negatively charged groups in its active site, which

led to poor bioauéability of drug candidate molecules, and that the conserved motif is so well

to protein tyrosine kinases, for which several different targeting strategies exist, due to its structural
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features such as the ATP binding pocket; for this reason, there are mov® thBA-approved
drugs targeting tyrosinernases, while there still is none for tyrosine phosphatd<és.

While tyrosine kinases have bdaarestigated more extensivdlyan tyrosine posphatases
for various reasons such as PTPs being purified and cloned later than'Rjrsasae PTPs that
have been better characterized have been shown to have impbytsintogical implications. For
example, PTPN11, encoding SHP2, is a partoogene that was found to be mutated in cancer
patients,germline mutations in this gene cause ~50 9\Nobnan syndrome aralmost all cases
of LEOPARD syndromgboth of which aregenetic disorder® PTP1B is well known for its
involvement in the insulin signaling pathway, and as such has come under spgtigbtential
therapeutic target foriabetes’® CD45, areceptostype PTP, is involved in T cell signaling,
dysregulation of which may lead to autoimmune disefs®sveral other PTPs, such as PRL3 and

Cdc25%, have been identified for the correlation between their expression levels and .&aficers

1.3.3Catalytic mechanism of protein tyrosine phosphatases

As all PTPs share catalytically important residues, their catalysis mechanism is very much
conserved across members of the farfiigure 1.4), and it has been extengiva&udied using
structural information, sitdirected mutagenesis, and various kinetic ana%&dn the first step
after substrate bindinghe thiolate on the active site Cys of the enzyme famS-P bond by
nucleophilic attack on the phosphorus of the pTyr. During this step, the transition state is stabilized
by the conserved Asp residue on the WPD loop serving as a general acid, spreading the negative
charge over its carboxylic acid group. After this step,eéhzyme has the phosphoryl group as an
E-P complex, and this is hydrolyzed, facilitated by the aspartate group; a water molecule sees

nucleophilic attack by the carboxylate, and in ftine oxygen attacks phosphorus and the thiolate
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group isset free. Reearch shows that aside from the two crucial residues, Arg in the active site
stabilizes the transition states with its guanidinium group, and Gin on {dlepQaids the

positioning ofawater molecule and the Asp on the WPD loop.

Arg\\ Arg\\
N N’
N7 WPD loop N7
H H
—~ o _ Lo . O;P’O"'- o
Cys S - g Cys S— 1\
S oy S s S )Y
—& 0 o} A )
OH L o P
[ ;
P-loop H.N_ O O’?\OH
cu Q-loop
substrate

Figure 1.4: Catalytic mechanism of protein tyrosine phosphatase

As the active site Cys is central to the catalytic mechanisnmadification of it disables
the activity of the enzymélhis opens the door for various regutgtonechanisms for PTPA
well-known mechanism is through oxidation: oxidation of thiol groups produces sulfenic acid
(CysSOH), which is reversible, and further oxidation takes the functional group into irreversible

states of oxidation, namely sulfinicid¢Cys-SO,H) and sulfonic acid (CySO:H) (Figure 1.5)
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Figure 1.5: Redox regulation of catalytic Cys residue.

With methods to monitor PTP oxidation, it seems tkattive oxygen species (RO&SE
functioning as intracellular secondary messengers in many signaling paftiWéyatis less clear
is whether this is actively used in the cell as a way of controlling the activities of PTPs, or if thiol
oxidation is yet another side effect ROSgeneration in cells. Interestingly, there is a chemical
reaction that prevents active sitgsGrom getting irreversibly oxidized. Sulfenic acid has been
shown to react with an adjacent backbone amide or a thiol group to form a cyclic sulfenic amide
or disulfide bond, respectively, states that are reversible by reduction and cannot be oxidized
further. This may suggest that oxidation is being put to a regulatory use in cells, or at least present
therapeutic targef€. Furthermore, some sulfenic amide formation hasn shown to induce a
substantial conformational change in PTP1B, changing its substrate bindingatilhgs also
been suggested thanitrosylation, another knowiorm of PTM for cysteines, potentially protects

the active site cysteines from irreversible oxidafibn.
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1.3.4Regulation of protein tyrosine phosphatases

Besides oxidation, seval regulatory mechanisms are observed in Pf®secategory of
regulation mechanismsheresubstrate binding capabilities akeredto control the activity. As
mentined earlier, SHP2 possesses a mechanism where it switches conformation between an active
one where access to the catalytic domain is not blocked and an inactive one where the active site
is occluded by its BSH2 domain, preventing catalygisigure 1.6a)This has made possible the
development of allosteric inhibitors of SHP2, such as SHP099pttke®HP2 in an inactive state,
without perturbing the other PTPs. Indeed, SHP099 was demonstrated to supprieRKRs
signaling, showing that PTPs can be usedtargets to control downstream signafth@his
allostery is recognized as a promising strategy for targeting phosphatases in therapeutics, given
the hardto-drug natue of the PTP active site; 6 allosteric inhibitors of SHP2 are currently in

clinical trials, with more as combination drutjg3
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Figure 1.6: Regulation mechanisms of PTPs. (a) Allosteric regulation of SHP2. (b) WPD loop of
/ 3/ ! OwUT OPOWDOWEOUT A @®POEODE &R OB 06 w@HDE a3HBE x UOU w/
6CRF, 5K9V, 5K9W and 2NLK)

There are several additional examples of allosteric regulation in PTPs. The WPD loop of
PTP1B is known to be in two different conforn
open in apo states and closedound state§Figure 1.6bY* This loop positioning is also known
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to change depending on oxidation stdtdmportantly, several allosteric inhibitors tHiat PTP1B
in the open and thus inactive state have been identffRdsearch suggests that MKP3 (DUSP6)
undergoes a conformation change upon ERK2 binding, which increases the catalytic efficiency by
realigning the active site and the acid Idé@everal PTPs oligomerize whielffects the activity
too (Figure 1.6c)areceptot i ke PTPU was f ou niddudecdwayl aftereviiichz e i n
the active sitebecone occluded and thus activity is IEPTEN,a welkknown tumor suppressor
due to its specificity fophosphatidylinositeB 4 5-trisphosphatévolvedin PI3K/Akt pathway,
was shown to homodimeriZ& Some cancelinked mutations to PTEN were shown to constrain
the catalytic activity of willype PTEN as well in a dominanegative matter, due to the
dimerization between those two types of PTEN.

Other ways of regulation exist, includimgntrolled expressiqrsubcellular localization
and alternative splicing; PTPs may also be phosphorylated themselves, the effects of which may
not be fully known yet>>2While regulation methods for a small number of PTPs are relatively

well studied, much is unknown about the vast majority of the PTPs.

1.4. Activity -based profiling

1.4.1Activity -based protein profiling and activity-based probes

Activity -basedprotein profiling (ABPP) is a method to profile enzyme activity, using a
small moleculeactivity-based probe (ABP) that labels the target enzyme. The important
components of the probes are the reactive group, which is responsible for bond formation between
the probe and the target, and the detectable gvahiph allows for recovery or identification of

the labeled proteins. In addition, the probe has to have éasgubat allows the probe to haae
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affinity for the target enzymes and prefers to bind the active enzyme over inactive or modified

ones(Scheme 1.2
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Scheme 1.2: A visual explanation of activity -based protein profiling.

The reactive group, often called the fiwar he
the target, through a mechanism that is related to the catatyivity of the target. Often this is
an electrophilic groughatresults in a nucleophilic attack by the nucleophile in the activeTs$ite.
reactive group needs to hathee right reactivity, as it must be reactive enough to label the target
site, but nd so reactive that it also labels the-tdfget residues. The detectable group is usually
either a fluorescent tag or an affinity tag. Fluorophores may be used fotbasgel ABPP or
microscopy; they can be enhanced by making them activatable, whidefid orin vivo
applications. An affinity tag, such as biotin, can be used in blotting, or for enrichment using resin

based reagents for subsequent MS analysis. Furthermore;stéefovapproach is possible, where
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a chemical group is in the place of afirafy tag, which is later reacted with a reporter group,
through bioorthogonal click chemistry such as cogaalyzed cycloaddition reactiGh>®

One key advantage of A® is that it allows researchers to monitor the activity levels of
the target enzymes, instead of just abundance at the transcription or the translation level. With this
technique, enzymatic activity of the target may be qdeam@oss various cell types, cell states, or
after treatment with different inhibitor compounds. Since the advent of tandem mass spectrometry,
the combination of ABPP with MS has given researchers a powerful tool to identify hundreds of
enzymes of the saniamily at once?

A mode known as competitive ABPP can also be employed on inhibitor screens, where a
biological system is treated with candidate compoundsangbared to the untreated system via
ABPP, to look for a reduction in the signal. This can be used even for enzymes that are poorly
characterized, as it does not require prior knowledge about the catalytic mechanism. It has been
applied to higkthroughputscreening (HTS)®

ABPP has been successfully applieda number of enzyme familiegielding valuable
discoveries. For serine hydrolases, ABPP has identified anmewber of the family without
sequence homology, and led to the development of multiple inhibitors of the PArABPP
helped uncover several cysteine proteases that lootario tumor growth, provided a diagnostic
tool for lysosomal storage diseases by targeting glycosidases, and was used for inhibitor screening
andin vivoimaging of several enzymes, including kinases and metalloprot€&éésost families
with viable ABPs have been probed for their activity profiles in different caocsetexts,
providing new understandings of cancer metabolism and signaling patfivalye. enzyme
familiesthat present the easiest target for ABP aoseltthat researciseeknow sufficiently about

the catalytic mechanism and structure. Especially, if an enZgmmes an enzymesubstrate
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intermediate in the catalytic procesisis can be exploited to create ABP8Yy this logic, tyrosine
phosphatases should also be a good target for potential ABP. Iadeerhhctivity-based probes
for PTPs have been reported sg®ahowever none of those molecules have been successfully

applied to a mass spectrometry proteomics work.

1.4.2ABPP for phosphatases and design considerations

We ranked previously reported ABPs by the similarity of their labeling reaction mechanism
to the subsate dephosphorylation mechanism of the PTPs (FigureA s6hool of thought is to
use a suicide substrate. Also successfully applied to targets that do not form an-smastrete
intermediate, suicide substrates vdlbelthe enzyme in an indirectay after catalysi€® In this
case, a quinone methidenerating probe, such asddluoromethylphenyl phosphate (DFPP)
derivatives hasbeen shown to work with PTB%%” These will undergo dephosphorylation as a
normal substrate would, but the resulting quinone methide is quickly attacked by a nearby
nucleophilein the active site to generate a covalent adduct. Howtwese are not specific for
PTPs, and also there is always a concern that the created reactive species will react at a place that
is distant from the active site, or more importantly, to anotheejrin the vicinity and not the
protein of interest® Anotherbroad family of probes has beBhalobenzylphosphonatesosely
resembling the native substrate pTyr, their tieacalso begins with the active site thiolate
attacking the phosphorus atom for anPSbond formation. Rosphonodifluoromethyl
phenylalanine(F2Pmp) has been reported asnarhydrolyzable inhibitor for PTPs® and
subsequentlhcovalent bondorming derivatives were developethcluding a tripeptide of L
phosphonebromomethylphenylalanine (BrPmp). A bromo varietyhramobenzylphosphare

(U-BBP), with a biotin tag, has been put to use as an acbeited probe for PTPs, as well as with
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rhodamine for visualizatio?f. This was possible as they did noacewith other phosphatases,

such as serine/threonine phosphatases.
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Figure 1.7: Reported activity -based probes and their reaction mechanisms . They are ranked by
their resemblance of substrate dephosphorylation mechanism.

A third option is a covalent inhibitor probe that will react with the active site cysteine, but
in a less mechanisimased way than those introduced above. In this area, as there are many thiol
reactive groups in the chemical space, malagses of compounds have been identified as
inhibiting PTPs, either through direct bond formation, or irreversible oxidation of the active site
cysteiné®* However many ofthese reportenly go as far aslemonstrating that the compounds
inhibit PTPs In many cases these molecules are very small molecules with a functional group to
react with the thiols, so without the degree sirilarity in their mechanisms to substrate
dephosphorylation mechanism that the probes mentioned previoagty it can be expected that

17


https://sciwheel.com/work/citation?ids=9940936&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5711625&pre=&suf=&sa=0&dbf=0

they will have very high offarget reactivity as well. Indeed, it seems that the only thing that
separates the active site cysteines from all other cysteitesgid which the active site cysteines
have lower value® In terms of accessibility, active site cysteines are actually at a disadvantage,
as molecules that lack a sadtf to speak of, such as iodoacetan(idéd) , are known to prefer
the surfaceexposed residues to the ones in pocK¥&ill, aryl vinyl sulfones and sulfonates have
been reported as an active siieected probe for PTPS.

Therefore, it seems imperative that binding affinity is introdutterough a scaffold
structure- also known as recognition elementtowards the active site pockets of PTPs. In this
aspect, PTPs having a highly conserved active site is a plus, as the goal oflaasedyprofiling

is more of a familywide probing 6 PTPs, as opposed to drug discovery efforts.

1.5.Overview of dissertation

In this dissertation | present a series of works to develop activdisétged probes for
tyrosine phosphatases that may be used as adbia#tgd probes. It starts with previousdported
vinylsulfonate and vinyl sulfone molecules, which were characterized extensively; on top of that,
new variants were synthesized. The result was that these molecules were too reactive to be
successful ABPs. Next, | turn to a wide range of théalktive groups to evaluate their reactivities,
and then sample a few of them for a systematic analysis of different scaffold structure fragments.
PTRspecific assays were used to assess the chemical space for potency and target specificity, and
PTRindepenént assays aided the contextualization and interpretation of the data. This process
identified trends in individual PTPs, that thiazoles are preferred by many PTPs, and even
uncovered some structuaetivity relationships. Encouraged by this, | employediradepth

analysis of kinetic parameters, and showed that affinity and reactivity aspects of each probe
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reaction can be partly extracted from PTP inhibition data. Finally, several candidate molecules
were tagged and taken to bothgel and MSbased protanics experiments, where successful

enrichment of PTPs were shown.
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Chapter 2: Evolution of vinylsulfonate probes for PTPs

2.1.Background

While many PTPs play an important role in cell signaling, and their dysregulation has been
shown to lead to diseases of clinicalngiigance, a majority of them have not been scrutinized for
their substrate specificities or regulation. A method that will allow a more detailed look into how
each PTP behaves during different cell statescisvity-based protein profiling (ABPPMany
families of enzymes, including kinases and proteases, have been investigated for their activity or
regulation across cell states or signaling events through this method, especially when employed
together with tandem mass spectrometry (MS) proteorAgE®xgained in the previous chapter
several types of probes have been repdae®TPs.Quinone methidgyenerating probesvhich
are dephosphorylated the same way as natural substnates,seen some success with the
attachment of peptide recognition elenseriiut have an inherent issue of generated reactive
species not necessarily reacting with the target protdimpmobenzylphosphonate probes were
used both in conjunction with biotin and fluorophorest suffer from low cell permeability and
susceptibiliy to solvolysist® Aryl vinyl sulfone and sulfonate probeshich do not have ionic
charged groups and are eprmeablewere shown to be active sitlirected probes tharesent
a potential for building upon with rational design, which is the basis of this ci&ptewever,
there has been no report on ABP with MS proteomics with PTRkat® Indeed, the most
challenging aspect of finding the right probe is striking the balance between the reactivity, mostly
rooted in the reactive groupo r i w airchoe@ dnd the selectivity towards target proteins
over the backgroundyhich tendsto depend on the overall structure of the compoundn,The

having cell permeability is necessaoyprobea live biological system, such as cell culture.
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Phenyl vinylsulfonate (PVSN), along with phenyl vinyl sulfone (PVS), was reported in
2008 as an activste-directed and mechanisbased probe for PTPSIn their work, the formation
of a covalent adduct with YopH was shown through both intact protein MS, peptide MS, and
peptide MS/MS; and its kineticaere observed through inactivation assafgs example, Kand
Kinact of PVSN for YopH were measured to be 029.06 mM and 0.06% 0.002 mint,
respectively Crystal structures for PVSN and PVS adduct of Yoptiealso obtaned, providing
insight into the probebs or i emvitradxpeomentsweret h e
done, where PVSN was shown to label-ligged HePTRansformednto the proteome and also
increase global tyrosine phosphorylation levels in €O&lls treated with the compound
suggesting cell permeability.

One notable condition of the experiments was that they were condatqétl 6. This
provides for the differentteon of the active site thiohs itwill mostly stay in a thiolate state due
to its lower pk®® originating from its local environmest Indeed, some of the results implicitly
show that the covalent labeling by PVSN mostly happens on the active site cysteine; however,
even at pH 6, none of the resulisthe original studyonvincingly showthat PVSN labeling is
selective towards the active site Cys.

As explained in the previous section, this maybbeauset this stage researchers were
focused on identifying what inhibits PTPs and how, without too much concern going into-the off
target reativity. The reader will find that some of the conditions used in the original work, such
as the millimolarrangeconcentration of PVSNare actually on the extreme side for a highly
reactive group as vinylsulfonate. Nonetheless, this work proposes @gsiimg point, that PVSN
is a pTyr mimetic, supported by the observations that: crystal structure shows the phenyl group

situated in the ApTyr binding pocket, 0 met hyl
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of YopH even after prolonged incuimn, and mutation of the general acid Asp results in a slower
inhibition of YopH.

So even though PVSN may be on the lowed of how mechanisnabased different
activity-based probes are, it is possible that the inhibitor benefits from the active site structure
designed to catalyzéhe dephosphorylation of pTyr, such as the general acid Asp, or the
stabilization of sulfonate groupxygen atoms from the-Bop side chains and backbone amides.
This leads us to a seminal concept with wHiglmbarked on this journey: if PVSN is a mimetic
of pTyr substratg cues may be taken from other known substrates as well.

In this chapter, we shwed that PVSN is highly reactive with multiple Cys sites on PTPs
at physiological pH. Then, a new coumalbiased compound was conceived, and we show that it
has an even higher reactivity. As in the original paper, aaigged PVSN was synthesized and
shown to label proteins covalently; lastly, more of the vinylsulfonate derivatives were synthesized

and characterized similarly.

2.2.PVSN is highly reactive towards norcatalytic cysteines

To monitor the reaction of PVSN with proteins, a liquid chromatograpsss
spectrometry (LEMS) was developed. Here, purified PTPs were incubated with probe compounds
T in this case PVSN and the resulting mixture was analyzed on MS. While the mixture did not
contain any significant contaminant or side product, the LC ponidped to get cleaner protein
signak. After integrating the m/z spectra accumulated over the protein elution window,
deconvolution of the charge envelope with MaxEntl algorithm revealed molecular weights of

different species, corresponding to proteingatently labeled with various numbers of candidate
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molecules. Then the composition of total proteins in diffegreesof labeling could be

obtained. (Scheme 2.4ee also Figure 2.1
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Scheme 2.1: Workfl ow of intact protein MS experiments.

After testing PVSN with several PTPs, it was immediately clear that, given the existence
of anE+2| (protein covalently linked to two probe molecules) species or higher, at least some of
the offtarget residues are gjag labeled.The finding was further suppodéy inhibition assay:
after the preincubation of compounds with purified PTPs, the remaining activity of the enzyme
was measured by monitoring the catalysis of pNRRt(éphenyl phosphate) dephosphorylation,
which results in pNP itrophenol), the deprotonated form of which has a strong absorbance
around 405 nniScheme 2.2)nhibition data can be used as a proxy for labeling in the active site,
the absence of inhibition gives away that the active siteieysts not labeled at all, and so some

other residues must be labeled, to give the adduct species in the MS experiments.
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Scheme 2.2: Workflow of PTP inhibition assay with pNPP.

The resultshowed that for certain PTPs such as CD45, the same condition does not inhibit
the enzyme at alkgeFigure 24). We also tested PVS, and it had a lower reactivity than PVSN.
This meant a few thirg first, while PVSN labeling may b@mewhamechanisrbased, it does
not necessitate the existence of catalytic structorée active site pocken fact,simple Michael
addition reactioabetween PVSN and any surface thiol resideem to bg@ossibé, and in some
cases favored. Second, this makes it very unlikely for PVSN to be successfully used as an activity
based probe because if the molecule can label sortargét residues in the same protein, it will
likely react with other oftarget residug across the proteome as well. It is important to note that
all these experiments were carried atpH 7.5,the physiological pH that the ABP will have to
function in if it is to be used im vitro cell-treatedexperiments. At a higher pH, all thiolseanore
in the deprotonated state, which is the reactive species; therefore, the reactivity needs to be tuned
at the same time as the scaffold is improved to provide affinity for the active sites of PTPs. When
the reaction of PVSN with PTRsgas observed impH 6, it was confirmed that the reactivity is

greatly reduced, with the majority of PTP species still staynrgacted(Figure 2.1)
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Figure 2.1: Reaction of PTP1B and PVSN as determined by intact protein MS. PTP1B was

incubated with 100 4 , PVSN (structure on the right) at pH 6 and pH 7.5 for 1 h before being

analyzed on LC-MS. Numbers on each peak denotethe corresponding number of PVSN per
enzyme reacted.

We subsequently identified the labeling sites on PTP1B and Yoptyiyc digest MS.
PTP samples werg@reincubated with compounds with intact protein MS experiments, then
digested with trypsin. The resultipgptide samplesere analyzed by tandem rsagpectrometry,
specifically with datandependent acquisition (DIA) over the full m/z range, also knowi%is
for Waters instrument§.his showed thatoncatalyticCys residues are also labeled, and for some
residues at a higher rate than the catalyyis,@onfirming the observations made in the intact

proteinMS assay and the inhibition assay. (Figure 2.2)
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Figure 2.2: Example spectra for PVSN labeling site determination. Both peptides containing

the active site Cys(left) and those containing other Cys (right) show labeling by PVSN. On top

are low-energy spectra where green highlights the peptide m/z, then are high-energy spectra

where fragment ions surrounding Cys -PVSN are marked, and at the bottom are the fragment
ion assignments.

2.3.Methylcoumaryl vinylsulfonate, a substratebased desigrwith higher reactivity

While pNPP is a common substrate for kinetic analysis of any phosphatases, because the
product generated from ighosphorylation is measured by its absorbance, there are limits to how
low the substrate concentration can Qoere are several fluorogenic substrates tsget around
this with much more sensitive fluorescence readi6g@sdifluoro-4-methylumbellifeyl phosphate
(diFMUP) is a commonly used example of it. Michadlisnten analyss of pNPP and diFMUP
using full-length SHP2 gahof-function mutantE76K, which stays in the open conformation,

showed thakcarwas about 4@meshigher for diFMUP than forlPP,while Ky was lower, about
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tenfold (Figure 2.3). This is confirmed by previous reports of the same andf{’Sihiat thekcar

of diFMUP substrate would be higher than that of pN&Expecteddue to the stabilization of
negative charge state of diFMUalso evidenced in the lower pkf methylumbelliferone (7.79)
than that of phenol (10.0xhich would be onlyurther enhanced byé two fluorine substitutions
(pKa of the leaving group is 4.9However the scaffold also provides for better affinity, resulting
in a lower Ky value.Catalytic efficiency k«/Km for MUP is between those of pNPP and diFMUP

for both wildtype and E76K,ikely a result of both factors.
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Figure 2.3 Commonly used substrates and their kinetic properties. Three substrates and their
leaving groups with pK a. Km and kea: for SHP2 FL wild -type and E76K mutant as dbtained from
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Michaelis-Menten assays, secondary plots of which are shown. Structures of vinylsulfonate
analogs of MUP and diFMUP.

Based on the lower \Kfor diFMUP over pNPP, we reasoned that covalent probes based
on an umbelliferone scaffold might be leetthan those based on a phenyl scaffbigure 2.3.
Simply, if we regard PVSN as an analog of pNPP minus the nitro group, we can imagine an
umbelliferone molecule with a vinylsulfonatgtached to the -position. We were able to
synthesize both molecules with and without the difluoro substitutions, producidg 7
methylcoumaryl) vinylsulfonate (abbreviated as MUVSN for convenience)-#6@-difluoro-4-
methylcoumaryl) vinylsulfonate (EMUVSN). Due to the small amount of the diFM@Ralog
more assays were performed on the Masialogmolecule. The results showed that MUVSN was
more reactive than PVSN both towards the active site of PTPs and generally towards the Cys
residues. The mostramatic illustration of this came from the intgototein MS labeling
experiment of SHP2 catalytic domain with a high concentration of vinylsulfonate compounds (1
mM): while PVSN also showed adduct formations of higher thathé number of Cys residues
in the catalytic domain of SHR2joing up to 8 labeled sites at 30 minutes, MUVSN displayed the
highest adduct species of 31 at a shorter time of 20 migdé¢s not shown)it is known that
groups containing vinysulfone can label other amino acid resd such as lysine and histidine
This was corroborated Hyoth our fragment MS data showing PVSN label those residues, and
our data in the inhibition of St&2, phosphatases with His as catalytic residue instead ofAiiis
various thiotreactive componds. Thus, this result is expected in terms of higher adduct species
being formed, but still striking in showing how different the reactivity is between the phenyl and
the methycoumaryl scaffold of the same vinylsulfonate group of compounds. While diFNTUVS

reaction with PTPs was harder to characterize on MS due to the fragmentation of the covalent
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adduct, it showed impressive reactivities for the active site Cys, inhibiting CD45 and YopH, the
ones harder to inhibit, up to ~40 % and ~90 %, ranking amongalséreactive covalent probes

among the ones tested in latter chapters. (Figure 2.4)

PTP1B
SHP1
SHP2
HePTP
CD45
YopH

|
H ﬁr . ﬁ . . Stsl

T T
PVSN PVS MUVSN  diFMUVSN

Residual activity (%)
i
N

o
o

Figure 2.4: Inhibitory activities of PVSN, PVS, and substrate -inspired compounds. All
preincubation was done with 100 4 , compounds for 1 h. Sts-1 is aubiquitin -associated protein
that belongs in the histidine phosphatase superfamily, meaning that it display s phosphatase
activity with a catalytic His residue .

By going to much lower concentrations, as low as [l we were able to compare the
reaction progress of PVSN and MUVSN by injecting the incubation mixture onto the MS at
different timepoints. This showed how, as the reaction progressed, species of éndatighng
degree emerged and lower ones disappeared accordhtgiil 6, the progressas far slower for

both moleculegFigure 2.5)
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Figure 2.5: PVSN and MUVSN labeling over time as monitored by intact  protein MS. The
reaction was carried out at pH 7.5; for comparison, datapoint for 60 min at pH 6 (10% , ) is also
shown to the right.

2.4.More vinylsulfonate compounds

Data such as intact protein MS that showed highetanffet reactivity for MUVSN made
suggestedhat going from PVSN to MUVSN had not only scaffold effects, increasing the binding
affinity which was the intention, but also drove up the intrinsic reagtofitthe vinylsulfonate
group We sought to try other scaffold structures with a similar bulk but without the heteroatoms
of the umbelliferone structure. For a quick reference, it has been noted through studies on
phosphate substrates, that the, pK2-ngphthol (9.51) is similar to that of phenol, and is higher
than that of 4nitrophenol (7.15) and methylumbelliferone, which is the leaving group for pNPP,
even though -haphthyl phosphate behaves similarly with pNPP and MUP in terms gk:iéeé
Km whentested with Cdc25A and PTP1, a rat homolog of PTP1BThis means that-@aphthyl

phosphate is still a better substrate than phenyl phosgespite having similar leaving group
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pKa Thus, we hypothesized that using@phthyl analg of PVSN may show the preference for
doubleringed substrates over their singieged counterparts more clearly, with the leaving group
pKabeing similar while the group never leaves in this case, it could still speak for the stabilization

of the transition state. (Scheme 2.3)

0 g 0
S5 O BN \©\ S5O
Q7 N ,S\ 0"
] "% 0

2-naphthyl VSN 4-biphenyl VSN Bay 11-7082

corresponding

LG pK, 9.51 9.55 (10.3)

Scheme 2.3: Structures and leaving group pK a of more vinylsulfonate compounds.

Accordingly, vinylsulfonates connected tenaphthyl and <biphenyl structures were
synthesized, as representatives for douinig structures that are either connected by@ l&nd
or fused. The result showed thah@phthyl vinylsulfonate and-diphenylvinylsulfonate had a
comparable level of reactivity, with some differenceghe individual PTP level, the naphthyl
compound being slightly more reactive with PTP1B and CD45. On average, these compounds
were on the same level of reactivag MUVSN, butslightly lower. With the MS experiment, a
similar trend was observed, with the two compounds coming in between PVSN and MUVSN for
the average degree of labeling. (Figure 2.6)

Another vinylsulfonate compound that has been reported as a PTP inhibitor isl-Bay
70827 which differs from PVSN mainly by the (E)-cyano group on the vinyl. While it is best
known as anuclear factoe B i n Jit was repmrted to inhibit many other classes of enzymes
such as ubiquitispecific proteased We tested Bay 17082in both substrate inhibition and

intact protein MS assays and found it to be extremely reactive, only matched by our own
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diFMUVSN molecule (Figure 2.6). Therefore, it is no surprise that BayOBPR is a broad
spectrum inhibitor for many classes of enzyrtes require a Cys group in catalysi¥e also
found that covalent adducts of Bay-1082 manifest in two different added molecular weights:
one corresponding to Michael addition mechanism, and another lighter modification, which
corresponds to a substitan reaction with 4methylbenzenesulfinic acid as the leaving group that
has been proposed befdfeThe existence of a second, dissociative pathway renders this

compoundess useful for ABP purposes.

300+

B PTP1B — B PTP1B
1.0 mSHPT T = YopH
> .
£ ] B SHP2 = 200-
5] ‘ 2 HePTP &
T 0.54| = CD45 s
3 | h o 100
B i = YopH %
e |, H = Stsi 8 a
0.0 H| T Ly T T 0- — L
s P & & & & @ SR I R .
& EEE S & EEE S
< é)\\5‘ FIEN) *\\ <& 5\\3‘ (@(\‘\ (\\\\‘\ \\*\'\
Q& WX e QWX P
RS RS

a: Not determined

Figure 2.6: PTP inhibition and labeling by vinylsulfonate compounds.

2.5.Tagged PVSN can label proteins, but indiscriminately

As the original reference for the PVShblecule also provided a tagged variant that can
report on labelingf, we synthesized the sameagidomethylpheny! vinylsulfonate (azPVSN)
molecule, although through a diitty different synthesis path from the reported (heme 2.4a)
Once protein samples are treated with azPVSN, they can be linked to biotin groupst¢bppegh
catalyzed azidalkyne cycloaddition (CuAACglick chemistry with alkynéiotin (Scheme 214);

standard gel electrophoresis followed by transfer to membranes allows immunoblotting with
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streptavidirhorseradish peroxidase (HRP) conjugate for chemiluminescence reporting. We used
this probe with purified enzymes to determine both the reaction gogker time and whether

the catalytic residue was being preferentially labeled. Specifically, we used SHRhdyiii
construct, with the wildype and also catalytic dead C459S mutant as well asofdimction

mutant E76K. The result showed all thrgeoups being labeled with azPVSN, but with no
noticeable difference in the rate of labeling over time (Figure 2.7). This is rather surprising, given
that at least for the C459S mutant, there is one lesgh@gslO in the wiletype,for the molecule

to react with: while it further backs up our observation in the previous section that the catalytic
Cys is not necessarily the primary site of labeling for PVSN, this suggests that labeling at that site
is so small that it is not possible to distinguish thealigifference resulting from the removal of

one Cys residue there. Same experiment with SHP-lefudfh construcs yielded similar results

(Figure 2.7).
(a) PPhs (1 eq.)
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Scheme 2.4: Synthesis and click chemistry of azPVSN.
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Figure 2.7: Reaction of purified SHP1/2 with azPVSN over time. SHP2 constructs were
monitored for their labeling by azPVSN for 1 h (left); SHP1 constructs were reacted for 30 min
and the bands were quantified in relation to the Coomassie stain image.

Intact protein MS using th8HP2 constructwith our compounds yieldean even more
perplexing result, where the C459S mutant showed faster progress of adduct fo(detamt
shown) While we were not able to definitively determine why this happened, literature has reports
of C459S mutant causing a conformation change,td local charge changes that arise from the
switch from cysteine teerine’®8 For SHP2, C459S mutant may be opening up more cysteines

on the surface due to their stabilization of the open conformation.

2.6.Discussion

Based on the offarget reactivity of PVSN, it seems improbable that PVSN can be
successfully employed as an ABP, as the molecule will label other residuestafgetrproteins
indiscriminately. Then we synthesized several new vinylsulfonate molecules with a bulkier
scaffold structure and showed that they have increased reactivity. However, even at lower

concentrations, the problem of a#frget reactivity was not resolved. Lastlye showed that the
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tagged variant of PVSN labels witglpe and catalytic dead mutant of SHP1/2 at a similar rate,
again supporting our observation that the catalytic Cys residue is not the primary residue to be
labeled at physiological pH. Thus, to irduee specificity for the active site, one can imagine that
the scaffold structure needs to be more complex to provide significant affinity for the active site.
Oncea higher affinity towards the active sib@s been achievedith which probes will spend

more time in the active site pocket, togpdown the warhead reactivityill be able to address the
off-target reactivity problem. bre moderately reactive groups can still covalently label the
catalytic Cys with sufficient occupancput will mostly be uneactive towards surface Cys

residues (Scheme 2.5).

Reactivity (Kinaet)
Reactive, [ Reactive and
but not selective selective
« Inhibits target; has « Affinity for active
high off-target sites across target
labeling events family minimizes off-
- May be useful as a target labeling events
broadly-reactive « Ideal for directed
probe | . ABPs
Q y \\,, o
’/’/' ) . 7 BN
[ Selective,
but not reactive
. « Structure has affinity,
Und'reCt_ed but slow to form .
electrophiles covalent bonds Affinity (Kon/Kof)

« May be optimized to
an inhibitor drug

Scheme 2.5: Balancing probe reactivity with  affinity for target active sites.
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2.7.Methods

General informationpH 7.5 Tris buffer was prepared wiifomM Tris and NaCl toadjug to an

ionic strength of 150miviand pH adjusted. Flash column chromatography was done on Selekt
purification system (Biotage) usingdbtilica gel cartridges. All Coomassie Blue stained gels were
imaged orChemiDocXRS+ gel imager (BicRad).'H and**C NMR (nuclear magnetic resonance)
spectra were collected at r.t. on Avance 400 MHz and 500 MHz spectrometers (Bruker).

Compounds were purchased from Sigma and Fisher unless otherwise noted.

Expression and purificatioof tyrosine phosphataseSatalytic domains of PTP1B, SHP1, SHP2,
HePTP, YopH, St4, and St were prepared courtesy of Allyson Li. Expression vectors of pET
His6-SUMO-CDA45, pET28His6-TEV-SHP2FL, and pET28His6- TEV-SHP1FL were prepared
courtesy of Nel Shah. BL21(DE3) competent cells were transformed with each plasmid and
colonies were isolated and transferred to 100 mL o$iyBplementedith appropriate antibiotics

at 37°C. Once cells reached an optical density of 0.60&t nm,they were moved t@ L of TB

and shaken (215 rpm) &7 °C. After reaching optical density of 0.3sopropyib-D-1-
thiogalactopyranoside (IPTG) was addiEdt a final concentration of 5 mMo induce the
expressiorof proteins and the cultures were incubated at’C3overnigh. Cells were harvested
by centrifugation(4000 rpm at £C for 30 min), resuspended in lysis buftpH 8,50 mM Tris,
500 mMNacCl, 20 mM imidazole, 2 mN-mercaptoethanol (BME), 1% glycero), and lysedy
sonication on iceAfter separation of insolublmaterial by centrifugatiori4000 rpmat4 °C for

1 h), the supernatant was applied to a 5 mL HisTrggyNINA column (Cytiva). The resimas
washed with lysis buffer and wash buftpH 8.5,50 mM Tris, 50mM NaCl, 10 mM imidazole,

2 mM BME, 10% glycero). The protein was eluted wighH 8.5 buffer (5§ mM Tris, 50 mM

36



NaCl, 500 mM imidazole, 2 mM BME, and 10% glycérdhrough anion exchange on a 5 mL
HiTrap Q columnThe His6 tag of the collected fractionaseleaved byncubating with TEV or
SUMO protease accordinglyvernight.The reaction mixture was subsequently flowed through 2
mL of Ni-NTA resin(ThermoFisher). The cleaved protein was collected in thefllos@ugh and
washes Proteins were further purified usifBuperdex 75 16/600 gel filtiah column (Cytiva)
with SEC buffer pH 7.5, 10mM HEPES, 50 mM NaCl, 1mM TCEP, 10% glycero); pure
fractions were poolethen concentratedith centrifugal filters MWCO 30k, Millipore). The

resulting solution wasliquoted,andflash frozen in liquidN: for long-term storage at80 °C

Intact protein LGMS analysis.Each enzyme was diluted in pH 7.5 Tris buffer so that
concentration after addition of compound wil/|l
compound was added. When not specified 0 ¢ M was the final <concent
a desired timepoint, mixture was injected onto BEH C8 column (Waters) on a-MBLsystem

(Xevo QToF, Waters). LC was carried out with gradient of 5 % to 95 % of acetonitrile (0.02 %
formic acid) for 8.5min. The protein typically eluted around 4 min; this peak on the chromatogram

was integrated and subsequently deconvoluted using MaxEntl algorithm. Subsequently, peaks
were chosen according to the theoretical MW of each adduct, within a range of 5 Déegiraded

for the signal intensity 1 Da. Total intensity of all detectable enzyme species was used as 100 %

to normalize signal against.

Substrate catalysis assay of phosphatagbition. All assays were performed pH 7.5 Tris
buffer. All measuremnts were taken at 3™ on a microplate reader (Synergy Neo2, Biotek)

Each enzyme was diluted pH 7.5 Tris buffer so that concentration after addition of compound
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wi || be 250 (or somet i me salidué 6f)eacmcdempourstockinp r ei nc
DMSO was dispensed into a wetl a 96well plate. A DMSO group was included to serve as an
uninhibited control. Subsequently,9 8 erzyme solution was mixed in each well. Similarly, a

well was prepared with DMSO and Tris buffer without enzyme teesas éaseline controlAt

desiredtime points2 0 €L al i quot s o fwerpplaeed orec96Wwel plate(n mi xt u
3), andl 8 0 pNPP solution was added to each well. pi[dBRation was prepared fresh with 100

mM DTT, and 0.1% (w/v) BSA in Tris buffer for a final pNPP concentration(typically) 20

mM during measurement. Absorbaratel05nm was measwd every 3@ for 10 min and wadit

with simplelinear regression tolain an initial rate from the slope, and the slope obtsline

control was subtracted from each group. The residual activity of each enzyme after incubation with
compoung was calculatedis the baselineadjustedslope of the treated grougivided by the

adjustedslope of the utmeatedgroup

MichaelisMenten assay of substrateSeneral measurement method was similar to inhibition
assay abovéd-or fluorogenic substrates, fluorescence was read instea@switt860 nm anbem

= 449 nm for MUP anéex = 358 nm aneem = 455 nm for diFMUP. Final enzyme concentration

after adding substrate solution was 100 nM except for SHP2 FL E76K, which was adjusted to 10
nM. Each substrate solution was prepared in 8 steps of serial twofold dilution. All absorbance or
fluorescence values were converted to product concentrations by a separate calibration curve

prepared from the same 8 concentrations of purchased pNP, MU and diFMU.

Peptide digest MS assdyamples were prepared in the same way as intact protein MSitbut w

double scale (400 eL). Once preincubation was
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to quench the reaction, and the mixture was dried on a centrifugal vacuum concentrator
(Labconco) . Each sampl e was r es ursapdheaattédtd60i n 40
°c for 30 min. After cooling to r.t., 4 eL of
shaken in the dark for 30 min. Then, 1 uL of 0.4 g/L trypsin (sequencing grade, Promega) was
added and incubation was done overnight at@7Samples were acidified to pH 3 with formic

acid. Measurement was done by injecting onto HSS T3 peptide column (Waters) on the same
UPLC-MS system. Peptides were resolved on-ana® gradient of 0.5 % to 95 % acetonitrile with

0.02 % formic acid. MS acquign was done on MSmode with cone voltage ramp of-28 V

for the high energy part. Resulting spectra were processed on UNIFI software version 1.9.4.053
(Waters) by searching within the single protein in each sample. For multiple samples in a group,
all compound modifications were searched for all samples (C only, except for PVSN which were

C, H and K), in addition to C carbamidomethylation, M oxidation artdrihinal acetylation (all

as variable).

General procedure for vinylsulfonate synthes#iFMU precursor was purchased from
CarboSynth. 4 mmol of alcohol precursor was dissolved in 12 mL DCM on ice. 8 mmol TEA was
added, then 4.8 mmotéhloroethanesulfonyl chloride was added. The mixture was stirred for 30
min. Then the solvent was removed on a soeaporator, mixture was redissolved in DCM, and
white solid precipitate was removed, after which the solution was evaporated again. Product was
obtained after purification with flash column chromatography using hexane and ethyl acetate as

eluents.
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Synttesis of alkynéiotin. First, biotitNHS was synthesized as follows. To a solution of biotin (4
mmol) in DMF (120 mL) was added 20 mmol TEA and 4.8 mmall-gigccinimidy) carbonate.

The mixture was stirred for 6 h, and solid precipitate was washed with methanol. The resulting
biotin-NHS was dissolved in 400 mL DMF, and to the solution 7 mmol propargylamine and 10
mmol TEA were added. After stirring for 6 h, the mixturesveancentrated and purified with a

silica gel column chromatography, eluting with 10:1 methanol:chloroform.

Synthesis of azPVSMmmol 4hydroxybenzyl alcohol, 4 mmol triphenylphosphine and 4.8 mmol
sodium azide were dissolved in 8 mL of 4:1 DMF:carbon tetrachloride. Mixture was stirred at 90
°C overnight. Extraction was performed by adding 50 mL water and 100 mL diethyl etther, an
then washing the organic layer twice more with 50 mL water. Afterwards, the organic phase was
cooled to 0°C and dried with sodium sulfate. Eluting from a short silica column with 1:4 ethyl
acetate:hexane and concentrating afforde@zidomethyl)phenolazPVSN was synthesized

according to the general procedure.

Blot assay of protein labeling with azPVSN. 5 € M enzyme solutions wer
buffer (pH 6, 50 mM sodium succinate, 1 mM EDTA, ionic strength adjusted to 150 mM with

NaCl), foraot al volume of 42.5 L each. 0.43 L of
desired ti me, -bli.o25 nelstwfckal(lbymeM i n DMSO) , 1
ascorbate aqueous soluli7omM 3 n7 DMSIO)ofanTBTA 2%
sulfatest ock (50 mM i n water) was added. After 1
was added and standard SPAGE protocol was followed. Transfer to membrane was done using

Turbo-Blot (Bio-Rad), blocking was done for 1 h in 5 % BSA (w/v) in FBShen the membrane
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was incubated in 10 mL 1:1000 streptaviiRP solution (5 % BSA, TBS) for 1 h. After
washing 3 times in TBS, enhanced chemiluminescence reagents (GE Healthcare) were added
and chemiluminescence was imaged on a ChemiDoc XRS+R&i#) ¢l imager. Another gel

was loaded identically and stained with Coomassie Blue for loading control.
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Chapter 3: Designing active sitedirected probes

3.1.Background

To date, many different inhibitors of protein tyrosine phosphatases have been reported,
with some undemjng clinical triak.°* While efforts to find covalent inhibitor drugs are still
lagging, covalent inhibitors can serve as starting points for potential actigdggd proés, as it is
not the goal to make them specific towards a single E€Rainly, just because there is no need
to make a probe specific to just one enzyme does not mean that we can pick an inhibitor and use
it: in the previous chapter, we showed that iftfoh through covalent labeling of the catalytic
residue is only one part to a successful ABP, and selectivity for the catalytic residue, with low off
target reactivity, is necessary.

There are different modes of action for covalent inhibition of PTR=zarsible oxidation
of the catalytic cysteine residue, covalent bond formation in the active site, and covalent bond
formation in an allosteric site. While in some cases exactly where and how inhibitors covalently
modify PTPs have not been shownniostcases the target is the active site cysteine, with a few
exceptions such as the quinone metigdaerating probe or a lysitargeting molecule. Allosteric
inhibitors also reacted with a Cys residue in other positions, which is not surprising as cysteine is
the most common subject for any covalent targeting str&tegy.

While there are different strategifess making probes that covalently react with Cys, most
reported molecukeare electrophiles that are subject to a nucleophilic attack by the thiol group in
Cys. Another notable approach is using a thiol molecule to form a disulfide bond, which would be
an oxidative reaction. A sizeable array of thieactive groups have beamalyzed in many

previous studiesn a context unrelated to PTPs as tarf@té.
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To design probes that are selectively directed towards PTPs, we need to find a structure
with a reasonable specificity towards the target active sites. When we are designing probes like
this in a targetentric fashioff® it may be useful to assess different thiehctive groups
specifically in relation to our targets. For example, we already showed istimeal design
processsin the earlier chapter, taking cues from different substrate molecules and their bulkiness.
Here we continue that effort, while also enlisting help from other inputs such as computational
drug discovery tools.

Fundamentally, as evare seeking a famiyide probe, it may not make sense to screen
highly complex structures in a highroughput screetooking for very potent inhibitas for
individual PTPs. We reasoned that an approach similar to fragrbased drug discoverwhich
looks for useful leads that can be optimized down the line, is more suitable for our péfposes.
Hence we constructed a fragment library consisting of fewanple scaffold structures that aim
to sample from a large chemical spagth a few warheads ofarying reactivity. Toaccomplish
this, we first assesslthiol-reactive groups with PTPs, theailt a library of candidate compounds

to assay.

3.2.Biochemical assay of various thiotreactive groups

Electrophilic functional groupsvere chosen based on their previous reports of thiol
reactivity and PTP inhibitiaf* Many compounds werglichael acceptors such as vinylsulfonate
(2), vinyl sulfore 2) and acrylamidg3), and nucl eophilic substituti
haloacetamide¢4, 5, 16) and epoxideg(6), with someother addition acceptors and addition
elimination acceptar (Figure3.1) There is &ig span of intrinsic reactivity towards thiols among

the chosen molecules, and some of them are known to react with other functional groups as well.
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We chose compounds that have a simple phenyl scaffbite this is not expected to fut@n as

a recognition element specific to the target active sites, it has been suggested that the phenyl group
can take advantage of binding in the active site pocket the same way a phosphotyrosine substrate
would.”* Indeed, methyl vinyl sulfone and methyl acrylate showed slower reactions with PTPs

(data not shownCompounds wermostly obtained from commercial sources.

Michael addition acceptors Nucleophilic substitution acceptors

QA H N\ H H H
oxf’ §g§b NTrQ§ Ei;> er/\& er»\m erﬁ\
Oﬂ fo) (0] (0] Q (o]
1 2 3 4 5 16

0 a Qu.F

H +
ot o S "o 0 e %
o ﬂ o 0

8 9 10 11 6 12 17

Addition acceptors Addition-elimination acceptors
ZN H
sl g o
(0]
13 14 15
Figure 3.1: Thiol -reactive groups assessed for reactivity.

These compounds wetben tested for their reactivity towards tyrosine phosphatases
Various PTPs were usethere are classical PTPs, namely PTP1B, SHP1, SHP2, HE#5
anda bacterialersiniaPTP, YopH, which is similar to eukaryotic PTPs in structure and is one of
the most efficient PTPs knowf frequently employed in biochemical assayssobstrates and
inhibitors for PTPS In most cases, the catalytic domain of the respective enzymes was expressed,
purified and used in assays.

In a kinetic assay for theeaction of the candidates with the active site cysteine, several

purified PTPs were preincubated with the compounds, after which the remaining activity of
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enzymes was measured through catalysis of a colorigenic substrate dephosphoigation,
described irthe previous chapter. The assay was optimized to maximize enzyme in solution to
increase signatio-noiseover the window of the experiment and ensure linearity between enzyme
concentration and activity from the product formation signal readout. Preirauiaats done with

500 nM enzymend100e Mof candidate compounds in Tris buffer for 1 h; the substrate reaction
was carried out with 50 nM of preincubated enzyamd20 mM pNPP. Due to this dilution of the
mixture, any noncovalent interaction betweendbmpound and enzyme will be attenuated in the
substrate reaction step. On top of thilag excess of dithiothreitol (DTT3tops further inhibition

by compoundsluring this stagelhe resultingabsorbance over time graph was linear and fit well

with simplelinear regression. This demonstrated that different PTPs have different inactivation
rates with the same compounds, where in some cases compounds that inhibited one PTP, such as
HePTP, completely, would not inhibit anoti®FPsuch as CD44t all. As expeted, there was a

wide range in the degree of inhibition between the compounds; regardless, the result showed that
compounds with relatively high reactivity inhibited PTPs across the board, save for YopH, which
seemed unresponsive to most of the compouRidgie 3.2) Some trends were confirmed: for
carbonyl and sulfonytontaining groups, those that haveGabridge with the scaffoldl( 10, 12)

were more reactive than their counterpaBt8(4) with anN-bridge; between haloacetamidédse

order of reactivity,16 > 4 > 5, was pronounced, as expected from their leaving groups I, Br and

Cl.
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Figure 3.2: Inhibition of PTPs by phenyl compounds. PTPs were treated with 1004 ,
compounds for 1 h. Compounds are ranked by descending average inhibition from left to right.

Then, toassessictive sitespecifigty, the extent of labeling for each compound was tested
with our intact protein MS method, aftesing the same conditions for preincubation. The result
showed that with the more reactive groups, such as bromoacetamide or vinylsulfonate, species
with multiple covalent labeling consistently appeared across several PTPs. In most césted, the

extert of labeling calculated by a weighted average of how many probe molecules labeled each

protein %@ OREQ A A IfB? c , was higher than the extent of labeling in

the active site Cys, as inferred from theggree of relative inhibitiorHgure 3.3) Thisreveas that
other residues are also reacting with the compouxrdgleal probe that only labels the active site
will fall on the plotted diagonal, as the two values will be the same. \Wiug of the compunds
tested are known to be relatively specific to Cys, some compounds, s@cshasved far higher
adduct species than is possible with the labeling of just the Cys ressdipgsrtingoff-target

labeling of othemmino acidresidue as well
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Figure 3.3: Degree of labeling compared with inhibition data. 10 compounds were compared
for PTP1B; on the bottom left corner are2, 3, 5, 6, and 8. The dashedline is a plot of y = x

However, there were many compounds that did not show any significant labeling on intact
protein MS, suggesting that those warheads may be improved upon to conserve thd¢dayebff
reactivity while bringing up the etarget reactivity.O-bridged compourgl10 and 12 showed
fragmentation of adduct species, which made the results harder to quantify; in addition, this
suggests that they are not suitable to be ABPs with their relatively weak ester linkage after labeling,
which may even be susceptible to hygisié by esterases within the cell.

Lastly, to test if the inhibition was due to labeling at the active site, we performed two
assays on a subset of the tested compoirds, dter incubation with compoundssing the same
conditions a few PTPs were digied with trypsin andnalyzd with MS, which confirmed that
there is labeling at the active site. Although there were moderate differences between the
composition of labeled peptide in total peptide and the residual activity obtained from substrate

cataysis, this may be attributed to limitations in quantifying MS data, as we did not control for
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differences in tendencies to fragment, etc. between different peptides (Figures3with PVSN,
this also showed that compounds were labeling other Cys resighieh also concurs with intact
protein MS results.Second, preincubation was carried out in the presence of a competing

noncovalent inhibitor. This will be discussed in a latter section.

PTP1B
B Cysa2 Cys121
100

_ ] = Cys92 .
= =3 Cys121 Cys215 P S LN | Cys92
£ 3 Cys215 (cat. res.) oty '
é 50 = Cys226;231 o ) N g
[ 1 P Py
5 e «> p. 4
3 &
Sl i

" omso - 1 Cys231 :

Compounds Cys226 Cys32

Figure 3.4: Compound labeling sites for PTP1B as determined from peptide MS. Each value
represents the proportion of peptides detected that have the respective compound
modifications . On the right, residues are represented on a PTP1B structure. (PDB: 1KAK)

3.3.Screeninga fragment-like library

As explained in the beginning of this chapter, we sought a scaffold structure that provides
reasonable affinity towards the active site, so that the compound will still react with our target
proteinseven with a less reactive warlgealo understand howifferent compound structures
affect enzyme inhibitionwe tested a wider range of molecules, with various scaffold structures
connected to a few reactive groups. During this proaeeswent through several redirections,
starting frombromoacetamide@) and some vinylsulfonamid€8), as an attenuated counterpart
of 1, until arriving at chloroacetamid€S) andin a few caseacrylamideg3). Chloroacetamides

are known to have a reactivity on the higher side for therapeutic purppeseg, more reactive
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than acrylamides, which are commonly employed in covalent inhibitor drug moléetfles.
Ultimately, we arrived at thearhead with relatively low reactivity for PTP active sites

As was the case for vinylsulfonatély, we hypothesized that having a larger scaffold or
additional functional groups as recognition elements would confer more affinity towards target
active sites irthe molecules, and thus gain faster reaction selectively towards the catalytic Cys
residue. Therefore, we constructed this fragment library so that different structural motifs are
representedthe scaffold part that is directly connected with the warhaadliverse, including
phenyl ringqa), heteroaromatic rings such as thiaz¢lgsand isoxazolegc), and aliphatic chains
(). This can also be thought of as a rational design process, as the heteroaromatic rings were
choserfrom common recognition elemenin medicinal chemist?§ °>. Commercial availability
was a factor in selection, anddases compounds were to be synthesized, they were chostn
from availableamine precursof®r a onestep synthesign total, we selected abd®@ compounds

(Figure 3.5.
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Figure 3.5: Fragment-like library. Structures for all compounds are shown; elementary
structures for chemotypes are bolded and highlighted with yellow. Composition and synthesis
pathways are shown for the three warheads.
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For the inhibiion assay, we tested across compound concentrations ranging frenM3.3
to 1 mM and a few incubation timeangingbetween 30 min and 4(kxperiments done with Sarah
Xi), allowingus to look at the dose response of PTP inhibition and prodegediGesor different
time points (Figure 8). This way we were abl® easily compare the performance of different
compounds across PTPs. Moreover, by using all timepoints, we were able to fit the observed rate
of reaction versus compound concentration grapidiyig the kinetic constants idnd knact We

discuss this process int@ in the next chapter.
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Figure 3.6: Screening the library for PTP inhibition.  (inset) An example showing how data is
fit to dose response curves; heatmap of log(IGo) data for all compounds at 1 h. Compounds
with same scaffold structure are placed in the same row.
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Figure 3.7: Trends in individual PTPs. Distribution of IC sois shown for chloroacetamides (5),
bromoacetamides @) and vinylsulfonamides ( 8, marked in blue). Correlation data for 5is
shown on the right.

The first observation from our screen was that different phosphatases showed different
intrinsic reactivitiespn average, for the compounds in the library. For example, on ayarabe
in most casedHePTP was inactivated at a faster rate than others, and €D#ed lownhibition
with most of the tested compounds at the concentration of 10 here was alsa correlation
between the PTPs in terms of their responsiveness to different comp@b#ishad a lower
correlation with others in generathile PTP1B and SHP2 displayed the highest correlaiibrs
correlation wasa surprising result as SHP1 is closeiSHP2 in sequence and structure (Figure
3.7).1620PTP1B and SHP2 pair had the highest correlation in the datageana8 as well (r =
0.895).As for compound structures, thiazoles stootlinuerms of their reactivity towards the
active sitelsoxazoles displayed higher preference for SHP1 and HePTP on average. As expected,
going from rudimentary structure$a@a 5ba, 5ca and 5cf) to multiring structures generally
resulted in lower 1€ values. Br a similar structuresompounds witta thiazole ringn place ofa

phenyl ringshowedfaster inactivation of the PTPAliphatic structures generally fared worse;
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benzyl §ja) did not inhibit PTP1B, for example, but more phenyl substitutionsauwgat the IC50

values bjb-c). Phenethyl structures showed almost no reactidjg-{).

3.4.Intrinsic reactivity assays

Another factor to be consideratiout diferent scaffold structures is that it can also change
the intrinsic reactivity of the probe molde. To determine the reactivities of compounds
independent of the enzyme active site, we followed a previously reported assay, measuring second
order rate constants of the reaction between compounds and the small moladube5-2
thiobenzoate (TNB) (experiment by Sarah Xf° To accompany compounds with higher
reactivity, we used nonlinear regression instadbtainhigher quality fits for heteroskedastic
data where significant deviation wascurring duringater timepoint®, The result showed that
the intrinsic reactivities have arfje range, with the reaction rate constintg) ranging from
0.0039+ 0.0004to 1.14 + 0.01M st within chloroacetamide), and 020+ 0.01t0 6.25+ 0.28
M-1s? within bromoacetamideg}) (Figure 3.8). On average, compounds of the same scaffold
had about an order of magnitude difference betwkand5. Several acrylamideS8) were tested
for their intrinsic reactivity as well, and they had a lower rate constant on average as expected.

To further support measurements from #imve we employed aiNMR-based assay
modified from a report! to monitor reactivity toward &l-acetytcysteine methyl ester on select
compounds(3aa, 3ad and 3aminophenyl acrylamide)Due to the higher concentration of
compounds used in this assay, a slow warhead suBhsagleal. While the rate constants for
individual molecules varied bgbouttenfold between the two assayéth the aryl thiobenzoate
reacting faster than alkyl cysteine derivative does as expected, the trend wascomsgiyed

(Figure 3.8b).

54


https://sciwheel.com/work/citation?ids=7069771&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8195183&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4974401&pre=&suf=&sa=0&dbf=0

(@ 17 ¢ (b)
ai%g
bj
— 14 29y R
o Y
L bf -
v 0.01
g 0.1 + 1AA K 3aa
o ¢ 8aa E
z o :
= 0.01- # 3aa = 3ad 3a 3-NH
¢ 3a m-NH < | ’
* gad OH2
-
0.001 , , ! — T ——
4 5 0.001 0.01
keys (M's™
Warheads ors )
® AromaticHC e Thiazole e |Isoxazole ¢ Other heteroaromatic Aliphatic N-substituted

Figure 3.8: Intrinsic reactivities of the library compounds.  (a) Rate constants for TNB reaction
classified by warhead. Scaffold structures that are shared between chloroacetamides §) and
bromoacetamides (4) are connected and denoted with compound codes. (b) Rate constants for
Cys reaction of acrylamides (3) compared with their TNB constants.

3.5. Two-dimensional analysis of the library

Next, wecompaedthe intrinsic reactivity of each prober{lg) with its reactivity towards
the active site Cys (represented bygGFigure 39). Bromoacetamidedl) and chloroacetaites
(5) clustered to themselves cleanly, with the populatioht@ving lower 1Go and higher kg, as
expected. In regards to chemotypes, we analyzed compoubdseseral trends stood out: first,
althoughthiazoles(5b) were not noticeablynore reactive with small molecule thialsan the
phenytbasedstructureg5a) (log mean0.839 and1.01 respectively-test showed nonsignificant
p = 042), they are more reactive towards the active site ,Gygh a statistically sigificant
difference for HePTP (p = 0.0003, for the compounds that have both Taisrould mean that

the thiazole ring is enhancing the reactivity of the probes selectively for the catalytic residue,
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mainly through increasing the affinity towards thé\acsite. In broader terms, there was not a

significant correlation between the intrinsic reactivity and thg Values.
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Figure 3.9: 2D analysis of IC so and intrinsic reactivity. Bottom right: c ompounds of
bromoacetamides (4, blue) and chloroacetamides 6, orange) clustered within its group on the
plot of IC sovs. kmne; then 5 was analyzed further. Meaningful IC so was not determined for
groups with low inhibition; those are shown at the top.

We also noted some structtaetivity relationship (SAR) trends: introducing a negatively
charged functional group in the ortho position of a phenyl ring resulted in a lowesic
reactivity (5ab-d) than5aa While this may be explained by resonance effects (also compare 2
carboxyb5acwith 3-carboxy5ad), the reactivity towards the active site was not so different from
the unsubstituted structuresab had lower 1Ges. (Figure 3.11) While active sites of PTPs are

known to prefer negatively charged molecules in general, due to phosphate being a substrate, past
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studies have shown that artho-carboxylic acid group can have hydrogen bonding interaction
with the conserved geradracid Asp residue as well as a salt bridge interaction with a conserved
Lys residue close b3 This suggests that carboxylic acid, and similarly hydroxyl group on the

ortho position may improve binding affinityhereby offsetting the lower intrinsic reactivity.
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Figure 3.10: SAR of phenyl chloroacetamide with substituents.

3.6.Further analyses and identifying false leads

We utilized intact protein and peptide MS data to further validate our inhibition assays.
Many chloroacetamide compounds showed slower progress of labeling reactions in the intact
protein MS than what was expected from inhibition data (Figure 3.11a). FradtBeof select
compounds showed that other Cys residues such as Cys32 were still favored over the catalytic
residue (Figure 3.11bYWe also employeddditionalexperiments to test and filter out compounds
that show high inhibition resulfer reasons other than orthosteric modificatimhjch may lead
al hits or | eads and P €ompanddastandsbf o wn

t o f s e
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stood out in thie low ICso values, but intact protein MS data above showed almost no adduct
formation. Additionally, they hadhown visual signs of aggregatiomhen mixed with protein
samples Subsequent substrate catalysis experiments in the prese@c@lo¥o Triton X100
confirmed that there is significant inhibition dugheaggregation of protein in the sample (Figure
3.12). In this case, timeourse data may be used for additional scrutiny, as aggregation effects are

generally not timalependent.

(a) PTP1B (b)
1.0
PTP1B
4 150
o o8 . - B3 Cys32
= £ B3 Cys92
3 06+ o
= £ 1004, =1 Cys121
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=) . 2 o0 Em Cys226,231
a o 5bj =
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é"k obam x
o%a = Mool W-Wi- . 55
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Figure 3.11: MS analyses of library compounds. (a) Degrees of labeling obtained from intact
protein MS for select compounds were compared to the inhibition data. (b) Site -specific labeling
data as determined from peptide MS.
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Figure 3.12 Aggregating compounds with and without detergent.  Three aggregation-inducing
compounds (highlighted) compared with a normal compound, 5bj, in their inhibition
performance with and without detergent during preincubation.
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We again sought to confirm that most probes are mainly inhibiting target enzymes by
covalent modification of the catalytic residue. Heesjdual activity was measurédm the same
substratedephosphorylatioratalysis method, but with added noncovalent orthosteric inhibitors
in the preincubation stag&igure 3.13). A higher dilution was used when mixing with pNPP
solution, to minimize the effects of noncovalent inhibitiBoth orthovanadate commonly used
phosphatase inhibitor, and drugs with high affinity for each enaym€S-401 for PTP1B and
GS493 for SHP2 were usedDecreasgin inhibition with the presence of a competitor for the
active site showed that compounds inhibit PTPsutinocovalent labelingf the active siteCys.
Notably, even among orthosteric covalent inhibitors, the extent to which residual activity is
rescued is different, as compounds with highgrand/or low ks will perform better in the
competition for activesite occupancy. Thus, while the increase in activity with the addition of
noncovalent inhibitors suggests orthosteric binding, as in the cdae, dfai, and5bj to a smaller

extent, an orthosteric inhibitor can still be largely unaffected dependifge@atameters.
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Figure 3.13: Inhibition of compounds in the presence of a competitor.  All activities are relative
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3.7.Computational docking

We sought to compare the experimental results with computational docking scores, to see
if computational methods can predict affinitfya given scaffoldor PTPs. For this, we used Glide
in Schidinger software suite for docking with 8 known substrates and 10 known inhibitors
together with a 1K decoy set reported with Glide. Crystal structures of PTP1B with both open and
closed WPD loop conformations were used. Result showed most inhibitorsbatrdit®as scoring
better than decoys, demonstrating the ability to predict favorable interactions; bulkier molecules
such ag0-methylfluorescein phosphate and-@$3, while still placing in the top 10 %, did not
perform as well as the other substrates ahdbitors. Interestingly, two decoy molecules topped
the average docking scores, seemingly favored by the abundance of negatively charged functional
groups; the rest of the top 15 molecules were 7 substrates followed by 6 oxalylaminobenzoic acid
inhibitors® (Table 3.1). However, the top decoy, pheny$ufoacetic acid, did not display
noncovalent inhibition when tested with SHP2. Another calculation protocol CovDock, alsich
accounts for covalent bond formation, did not provide a good estimate of experimentally obtained
inhibition data (data not shown). From these observations, we concluded that computational
docking is to be used more as a supplementary tool for dopki®s or preliminary estimations,

rather than for screening.

Table 3.1: Glide docking scores of the highest -ranking compounds. Lower score means that
the docking pose is more stable.

Name SMILES string Average
docking
score

Decoy460935 O=C(0)[C@@H](S(=0)(0)=0)C1=CC=CC=C1 -7.86

Decoy385089 CC1=CC(C)=CC(C[C@@H](C(0)=0)[C@H](C(0)=0)C)=C1 -7.3
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pTyr 0=C(NC)[C@H](CC1=CC=C(OP(0)(0)=0)C=C1)NC(C)=0 7.27

diFMUP 0=C1C=C(C)C2=C(01)F)=C(OP(0)(0)=0)C(F)=C2 -7.24

pCAP 0=C1C=C(C[C@@H](C(NC)=0)NC(C)=0)C2=C(01)C=C(OP(O)(0)=0)( -7.23
c2

4-MUP 0=C1C=C(C)C2=C(01)C=C(OP(0)(0)=0)C=C2 7.15

GpCAPG CC(NCC(N[C@H]C(NCC(NC)=0)=0)CC(C1=C(02)C=C(OP(0)(0)=0)C -7.14
C1)=CC2=0)=0)=0

GpYG CC(NCC(N[C@H](C(NCC(NC)=0)=0)CC1=CC=C(OP(0)(0)=0)C=C1)=' -7.05
=0

pNPP O=P(0)(0)OC1=CC=C([N+]([e))=0)C=C1 -7.04

OBA-d1 0=C(0)C1=C(C=CS1)NC(C(0)=0)=0 -7.01

OBA 0=C(0)C1=CC=CC=C1NC(C(0)=0)=0 6.97

OBA-d3 0=C(0)C1=C(SC2=C1CCCC2)NC(C(0)=0)=0 6.95

OBA-d5 0=C(0)C1=C(SC2=C1CCOC2)NC(C(0)=0)=0 -6.86

OBA-d2 0=C(0)C1=C(SC=C1)NC(C(0)=0)=0 -6.84

OBA-d4 0=C(0)C1=C(SC2=C1CCNC2)NC(C(0)=0)=0 6.65

3.8.Discussion

We built a fragment library consisting of compounds with several different reactive groups
and assessed their effectiveness as an inhibitor of. AFRiRswas supplemented by the analysis of
their reactivity with smatmolecule thiols. This showetie differerce inactive site reactivityf
each PTPRwith the compounds, with CD45 significantly slower to re&¢e werealso able to
compare among chemotypshiowingthat thiazoles generally tend to be the most potent. Intrinsic
reactivity of molecules differed by3 fold between compounds with the same structure except
with different warheads; here thiazoles were not significantly more reactive than other groups on
average. This suggests that a thiazole ring in the scaffold may in general make the molecule more
speific towards PTP active sites. We were also able to deduce stractivigy relationships
such as a negatively charged substituent next to the covalent warhead being pveferoee
detailed analysis of the kinetic results may further guide ourteffr extracting affinity and

reactivity effects, as will be shown in the next chapter.
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3.9.Methods

Substrate catalysis assay of phosphatasébition. The procedure in Chapter 2 was followed.
Determination oflCso values was done byitting the plot of reglual enzyme activityover
compoundconcentrationsvith nonlinear regressioto a dosaesponse curve with fixed top and

bottom and variable Hill slopg GraphPadPrism For pNPP assay with detergent, Tris buffer

with 0.01 % Triton X100 was used only dung preincubation. For pNPP assay with orthosteric
inhibitors, same assay was carried out for three groups each time, including an enzyme only group.

For the vanadate group, Tris buffer was mixed with sodium orthovanadate stock for a final 5 mM

and pH washecked and adjusted to 7.5 if needed. For drugs;4t0Sr G493 was diluted to

10 ¢eM and 5 €M respectively in Tris. Then the:
Enzyme mi xture was prepared in aahdgBheb &L2pal

solution was added at each timepoint, for &d0 dilution.

Mass spectrometry experiment&e procedure in Chapter 2 was followed. For intact protein MS
experiments in pH 6, BiSris buffer (50 mM, ionic strength 150 mM) was used iadtef pH 7.5

Tris buffer. For the calculation of labeling proportion from figeptides identified by m/z were
additionally filtered according to our criteria of having >10 % primary ion matches. Then, all
peptide response signal that contains a particCyar modified by the corresponding compound

was divided bydetected peptide signal that contathe sameCys those modified by the
compound or carbamidomethylated were counted, as well as unmodified Cys in some rare cases,

but peptides that were assigned to a different compound modification were discarded.
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Small molecule thiol reactivity assaysing absorbanceAll assays were performed iIRBS
containing 20mM sodium phosphate and 160 NacCl at pH 7.4. All measurements were taken
at 37°C. 50uM DTNB and 200uM TCEP were incubated iRBSfor 5 min at 37°C to obtain
TNB?Z. Separately, 20Q0M TCEP was incubated without DTNB in sodium phosphate buffer for
5 min at 3”C. For each compound, TRBolution (73.51L) was treated with 200M compound
(1.5uL of 20mM stock in DMSO) in a 384vell plate(n = 3) Additionally, TCEP solution without
TNB? was treated with 200M compound to control for background absorbance 3) A DMSO
group was included to serve as a negative control. UV absorbance measurements were acquired
every 7.5 min for 7 h at 412 nm on a microplate reader. For each compberthdkground
absorbance without TNBwas subtracted from the absorbance with ¥NB and [TNB?] over
time were determined from absorbance data usingle ratio tcabsorbance of the DMSO group
at t = 0, taken a400 uM TNB?Z. The data were fit to aecondorder reaction equationsing

nonlinear regressioin GraphPadPrism.

Small molecule thiol reactivity assaging NMR Deuterated PBS was made usingdD20 mM
NasPQy, 50 mM NaCl and adjusting the observed pH to 7.6 using DCI. This corresporidi®to p
~8. Into an NMR tube, 406L deuterated PBS, 100 ul-acetytcysteine methyl estesolution
(120 mM in DMSQds) and 20eL 1,4-dioxane internal standard was added.B0of each
compound stock (0.1 M) was mixed with &0 DMSO-ds, and this mixture was added to the tube
immediately before measuremeff NMR spectra were taken every 5 min for 30 min. The
integrals of the vinyl peaks and the internal standard was usedctdata the compound
concentration. Resulting concentration over time wése it secongrder reaction equatiamsing

nonlinear regressioim GraphPadPrism.
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Library constructionCompounds were purchased from Sigma and Enamine unless their synthesis
is described here. All bromoacetamides and vinylsulfonamides were synthesized.
ChloroacetamideSacae 5ahal, 5ag-at, 5bb-bd, 5bf, 5bj-bl, 5bp-bq, 5ccce 5cg 5da, 5h-i

were synthesizedél, 5al, 4da, 5da, 5asby Andrew Johns)5ai and5aj were later purchased.

Acrylamides3ad and3al were synthesized.

General procedure for vinylsulfonamide synthekisimol of amine precursor was dissolved in 5

mL THF on ice. 1 mmol TEA was added, then 1.2 mmahBroethanesulfonyl chloride was
added. he mixture was monitored by TLC. (Typically 1 h) Then the mixture was filtered, and
then solvent was removed on a rotary evaporator. Product was obtained after purification with

flash column chromatography using DCM and methanol as eluents.

General procedre for amide synthesi& mmol of amine precursor was dissolved in 5 mL DMF

on ice. 2.2 mmol potassium carbonate was added, followed by acyl chloride ielhganbacetyl
bromide for4, chloroacetyl chloride fob, and acryloyl chloride foB. Mixture wes allowed to

come to r.t. while being stirred. Typically, reaction was complete within 2 h. When reaction was
complete, adding 10 mL 1 M HCI and extracting with 10 mL ethyl acetate twice, followed by
washing the organic layer with 10 mL brine, drying wsthdium sulfate and concentrating, was
enough to afford a pure product. If not, flash column chromatography was used. For the synthesis

of tagged probes other thaat and5at, see Chapter 5.
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Docking studiesEntire process was done using Siclimger suite Protein structures of PTP1B
(PDB: 1KAK, 2HNP, 1SUG, 3CWE, 1G7G and 1G7F) were preprocessé&dnH optimized,
minimized and then solvents and ions were removed. For 3CWE, missing loop structure was filled
with Prime. For all structures, both the origiaad those with catalytic Cys modified to a thiolate
were used. Grid generation was done either from ligands included in the structure, or by using the
gridbox generated from 1KAK. The catalytic thiol was set as rotatable. Ligands were generated
from their formulae with LigPrep. Decoys were obtained from 8dhmger
(1KLigandDecoys_Epik). Then Glide was executed with no constraints and 1 pose for ligand. The

resulting scores were averaged for each ligand for all grids.

65



Chapter 4: Inactivation kinetics of irreversible inhibitors

4.1.Background

Enzyme kinetics models for noncovalent inhibitors are well known and taught in
classrooms, in which inhibitors are classified into three growgmsnpetitive, noncompetitive and
uncompetitivei for their inhibitory mechanismy@° and empirical data can be easily fit into
equations that are well compatible with Michaéllenten scheme. Thus, a simple linear
regression that works for Michaelidentenkinetics will also elegantly reveal what mechanism an
inhibitor uses when data with varying inhibitor concentratiare plotted the same way. The
double reciprocal plot of substrate concentration with initial reaction rate (velocity), known as
LineweaverBurke plot, is often cited as a graphical representation of the three inhibitory
mechanisms, and other plots such as EBiditstee or Hane®Voolf will produce a similar result,
although extracting rate constants should now be done using nonlinear cegoesgsiMichaelis
Menten equation itself, for more reliable estimates.

Irreversible inhibitors are most different in that enzyme activity will not be restored once
inhibitor is removed. Téresult is that tdetermire kinetic constantameasurements must be made
atdifferent timgooints A two-step mechanism, similar to MichaeMgenten kinetics, is commonly

used to model covalent inhibitors that have some specifaityiétimes called qui e®)c ent 0

Q
O 0z 000w OO0 p
Q

Here, | discuss several models surrounding this particular system of reactions, how
different approximations came abpahd what precautions should be taketh them. Then

show our inactivation assay data and various fitting methods, and lastly, using what we have
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learned] show that it is possible to extragecific kinetic parameters frolibrary screening data

from the previous chaptegven with justhreetimepoints.

4.2. Approximations

For the above system, again in a similar fashion to Michidisten kinetics, two different
assumptions can be made to derive equations. If we assume rapid (or, more accurately,
instantaneous) equilibrium we have, astfused by Kitz & Wilsort®?

M 00 O 0Jo
Applying conservation of enzyme species, O 030 0O"0Owe get
T © 000 0 0 Q 0Jo
T ©O 000

090 QT 0 1O

Where, with the dissociation equilibrium constant —,

0O 000

030 O o

If we assume a steady state model where the bound enzyme species are constant, as first

used by Malcoln& Raddg'®®we have

M 00 1 Q ‘0J0
And the rest is the samexcept only thak; is swapped out for Kwhich is an equilibrium

constant for bindig, or potencyt

So far, the equations are identical to those in Michd&ééiaten kinetics, but they diverge

in the last step:
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Q00 9 030 Q 0 000
Qo O v

Where due to the fathat neither enzyme nor inhibitor is regenerated, the resulting rate

that is actually observed in experiments is not a constant, while in Michtiten kinetics it is

(under pseuddirst conditions)t — @ ——— wherew Q 'O . Therefore,

an fiobservedo or Aadenpaercenstdntfor theiactieation df theendyrmer s t

must be determined in each inhibitor concentration, which can be done wit® ‘000

Q00 Q- Q -0
Q6 Qo O U

Thus, following firstorder derivation,

- -0

Now we can see that the observed rate constant, which is the term next to time: ideally,
inhibitor should be in excess so that psetick order kinetic is followed with the constant of
a T ©

O 0

We must note a few points that are overlooked in most works that utilize this relationship.
First, the steadgtate approximation also assumes rapid equilibriums Basy to see that| K
approaches Kas knac/Kott approaches zero. Past works have noted thest & special case of K
when that additional assumption holds, and usiiig Kgeneral case where no assumption is made

on the relative scale ofnk.t andKof.

As K; and K are essentially counterparts fog &nd Kv in the MichaelisMentenmodel

we refer to it for conditions of each assumption. For rapid equilibrium to eld, L p needs

to hold. Steadystate approximation requires that—— L p. In realworld terms, this means that
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either inhibitor concentration is much higher than enzyme concentration, or enzyme concentration
is far less than KThis ensures equilibrium in the first step of the model is quickly reached: either
inhibitor quickly saturates enzyme occupancy, or the inhibitor has @dotv affinity that
equilibrium is reached despite relatively low inhibitor concentration. Most experiment conditions
in inactivation studies meet the first requirement. When the aavatnd formation is slow, K
approaches Kmeaning the empirical constaagproachs the dissociation equilibrium constant.

K, itself has significancén that it is the inhibitor concentration at which enzymes have 50 %
occupancy. From this point, we Wwikfer to K in all cases.

Second, the determination of the observed
the sum of free enzyme and bound but not reacted enzyme concentiitio&3Vilson explicitly
state that their method involves extengditation of the enzyme and inhibitor aliquot into solution
containing the substrate, meaning that the bound species E:l will also display activity in the
subsequent substrate reaction measuremiemiar procedurés implied in the derivation process
andexperimental methods of Malcolm & Radda.

In our case, the vast majority of experineewls done in the same fashion, where the
aliguot was diluted 120 times. Whether this dilution is sufficiently large for the approximation
that all bound species willbene unbound may depend osh land ks, and was assessed in our
experiments. In addition, in continuous enzymatic assafere inhibitor and substrate are mixed
in together with the enzyme, bound speciesniokt likely camot participate in the catalysi$
the substrate reaction. Thus, care must be taken when using a secondary.pes i lobtained

from the product formation curve to get to the kinetic constants. When assuming rapid equilibrium,

— T, as in an equilibrium, hence one canmee this assumption when measuring [E]. Under

steadystate approximation, — Q@ ‘O30 ———, so kpsis linearly proportional to
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[1]; in other words, it becomes a simpmlaestepbimolecular rate constant. This is inherenthe
assumption that— T, because then the consumption of free enzyme equals the formation of

El. In this casgonly kinac/Ki maybe obtained. To get around this, one can fit [P] directly into the
algebraic solutiofior [P], to get separate rate constafifs.

With this information, we can pick out a few molecules that we may subject to more
experiments. Through thisve will first obtain more reliable values &fhact and K, for those
molecules from the additional data. Then we will discuss our efforts to extract those values for all
compounds in our library, and how reliable those values are. This process willsgivee more

way to compare the candidate compounds for their reactivity and potency.

4.3. Analytical solution of the irreversible inhibition system
Finally, to assess the validity of these assumptions further, we can turn to another set of

equations for theassne model. Consider a series of two reversible unimolecular reactions:

~ ~

Q Q
0 Z 0 Z 0
Q Q

Analytical solution for the system of ordinary differential equations in this chemical model
has been shown many times beft#'% The concentration of A follows a double exponential

decay:

" Lente provides a more general solution for any starting concentrations of each species. Their expressions,
however, slightly differ from the other wob k sgdaeiat ed.
to them grouping out the termout of square root, which, as CorniBho wd en n ot e gdandesrswitshing t s i
when the inequality between k k1 and k is reversed.
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where

n Q 0 0 Om n 1TQQO 00 00

To apply this to irreversible inhibitor reacti¢h), only two adaptations are needed. One is
the pseuddirst order approximation of the first gaf the reactionQ "Q “Q, which is a rather
safe assumption, considering that inhibitor is in large excess in a typical assay, including®pur own
another is irreversibility, meanin@ T. To our knowledge, there is no defined threshold of an
equilibrium constant of the bond formation for such reaction to be called irreversible, but
conventionally an inhibition is thought to be irreversible if the covalent bond is stable after
thorough removal of inhibitor, for example through dialysis. As reealready working under the
premise of irreversibility, this should not affect the quality of our model.

Thena andb, the terms in the exponents, which are the inversel@tation timescan be

expressed by:

Tﬂ & g 00 Q@ 00 0 @ 0
P . P . . - . -
r & o070 0 00 @ Q0

Most literature focuses on the relaxation times in this model. CeBuslien suggestét?
that the apparent firgirder kinetics that is observed by researchers is for the second relaxation
time3, with t he f iibengrathesHora Knhids & Bandslay praceeddd to look at

U, and obt ai nedUt)bertithe asiresearthers at the timed were plajting some

AFor a seconarder solution withvariable [I], seé%%.
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logarithmicform of activity over time, and use the slope obtained from linear regressiegs as k

Insteadof following their arduous process of differentiation, we can refei tole straight away:

~ : Q| 00 |
- o ©O @) —— Q —— Q o
DO WO W

We note that the amplitude for the first d
over time,at a certain time the curve passes an inflection point, after which it resembles a first
order decay. Next, we can assess when these features are noticeable. The amplitudes of the two
exponents have a ratio bto a. We know that asQ Q ‘Oapproaches zera,approachep
andb zero; whenitapproache? 0 0Q Q , botha andb converge t@/2. As kl]
is far larger thanikactin most cases, which is the first case, we can see that the first exponent will
be snall in amplitude and fast in decay time, and so in those cases researchers will have no issue
fitting kobsto a single exponential decay without much regard for whether they are udirgQ
or [E)/[E]o (e.g. from continuous enzymatic assays).

We can seehiat when theoreticdb is plotted against [l], the curve resembles that of
theoretical kobs from steaehfate approximation, and displays same the boundary conditions both
when t=0 and t goes to infinity, althoughignot the haimax height of K As noted by Cornish
Bowden, b can be approximated into the steatlgte equation with the assumption

~

T 0 0 Q I T Q  "Q which corresponds to what we discussed above as

a conditian for the trajectory to be close to a single exponential decay. As in thia egseo

. This approximation of relaxation time b intenkis reliable in all

cases except whewrs is large compared to the other two constants, and considering that this is the

same condition required for a good fit to single exponential decay, we can safely say that unless
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one encounters conditions when it is necessary to use the exact algehrain, steadystate
equation should provide a sufficiently accurate model.

However, this only speaks to the relaxation time and not the amplitude of the single decay.
Especially when [ E] i's being measur edkodsnst eac
curve may have to start further down, given that the amplitude of the first decay is also positive.
This is also easily understood in terms of chemistry: the scope of sttddirapid equilibrium
assumptions begin after a certain point in timemthe initial equilibrium is reached and [E:I] is
stable. Between true=tO and this time, most of the change in system is in the proportion of E and
ELI speci es, reflected in the first exponent
constanduring this time, but [E] will decrease rapidly to the equilibrium level. Thus, when one is
measuring [ E] obsifiting mayaodly wordk with Ehp yintericept unconstrained.
Whether to tether regression to 100 % atQtis not explicitly mentbned in the works that first
used the approximations, but at least Kitz & Wilson didindheir own analysisThis is also a
natural consequence of doing a linear regression on some form(a€tlety) i asit would
intuitively only involve the measumeent datapoints. On the other hand, when using nonlinear
regression, many works in the literature describe fitting activity over time to exponential decay
with a fixed amplitude at 1. We will discuss this in light of our own data, but given the theoretical
background that we are fitting only for the second decay under the right assumptions, it seems

reasonable to not fix the amplitude.

4.4.Using different models to fit inactivation assay data
Here, we compare several models for the fitting of our experimaataland discuss what

conditions call for certain methods. We tested several enzymes such as YopH with several
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compounds. While the concept of the experiment is the same as the pNPP reaction catalysis assay
that we use throughout this thesis, the maifeddhce is that aliquots are taken and measured much
more frequently, every 15 minutes for 2 h. The highest concentration of the inhibitors tested also
go above 1 mM that we use for other assays, up to 7 mM. This is to approach the plateau of the
kobsVs [I] curve, as much as other conditions of the experiment, such as solubility, permit.

Data was processed several different ways. Fsiwias obtained from the plot of residual
activity over time with nonlinear regression to a single exponent decaywlbtand without the
starting y (referred to ag)yset as 100 ¥As discussed earlier, this is to account for the possibility
that our measurement data is closer to [E], in which case a free fit can be significantly better (Figure
4.1). Those values wenglotted onto the secondary plot over time, and was fit to the sttatly
approximation. Then, kinetic parameters were directly obtained from all plots of residual activity
over time, by fitting to the al gse[f Albnontnesquat i
regression was done @raphPadPrism. Fitting to algebraic solutions does not require special
numerical solver software that support global data fitting across different [I], and thus be much

more accessible to researchers.

Fixed fit

* Less prone to noise and experimental errors

__ 100 « Often used
saalivyalRavh S
2 . o o] o
B Free fit 1 ) 5
© 50 .
® * Theoretically correct
2 *  Works better for measurements of [g] o 0 H
s Br
: oy T
0t Trrr oot L 4 5
0 50 100
Time (min)

Figure 4.1: Two ways of fitting for k oss, and the assessedcompounds . Both curves are
simulated for ak of 0.05, starting from 100 % for fixed and 60 % for free.
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What we encountered is that it can be hard to find both valuesardKkact because in
some cases we could not get to [1] that is high enoughyfgiiokstart plateauing, due to limitations
in either measurement intervals to capture the quick depletion of free enzyme, or solubility. As
many researchers have pointed out, this happens whetKk(covalent efficiency) is too high,
for example for a highly potent inhibitét'°In this case, the compound behaves as asteme
inhibitor for all intents and purposes, and while we cannot have a reliable fit for individual
parameterskinac/K is still obtained, as it only requires the linear part near the origin to be fitted.
This allows us to compare compounds with thgic#<, giving us another metric besidesd@t
a given time to asseskhis is especially beneficial in lighf recent gradual shift away from using
ICso due to their dependence on time and enzyme concentfatidn.

In the case of phenyl chloroaceta®(1), a compound of relatively low reactivity, even
the highest concentration tested did not inhibit PTP1B fully during the window of the experiment.
The secondary plot showed some curvature to approximatad<knactindividually. Comparing
regression for ks between free fit andoyfixed at 100 %, we found that even without constraint
fitted yo were very close to 100 %. (In some casesas highere.g. 104 %, but this was still very
close compared to other, poorer fits generated by the same method. When this method is used in
practice to extract kinetic parametersskiould be confined to between 0 and 100 %, as those are

the theoretical limits.Therefore, both methods generated very similar values,gffigure 4.1).
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Figure 4.2: Secondary plot method for PTP1Band phenyl chloroacetamide.

For more reactive compounds, enzyme activity was quickly diminished in the earlier
timepoints as well. Interestingly, when comparing enzymes for a fixed compound, we found that
some enzymes show residual activity over time that visibly deviates from la skmgpnential
decay from 100 %. In those cases, removing the constraint on the starting value improved the
quality of fit significantly. The inhibition kinetics of phenyl bromoacetam{de for PTP1B
showed this deviation, mostly due to higher [I] grobpsing lingering activity at later timepoints,
whereas the same compound did not show as much deviation for SHP1 and SHP2 (Bjgure 4.
We compared the fits of both cases with extra-stisquares F test. This test reports theafue
of null hypothesis tat the simpler model is better. With the threshold ef(05, for PTP1B, 11
out of 13 datasets of different [I] tested rejected the null hypothesis, meaning that freeing up y
produced statistically significant improvements in fit for those. On the b#ret, for SHP2, 6 out
of 13 passed the test, and for SHP1, 4 out of 7 did. For comparisori, anthPTP1B, none of

the datasets passed the tests, meaning that constrained fit producgddital or better quality

in all cases.
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In general, we found #t for higher [I] where residual activity starts off lower, free fit is
preferred. SHP2 and SHP1 did not hawg kalues changing dramatically between two methods,
and in the secondary plot, free fit values did not reach the plateau and s@4fHy Was usable.

For PTP1B, kesdiffered significantly, and this led to a huge difference in the reposied ketting

yoto be less than 100 % naturally results in a lower estimatgsfpHowever, better fit of activity

over time into kesdid not trankate into having a better fit in the secondary plot of [I] ums; khis

can be interpreted as experimental error being distributed befweetB, SHP2 and SHP1 all

had lower Rsquared values for free fit data in the secondary plot. This may be because if
conforms more highly to the obtained activity data, any systematic error will carry over to the
secondary plot. Along that line, we also found that the quality of data is even more important for
regressions with the starting activity set free, as slight errors can displace the theoretical curve
much further than constrained @ibes (Figure irmethods sectignHowever, when experimental
data conformed closely to theoretical curve such as in the case of PTP1B-hijtheByl
bromoacetamidé¢3), secondary plot fit was still better for thesdvalues obtained from free fit,

although both cases had very higiséRared values of >08 (Figure ifrmethods sectign
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Figure 4.3: Secondary plot method for 3 PTPs and phenyl bromoacetamide.

To address compounds inhibiting almost all enzyme too soon in the experimeitt, whic
leaves fewer data points that are useful in the fitting process, we also used YopH, a PTP that is in
general much slower to react with covalent probes. Four highly reactive compounds were selected.
The results (Figure 4, Table 4.] are also mixed, irhat some compoureinzyme pairs deviate

more from a simple exponential decay than others. Ba@hd PVSN(4) display this behavior,
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and extra supof-squares F test showed a dramatic difference between those two compounds,
where all 7 datasets for each caapd passed the test, and phenyl bromoacetamide, for which
none of the datasets passed the tesgghthyl bromoacetamid®) had 5 out of 7 sets pass. This
also translated to the secondary plot, where 8rlgd4 had higher Rsquared values for the free

fit kopsthan for fixed fit kps

Y, fixed [ (V) y, free
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Figure 4.4: Secondary plot method for YopH with 4 compounds.

Because there was a large differenceiigtdobtained from two ways for examplefor 3

there isalmost 8fold differencei we also sought to compare those values to ones obtained from
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directly fitting acti vit yine€gaatan (3pand {Efn equaten al ge b
(2) with constants shared globally across all datasets witkr€ift [I] (Figure 4.5, Table 4.1)Ve

noticed two things: firsurves fitedtd U]  rosghly r&gmbleurves fittedfixed andfredy

for kobsrespectively as we expected. Second, with the parameters globally shared, the curves do

not produce as gal of a fit, in terms of individual Rquared, compared to the single exponential

kobs fits. While removing the shared constraint produces better fits for individual datasets, this fit
method can only work with globally shared parameters. One notablis @asen compounds have

lower reactivity, such as with PTP1Bith 1 or YopH with 2: in those cases, both methods
produced similatooking fits, with very similar global Bquared values. But in other cases,

generally data was fit better to [E], and this rsaggest that X@old dilution is not enough.
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Figure 4.5: Global fit method for YopH with 4 compounds

To summarize, in some cases where experimental data deviates more from a single decay,
having ks fits without the constraint for the starting value produces noticeably better fits.
However, that might also mean that the secondary plot has a worse fit for the steadystate k

expression. While in theory there is no reason to constsarcgpt confimg it to between 0 and
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1, removing that also means the data is more prone to experimental errors. For less reactive
compounds, even when is not fixed the fit value tends to be very close to 100 %, and either
method produces similar secondary plots drefdfore kact and K values. For more reactive
compounds, excellent experimental data is required to produces good fits that have, for each [l],

decreasingyas [l] increases.

Table 4.1: Kinetic parameters of 4 compounds with YopH as determined from different fit
methods. N.D. denotesnot determined as secondary plot was in the linear regime.

Compound Global fit (blue shade: tp Uvjhite: to [E]) Secondary fit (blue shad:
fixed yo, white: free y)
Kon (M_l Koft (min-l) Kinact Ki (M) Kinact Ki (M)
min?) (min') (min')
2 1.22+0.17 0.00273 = 4.34A10'° 0.00224 + N.D. N.D.
0.00286 0.00625
1.40 235 777 725 N.D. N.D.
3 (.81 + (3.18 + 0.0427 + 0.00176 = 0.395 + 0.00873 +
0.05)A10*® 0.20)A10'2 0.0032 0.00012 0.081 0.00270
227A0°  7.99AC° 1.18 0.0352 0.0519 + 0.00285 +
0.0030 0.00037
5 265+ 12 0.0610 + 0.0183 =+ (2.99 + 1.28+0.18 0.00561 *
0.0070 0.0020 0.23)A10* 0.00135
1.52A10 521A10° 0.956 + 0.00342 + N.D. N.D.
0.290 0.00162
4 189+1.8 0.103 + 0.0139 + 0.00618 + 0.143 + 0.0388 =+
0.015 0.0017 0.00044 0.105 0.0321
6.79A10'° 5.62A10° 0.0416 + 0.00827 + 0.0405 =+ 0.0174 =+

0.0092 0.00251 0.0122 0.0067

4.5.Analyzing library screening datafor kinetic parameters

Inhibition data for the library compounds in Chapter 3 was primarily obtained for the
purposes of establishing 4§€values, and so measurement was done in only 3 timepoints. We
sought to use this data to generatgs knd subsequentlyink: and K values, and see how

informative the numbers can be. For this purpose, weusdgdatafor the chloroacetamideand
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filt ered out datasets with no inhibition, defined by any pair that showed higher than 95 % residual
activity at highest time and concentratiafter which we were lefwith 54 to 57groups then we
fit data into kos with yo fixed, as with free ¢ kobs fluctuated especially for more reactive
compounds, and the resulting secondary plot fag&and K as well As inhibition rates for the
analyzed compounds were relatively low, this should not cause too much deviation from true
parameters, as discussed earlie

As with before, noisy data resulted in pooreysfts, and there were cases where fixed fit
did not produce a good fit (Figure 4.8p onlyusemore robustfits,desf i t s reported as
by Prism were not used in the secondary plot. Secorplaty of compounds showed that most
compounds hadoks plateauing before 1 mM for HePTP, in contrast to PTP1B, where most
compounds hadokslinearupto [I] of 1 mM. While we can stilbbtainkinac/K| valuefrom those
linear plots, toanalyzeindividual rate constantdurther, we only considered compounds with K
calculated to be less than 2 mM, which is twice the highest concentration tested. After that, PTP1B
had 13 compounds with determinedMdlues, whereas HePTP had B&termined, values were
in mid to high micromolar range except for a few, and HePTP had the lowest value on average

(Table 4.1).
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Figure 4.6: Fitting library screen data to obtain k os. Examples of compounds that do (right)
and do not (left) closely follow a single exponential decay from 100 % are shown.
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We identified a few interesting compounds from individuakiand K data (Figure &).
2-(9,10diox0-9,10-dihydroanthracenyl) chloroacetami@@, which stood out in analysiusing
ICs0 and intrinsic reactivity, showed high affinity for SHP1 and HePTP. Aggregatéucing
compounds suclas 2(4-(5,6,7,8tetrahydre2-naphthyl)thiazolyl) chloroacetamid@) and the
hexynyl etheitagged variant of-4and 3biphenyl chloroacetaite @8, 9 hadmisleading data here
as well, displaying a highdctand a low K A number otthiazole scaffolds performed well in this
analysis as well, such as2-benzothiazole chloroacetamide 10) or 2-(4-(2,4
difluorophenyl)thiazolyl) chloroacetamid€ll), and a few isoxazoles such &s(3-(4-
chlorophenyl)isoxazolyl) chloroacetami@le?). Phenyl chloroacetamidé), which was analyzed
in the previous section through inactivation assay with more timepoints and concentrations, had a
comparable order ofmagnitude for the obtainednd:; but had K that is about an order of
magnitude highemotably, it placed at the bottom of the scale for covalent efficiency alongside
its carboxy derivatives, suggesting that more complex structures may improve ceffalemtcy
even when 16 might not show it directly. However, it must be noted that individual With:
and K values are not determined for a considerable number of compounds tested, so the constants

may range beyond what we obtained.
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Figure 4.7: kinact, Ki and covalent efficiency for individual PTPs.  For covalent efficiency,
notable compounds are denoted with their numbers. Aggregating compounds are in the red
rectangle.

Finally, we compared the calent efficiency obtained from the fits, withd{ralues for
the same compounds. Plotting both values in log scale confirmed that two aedlaggely
correlated (Figure 8). This is expected, and researchers have reported usgnpl@es to extract
kinetic rate or equilibrium constantd!'4 Interestingly, comparing 1§ with Kinact and K
individually revealed differences between PTPs. For PTP1B, SHP2 and HEPWRs less
correlated to IC50 thakinact was; but for SHP kinact Was rather flat, an{; was the major factor
driving covalent efficiency correlatioithen, we also comparegdsvalues for each enzyme with
the krng Obtained from intrinsic reactivity assay (Figur8)4While the two constants did not show

a highcorrelationmany hexynyl ethetagged probes, including those that cause aggregation, were
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placed in the upper leforner, having a higkinact for the samérns. The rangeof kinact, Spanning

about two orders of magnitude, was smaller than thitxef This may be explained by the fact

that the covalent bond formation in the active site is different from the sateorein general,

as the active site contains structures and general acid/base residues to stabilize the transition state

in a mechanisnAbased way.
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Table 4.2: All values of k inact, Ki and covalent efficiency for individual PTPs. Compounds are
numbered in the same scheme as Chapter 3 (albre chloroacetamides, or5). As explained,
values that were filtered out are not shown.

PTP1B SHP1 SHP2 HePTP

kinact KI kinac{KI kinact KI kinac{Kl kinact KI kinac/Kl kinact KI kinacl/KI

) e (M)
aa 202 1590 123 755
ab 1.53 1510 1010 1400 800 1090
ac 79.3 264 800
ad 0.174 522 333 1560 765
ae 834 5.7 650 8770 1.05 135 7790 1410
af 0.637 1020 627 4.48 632 7090 0.0578 254 228 1.95 1250 1560
ag 0.706 1550 456 3.21 594 5410 0.047 292 161 0.589 297 1980
ah 1150  5.69 552 10300 859 3070
ai 0.717 975 735 967 455 1.08 535 2020
aj 4640 5.51 436 12600 2.83 409 6910 3.56 480 7420
ak 1830 4.75 123 38600 1520 521 901 5780
al 1520 1740 1270 2250
am 7.51 1240 6070 1.2 463 25900 3120 0.399 8.05 49500
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4.6.Discussion

First, we conducted inactivation assay with a few enzgarepound pair, and fit the
obtained data multiple ways. For the conventional method of fitting secondary plots with steady
state approximations, when fitting activity over time fesskin many case setting y fixed and
free resulted in large differences in the obtainggiland K values, althoughila./K| was more
conserved. Still, for compounds with lower reactivity, fixed and free fits produced very similar
constants. With the global fitmethd , we saw that fits generated
to single decay fits with fixedoy and those generated by fitting to [E] similar to free fits to
exponential decay. This suggested thatd@ dilution from preincubation mixture to sutse
reaction mixture may not be enough to dissociate bound but unreacted species. Lastly, we used
our screening data and extractedckand K, by using fixed ywith just 3 timepointsAs expected,
kinac/ Ki mostly correlated well with 165 data.Theresult showed promise thatdtand K may be
modeled to get more information about affinity and specificity of the compounds, as they seemed
to reveal similar information that we were only able to infer from having a second assay such as
small moleculehiol reactivity besides 1§5. Overall, this analysis for kinetic rate constants can

guide us further in identifying lead candidates that will be suitable for proteomics upon refinement.

4.7.Methods

Inactivation assayThe procedure for pNPP assay in Chaptewas followed. Aliquots of
preincubation mixture was taken every 15 min for 2 h. For high compound concentration range of
between 1 mM and 7 mM, more 100 mM stock solution was used, resulting in a higher DMSO

concentration of 7 % (instead of 1 %, v/v)ime preincubation mixture.
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Nonlinear regression and statistical analy$t®r secondary plot fitting, inhibition over time data

was fit to a single exponential decay with plateau as 0 and top as 100 % or free between 0 % and
200 % (up to section 4.4) & % and 100 % (section 4.5). Then the obtaingdvalues were

plotted over time and was fit to a Michaelfenten kinetics equation. For global fitting, inhibition

over time data was fit to a double exponential decay according to the equations 2Ipnwas3. |

set as input for each data set, and all parameters were set to be shared across datfusetsl R
values were used as provided. Extra safrsquares F testas carried outvith theyo-constrained

model as the simpler modeélorrelation betweekinac; Ki, covalent efficiency and Kz data was

analyzed using Pearsonods r
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Figure 4.10: Example of a noisy data fitting. Data is of YopH and 2. Note that free fit translates
into a better secondary fit.
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Figure 4.11: Example of a less noisy data fitting well withouty o constraint. Data is of PTP1B
and 3. At all concentrations, free fit had higher R-squared value.
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Chapter 5: Utilizing active site-directed covalent probesin
proteomics

5.1.Background

Genome sequencing has provided researchers with vast amount of data of scales never seen
before. With the information, the next challenge wasrtderstand the roles or functions of each
protein encoded in the genoriféWhile genomic data itself can be used to infer protein function,
the existence of postanslatonal modification that further diversities genome into the proteome
means that there are clear limitations to using just the genomic data to obtain physiological
contexts of the cell. Advent of proteomics through-MS/MS platforms, especially what is
knomn as HAubpoot taopnpr oach where mi xtures of protei|
before analysis, gifted researchers with a reliable method to generate quantitative data with high
throughput. However, one thing that is still missing in data pratlbgeroteomic methods is the
catalytic activity of the proteins, which may differ from the expression levels. As the activity is, in
many cases, what ultimately dictates the role of each protein in the cell, additional methods
designed to interrogate tleetivity of a subset of the proteins in their native state have been
developed. One example is activitgsed protein profiling, which has been fruitful and made into
a standard toolset for researchers looking to characterize protein families for tlotiorfun
Designing suitable covalent probes tends to be the main challenge that researchers need to
overcome to reach success at profiling a particular family of proteins, which was the premise for
this body of work.

Activity -based probes can broadly be gatized into directed and nondirected probes;
directed probes are designed to target a specific family of enzymes. Ideally, this is done with probes
of which the labeling reaction mechanism has a high degree of similarity with the catalytic
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mechanism of thtarget. It can also be done by incorporated-higjhity binding groups that are
specific to the target family. Either way, it requires prior knowledge about the target family and
their structure, mechanism, or substrate specificity. Nondirected paobesild electrophiles or
photoreactive groups with some structural features that will react with a variety of proteins without
a specific target. This strategy is useful when-legsvn enzyme families are being targeted.

As our goal was to design actidbased probes for a particular family, protein tyrosine
phosphatases, we tested our probes from the fragikedibrary with the activitybased protein
profiling methods, including the LL&MS/MS based method. This required that probes are
augmented witliags that can incorporate reporter groups. We found that even probes made from

a fragmerdike structure displayed selectivity towards a few target proteins.

5.2.Design and synthesis of tagged probes

While it is possible to directly attach reporter groupsdtvity-based probes, having a
bulky attachment may affect the probe functionally, affecting its ability to label targets, or cell
permeability. Thus, a common approach has been to attach a small tag that can be reacted with a
bio-orthogonal click chemtsy. Attaching an alkyne or azide tag allows copgatalyzed (or
strainpromoted) cycloaddition with the reporter group that has the otheAsdgr which tag to
be attached to the prohege chose alkyne groups for all our probes, as the reportes talgied
in excess during click chemistry, and due to higher reactivity of the activated alkyne, having a
alkynereporter can increase background signal 1&¥dt shouldbe noted that terminal alkyne
groups are reactive under certain circumstances. They can be oxidized to a Michael acceptor,
which has been exploited in activibased probing of several oxidas&s'8In fact, thiokyne

coupling methods, where a photoinitiator is used to activate a triple bond and induce reaction with
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thiol groups via free radical mechanism, have hessufor decades!® They can also function as

a Michael acceptor towards select cysteine residues in pockets of enzymes such as
ubiquitinases?% 122 However, outside of these special contexts terminal alkyne groups are mostly
biorthogonal. Even more electraleficient alkynes, that have been used as a reactive gooup f
thiols,*?2are relatively mild in reactivity and thus is featured in covalent drugknical practice,

such as acalabruitinit3*

Probes with general structures that could serve as a representation of a chemotype were
chosen to be tagged; this included phenyl, biphenyl, naphthyl and a few thiazole moieties (Scheme
5.1). In most casean aminealcohol precursor was used, to which alkyne tag was attached through
Williamson ether formation with the hydroxy group, and the reactive group was formed from
amine through the same reaction as untagged molecules. There were cases where an alkyne
containing precursor was useddthynylphenyl) or a different method of amide coupling with
propargylamine was used from a carboxylic acid precursor to attach an alkyne group. In these
cases, later a hexynyl equivalent was synthesized to compare dlirgtsugith the same hexynyl
ether tag; however different tags did not lead to ndiffarence (Figure irmethods sectign

To prevent théwo steps of warhead formation and tag attachrfrent interferingwith
each other in some cases Boct-ljutyl carbamee)protection was used, either through
commercially available precursors or through protectiitth Boc anhydride Notably, in some
cases we used a previously reported-poieconversion methdeéP from Boc to haloacetamide

usingin situgeneration of acid to cleave off Boc group.

92


https://sciwheel.com/work/citation?ids=5867922&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=617621,8567845,9573680&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13407258&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6174338&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13406504&pre=&suf=&sa=0&dbf=0

Activity-based probe

cl reactive group

e LT

reporter group attachment

recognition element

HO s
e

CH,CICOCI (3 eq.)
K,CO; (4 eq.) o cl
DMF, 4 h

commercial amine-alcohol

@kk

Boc amide-alcohol

Tk

Cs,C0O5 (2.4 eq.)
DMF, 4 h

(commercial or synthesized)

(1.9eq.)

Csy,C0O5 (2.4 eq.)
DMF, 4 h

CH,XCOX
HX in situ
Base,rt., 4 h

-
i

(X=Cl, Br)

Scheme 5.1 ABP structure and representative synthesis pathways.

5.3.Gel-basedABPP methods

In getbased ABPP approaches, proteome treated with probes are resolved through SDS
PAGE (sodium dodecyl sulfafmlyacrylamide gel electrophoresis), either -or@ two-
dimensional, and read out either througlyél fluorescence or by blottingathods. It is a reliable
technique, being based on a mature, standard methodology; while it does not reveal anything about

each protein in the result besides molecular weight, downstream techniques suefpelas in

digestion and MS/MS analysis can be usedeti@rmine the identity of protein.

Requirement of a tagged variant for any probe can be a barrier to assessing as many
compounds against the proteome as possible; synthesis can consume both time and resource, and

for some scaffold structures a path t@agged probe may not be as straightforward either. While
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a variety of biochemical assays we laid out in the previous chapters can be good substitutes, testing
against the whole proteome is valuable in assessing whether a compound can be a goed activity
basel probe when tagged. One way to do so is by using a fluorophore broadly reactive towards
thiol, to probe proteins that were not already labeled by the preceding probe treatment. In a way,
this is similar to competitive ABPP but without the narrowed scope for only the target sites.
Therefore, while it may not be suitable for finding a probe with great affinity for the target active
sites, it can still give information abbthe reactivity for offtarget cysteines across the proteome.

We used this method, with an iodoacetarrdd& 0488 dye conjugate, by treating HEK293 lysate
samples with different candidate compounds and following up with the dye conjugate, then
resolving wth SDSPAGE and measuring-gel fluorescence of the dye.

First, we assessed some thieactive groups, which showed some difference in band
patterns as well as intensity across the lane (Figure 5.1). Phenyl maléinideas the most
reactive exceptowards one band around 40 kDa. PVS{da), MUVSN (1b) and phenyl
bromoacetamid€2) showed high reactivity across the proteome, while naplahgl biphenyl
vinylsulfonateg(1c-d) seemed to have lawer reactivity for cysteines in the proteome. We also
assesxbromoacetamides with different scaffold structures, which showed that bromoacetamide
on methylcoumarin scaffol(b) was not as reactive as naphthyl and biphenyPc-d), both of
which are taggedit also showed that several heterocyclic compoundsnia@ reactivity, a
finding that is in line with the biochemical assays. For chloroacetargijlesame experiment did
not generate much information as all groups showed nigliyical results, probably due to the
low reactivities of the warhead; however, for the bright band at 40 3B 2-benzisoxazolyl)
chloroacetamidésh) showeda significant reduction in signal, suggesting that the compound had

some specificity for thgprotein.
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Figure 5.1: Chasing with a broadly reactive dye conjugate. Compounds were treated with 40
4, for 1 h, thenwith 1 4 , 1A-dye for 1 h. Lower signal in a band means that compounds
reacted more.

Same experiments were also done by first treating HEK293 cells with -postiaining
media, and then lysing the cedlad treating with the same dye conjugate. Samples were resolved
SDSPAGEwith and ingel fluorescence was measu(edyure 5.2). This lardg showed the same

result as lysate treatment, showing that the probes tested were capable of permeating cell
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membranesintensity differences between lanes revealed that afih) and carboxylate

containing compound®éaab, 2j) are less celpbermeal® than others.
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Figure 5.2: Dye chasing after direct cell treatment. Cells were incubated in media containing
1004 , compounds for 1 h, then lysate was treated with 1 4 , 1A -dye for 1 h.

Next, we used the tagged probes to check for labeling on the proteome. We used both azide
ATTO633 conjugate for fluorescence and azZRieGhbiotin for streptavidin blotting or
enrichmentFirst, HEK293 cell lysates were treated widhjgedcompound<®ct, 2et, 1at, 6at, 5ct-
51t and subsequentl@uAAC click chemistry was performed, either with azitigee conjugate or

azidePEGhbiotin. This showed that all tested compounds exhibit broadivisacacross the
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proteome, with very modest differences in band patterns (Figure 5.3). Click chemistry steps were
verified by removing each component upon which signal exdimguished (Figure imethods
section.

Then, we also treated HEK293 cells dirgetith the compounds, and then cells were lysed
to be subjected to the same-paked ABP procedure. The result again showed that all compounds
tested were able to permeate the cell membrane and label the proteins inside, indicating an
improvement over pkei ous |l y r epor t-bromolenzgphesshonater Many af the U
gekbased experiments were run in parallel with-bESed proteomics experiments, taking samples

from each group for blotting with streptavidilye conjugatésee Figure 5.10)
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Figure 5.3: In-gel ABPP using synthesized probes. Compounds were incubated with lysates at
indicated concentrations for 30 min. lat did not display any signal as it is an azide probe.
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5.4.Massspectrometry-basedABPP methods

To assess which proteins in the proteome are being targeted with our probes further, we
used LCMS/MS based proteomics, which is more sensitive and qualitative than e
method (Scheme 5.2)his part of work was doria collaboration with Jovanovic Lab (Biological
Sciences, Columbia University), with Sarah $everal quantification methods exist for MS
proteomics; absolute quantification can only be done with an internal standard spiked into the
sample, which can beostly. Therefore it is desirable to have a reliable relative quantification
method in betweethe groups, to accurately compare the proteomic data for different states, in
this case treatment with different compounds. M@&%ed labefree quantificationd an intuitive
way that integrates the MS1 signal for a given peptide. While this can be used to compare signals
from an unlimited number of different runs without any additional steps and cost, there are
limitations, namely low precisignvariability in dgnal and detection, and requirement for
replicatest?’ Isotopic methods allow for relative MS1 quantification within the same run by
combining samples labeled isotopicalyhich gives much higher reproducibility. Isotopes can be
introduced multiple ways: a metabolic way of adding heavy amino acids to cultura, kmean
as SILAC (stable isotope labeling with amino acids in cell cultuhes) seen widespread use;
vitro methods such as the use of light and heavy cleavable liameec®mmonly used for ABPR2
However, as this increases the complexity of the MS1 specusually only 2samplesare
compared ireachexperiment (used for each group against a control grouppgtandst 3.

Isobaric mass tags have provided solutions for further multiplexing, where each tag has the
same mass and only differs by the distribution of isotopdseiaty. This allows MS1 spectra for

identical peptides to be a single peak, and the groups are quantified according to their
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fragmentation in MS2. Commonly used, commercially available isobaric tags are mostly amine
reactive, and include iTRAQ (isobaricgt for relative and absolute quantitation) and TMT
(tandem mass tag&)’

For the experiments described here, groups were multiplexed usinglBNGr isobaric
labeling andMS2 quantification between groups, and latbee MS1 quantification of iBAQ
(intensity based absolute quantification) was used to normalize for each protein group. Data
dependent acquisition (DDA) was uséd the set of compounds to test, we chose agged
chloroacetamidebt, 5ct, 5et, 5nu) and bromoacetamid@dt, 2ct, 2et) probes on top of azPVSN
(1at, used with alkynéiotin) to compare the performance to. Two drug molecules, alkyne
derivatives of ibrutinib and afatinibk i nases i nhibitors that target:
tyrosine kinase) and EGFR (epidermal growth factor receptor) witylaaude ) and 4
dimethylaminoacrylamides] groups, respectivelly were added to assess the enrichment patterns
of targetspecific drugs. A commercially available kinase ABP, ActivX, as well as two controls,

one untreated DMSO group and a broad theatting maleimide group4t), were added.

Treatment: ¥ Click to biotin
Cells or lysate (Lyse cells if intact)

(2D |2 1 ] % B Streptavidin pulldown
' On-bead digestion

P&

0.0

Isobaric labeling
Combine groups

~nN s
: N =
R e 5

Scheme5.2: Workflow for MS proteomics -ABPP.
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Two human cell lines were chosen for this part: adherent HEK293 cells and suspension
Jurkat T cells. As with before,ithworks both by treating our probes on lysates, or directly treating
the cells and then lysing. Then lysates were treated with atikgged probes, which were then
clicked to azidePEGhbiotin. This allowed labeled proteins to be enriched for with stvepta
magnetic beads, followed by dread digestion with trypsin. The enrichment protocol and its
parameters, such as incubation conditions and washing, had been optimized for efficient washing
(Figure inmethods sectign Finally, different groups, includg a DMSOtreated control group,
were labeled with isobaric labeling reagents and combined to be measured threM$/MS
(Scheme 5.2)Each group was compared to the unee®@MSOgroup for the difference in protein
signals. The result showed two PTP3$P1B and DUSP3, as enrichednany groups; both were
enriched within the top 10 % of all proteiimsthegroups treated witbet, 5nuand7. DUSP3 was
enriched bybat and5ct within top 10 % as well. Plus, PTP1B was among the top 5 3awand
7, and DUSP3 was in the top 2 % feat and top 5 % fobct. Importantly the corresponding
bromoacetamide&ct and 2et did not show ashigh enrichment, suggesting that the reduced
readivity was important in bringing out the ability of scaffolds to function as a recognition
elementMore reactivelat, 2at and4t did not show significant enrichment of any PTP. While the
two drugalkyne molecules did not show enrichment for their targetithey were not detected in
the lysates? enriching PTP1B and DUSP3 may show that a less reactive warhead is more likely

to enrich specific targets.
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Figure 5.4: Enrichment of proteins from intact cells t reated with probes. Intact HEK293 cells
were incubated in media containing compounds of indicated concentrations for 1 h. After
guantification of each channel with MS2 labels, signal intensity for each protein group was

compared to that of the DMSO control group. All 4 detected PTPs are colored.

5.5.Discussion

Here, we showed several methods of assessing the reactivity of candidate compounds for
the proteome. Untagged molecules were tested through avifmjjoreaction with a broadly
reactive dye conjugate. Then, probes with alkyne groups were synthesized, and used in both gel
based mass spectromebgsed ABPP. Probes did not have any issue with cell permeability.
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As our goal is to develop directed prolfes a particular family of phosphatases, the
selectivity of the probes needs to be improved further. With electrophilic probes that do not have
reaction mechanism identical to that of the natural substrate, side reactions can only be avoided by
increasingthe affinity, thereby reducing the dose of probes treated. We showed that our probes
with simple structures are capable of enriching for PTPs, and that lower reactivity is essential to

do so. With a more complex structure, probes may be tuned to haveea $etectivity for PTPs.

5.6.Methods

Boc protection of amino naphthdl0 mmol of 6aminc1-naphthol was dissolved in 50 mL DMF.

5.56 mL TEA was added. To this mixture, 20 mmol Boc anhydride (4.59 mL after liquifying at 37
°C) was added, and the mixture wasred at 45°C while being monitored with TLC. Upon
complete protection tbl-bis-Boc amide naphthol, DMF was removed on rotary evaporator. 100
mL MeOH and 30 mmol potassium carbonate was added. This was refluxed while being stirred
and monitored with TC. Upon conversion tbl-moneBoc amide naphthol, 50 mL 0.5 M HCI

and 50 mL EtOAc was added, and agueous phase was extracted twice more with 25 mL EtOAc.
Organic layers were combined and washed with 25 mL brine, dried with sodium sulfate and

concentrated. ®®duct was purified with flash column chromatography.

Synthesis of chloroacetamides with a hydroxy gréapand5lt followed this method, after which
ether formation gave final probes. To a stirred solution-amho6-hydroxybenzothiazole 4
mmol and ptassium carbonate 16 mmol in DMF (10 na)ice 12 mmol chloroacetyl chloride
was added. The reaction was brought to r.t. as it was run for 4 h. Work up was done by adding 20

mL 1 M sodium bicarbonate solution and 20 mL EtOAc, and washing organic lagez0amL 1
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M HCI and then 20 mL brine. Flash column chromatography in 0 % to 50 % MeOH in DCM
afforded  2chloroacetamidd-hydroxybenzothiazole. -@-aminothiazold-yl)phenol was
dissolved in DCM (10 mL) and 8.2 mmol potassium carbonate was added @hZiaamol
chloroacetyl chloride was added and the reaction was brought to r.t. as it was run for 1 h. After
concentration, the mixture was redissolved in 10 mL ACN. Adding 10 mL of water gradually, 4

(2-chloroacetamidothiazal-yl)phenol was precipitated gut was filtered and used.

General procedure for hexynyl ether formatiém.14 mL DMF, 2 mmol of alcohol molecule,
eitherN-Boc amides (Ambeed) or chloroacetamides, and 4.8 mmol cesium carbonate was added.
3.8 mmol of 6iodohexyne was added, and thextare was stirred at r.t. while being monitored

with TLC. Typical reaction lasted for 1 h. Product was extracted by adding 20 mL EtOAc and
washing with 20 mL dI water 3 times, then drying organic layer with sodium sulfate and
concentrating. Product was [fied on flash column chromatography using 0 % to 25 % EtOAc

in hexane.

General procedure for conversion of Bamidesto haloacetamides2ct-et, 5ct-dt and 5nu

followed this method. 1 mmol afbutyl carbamates was dissolved in 10 mL solvent (DCMfor

ACN for 5). For 2, 4 mmol bromoacetyl bromide was added, and5fo# mmol chloroacetyl
chloride, then 2 mmol of Nal was added. For bo
stirred at r.t. for 20 min. Fd, 3 mmol potassium carbonate was added at r.t. and stirred for 1 h.
Solution was filtered on a pad of Celite and concentrategivie pure bromoacetamide product.

For5, 4 mmol DIPEA was added on ice then mixture was moved to r.t. and stirred for 1 h. Adding
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15 mL 1 M HCI and 30 mL diethyl ether, and washing with 1 M sodium bicarbonate and drying

with sodium sulfate and concentra gave chloroacetamide product.

Synthesis of MBoc amide benzothiazole propargylamiti@amol ofN-Boc benzothiazole-&cetic

acid (CombiBlock) was dissolved in 10 mL ACN. 5 mmol of DIPEA, 0.1 mmol of HOBt, 1 mmol

of DMAP, and 1.2 mmol of propargylangrwas added. Finally 1 mmol EDC was added, and the
mixture was stirred at r.t. and monitored with TLC. Typical reaction lasted 24 h. Then it was
concentrated and extracted by adding 20 mL EtOAc and 20 mL 1 M sodium bicarbonate and
extracting out twice moneith 20 mL EtOAc. Combined organic layer was dried and concentrated,
and flash column chromatography with 5 % to 30 % MeOH in DCM gave pure amide product.
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Reactivity is similar, with some differences
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Figure 5.5: Comparison of hexynyl -tagged probes wi th ethynyl - and propargylamide -tagged
probes. Only minor differences in reactivity were observed, both with pNPP (left) a nd by in-gel
ABPP (right).
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Cell culture.HEK293 cells were obtained from ATCC and grown in DMEM witlalanineL -
glutamine (Gibco) spplemented with 10 % FBS (Gibco) and 1 % antibiotics/antimycotics mix
(Gibco). Jurkat T cells were obtained from ATCC and grown in RPMI wigllelninel -glutamine

(Gibco) supplemented with 10 % FBS and 1 % antibiotics/antimycotics mix.

Cell lysis. Whetherbefore treatment or after, cell lysis was performed with the lysis buffer
containing 50 mM HEPES, 1 % Triton-X00, 0.1 % sodium deoxycholate, NaCl so that ionic
strength is 150 mM, and protease inhibitor cocktail added at each time of use. Cells viiexit was
with PBS first, then scraped off mechanically and pelleted. Dry pellet was resuspendgd in 3
times the volume of lysis buffer and incubated-dt®C for 25 min. Insoluble part was removed
by centrifuging at 17000 rpm for 15 min in a refrigerateddiaip centrifuge. Lysate was measured

for total protein content using BCA assay, then diluted with lysis buffer to 1 g/L.

Visualizing probe reactioon proteome with broadlyeactive dyeWwh en done on | ysat
|l ysate was mixed with 1 €L of compound stock
cells, HEK293 cells were grown onveell plates to about 90 % confluence. Medium was
exchanged to 1980 €L medium (DMEM) forlh2cellse L cor
were i mmediately |l ysed according to |lysis pro
i ncubated wi tATTOU88sthck sdlbtioreaht rdacted for another 1 h. Reaction was
guenched by adding 4x sample buffer, and $12&Ewas run enough to ensure free dye removal.

In-gel fluorescence was imaged using either ChemiDoc MRRRib) or Typhoon 5 (GE) imager.
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Gelbased ABPPWhen done on | ysat e, 24 L | ysate was
solution and incubated for 30 miwhen done on cells, HEK293 cells were grown-aved plates

to about 90 % confluence. Medi um was exchang
compound stocks. After incubating for 1 h, cells were immediately lysed according to lysis
protocol. The resuig | ysate (25 ¢L) was +ATTOE38 (Favi t h 1
fluorescence) or azidBEG-biotin stock (for blotting, 5 mM in DMSO, alkyAgiotin in case of
usinglatpr obe) , 1.25 €L of 50 mMM sodium ascorbate
@7mM in DMSO) and 1.25 L of copper sul fate st
10.83 €L 4x sample | oadi ng -PAQH protocol wasafdlowadd d e d  a
In-gel fluorescence was imaged dyphoon 5 (GE) imagerln case of blottingtransfer to

membrane was done using TwBt (Bio-Rad), blocking was done for 1 h in 5 % BSA (w/v) in

TBS-T, then the membrane was incubated in 10 mL 1:1000 streptdR€80 (Li-Cor) in

blocking solution for 1 h. Ater washing 3 times in FTBSBIlots wereimaged orlyphoon 5 (GE)

imager.Another gel was loaded identically and stained with Coomassie Blue for loading control.

HEK293 lysate HEK293 lysate + SHP2FL

- P aP aP ePPBePB - P aP aP eP PBePB
aaa- bbb aaa- bbewb

’
[ >
3 - B
g .

Figure 5.6: Checking for background signals of click chemistry . Groups that wer e not treated
with compounds at all, those that were treated with untagged compounds, and those that were
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not added with a linker during click chemistry step (all marked with arrows) did not show
signal after blotting with streptavidin -HRP.

Sample prepar#on for MSbasedABPPWhen done on | ysate, 96 gL |y
of compound stock solution and incubated for 30 min. When done on cells, cells were grewn in 6

well plates to about 90 % confluence. Medium was exchanged to 1.98 mL medium (DMEM) + 20

eL compound stocks. After i ncudeaddccomliggtdlysis 1 h,
protocol . The resulting lysate (100 L) was
HEPES, ionic str engt-PEGbthstockjor,blotting,& mMiB DMSO, az i de

alkynebiotin in case of usingatp r o b e ) ,50 M sodiumagcorbate aqueous solution, 15

eL of TBTA7 smM cikn (DMSO) and 5 €L of copper su
added. After 1 h of incubation, click reaction was quenched by adding EDTA solution for a final

2.5 mM, and sampleswered al t ed using desalting columns (T
sample was saved for blot analysis. Streptavidin magnetic beads (Pierce) were washed and each
sample was mixed with 17 &L of°Ctftoh2eh Besmlawese s ol u
was hed with 200 €L | ysis buffer t wi ce, t hen
reconstituted in 80 €L 2 M wurea inegityl3iES buf i
(sequencing grade, Promega). This was shaken (1000 rpm) for 1 h at r.t.. Sapewvasta
combined with two washes of 60 €L 2 M wurea in
mixture shaken (1000 rpm) for 30 min at r.t.. IAA was added for a final 10 mM and mixture shaken
(1000 rpm) for 45 min in the dark. 0.5 ug trypsin was addedg@ple, and sample was shaken

(500 rpm) overnight. Samples were acidified to a final concentration of 1 % formic acid. Peptides
were desalted using C18 StageTips. Sampl es we

HEPES. Each TMTpro 1glex (ThermaoScientific) reagent was added to each group (0.2 mg in
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16.4 ¢L ACN). After 1h incubation, the react

min at r.t.. Differently labeled peptides were mixed, desalted using C18 cartridges (Waters),
evaporateda dryness in a vacuum concentrator, and reconstituted in 3 % ACN, 0.2 % formic acid

solution.

Incubation changedto 2 h Volume during incubation decreased Washes with lysis buffer added
e |
e e Y ™%

3 e - s /
| B ; |-
s " . . . . . 4 ol
31 -
| / . N :
b 2* HEPES 2* HEPES Lysis
2*UreaHEPES  1*1MKCI
2* Urea HEPES
Wé 2 * HEPES Lysis

2* Urea HEPES

Figure 5.7: Optimization of bead washing protocol to minimize nonspecific binding.

Ibrutinib-yne
azPVSN 40 uM
Ph eth Br 40 uM
Ph eth Cl 400 uM
Ph eth CI 40 uM
Naph Br 40 uM
Naph CI 400 uM
Naph CI 40 uM
Biph Br 400 uM
Biph Br 40 uM
Biph CI 400 uM
Biph CI 40 uM
Bzt ppg Cl 400 uM
- Bzt ppg Cl 40 uM

Afatinib-yne
ActivX

©

°
o E
23
o =

I ®

Figure 5.8: An example of a sample blot during proteomics sample preparation. The lane
intensities of each group reflect the reactivity of the compounds well.
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Name ActivX enrichment score
DCN1-like protein;DCN1-like protein 1 6.603667
Lipoamide acyltransferase component of branched-chain alpha-keto acid

dehydrogenase complex, mitochondrial 3.574839
UDP-glucose:glycoprotein glucosyltransferase 1 2.949668
Endoplasmin 2.758632
Ribonuclease H2 subunit C 2.746093
NF-kappa-B essential modulator 2.69782
La-related protein 4B 2.549297
Cyclin-dependent-like kinase 5 2.478134
Inosine-5-monophosphate dehydrogenase 2 2.464429
Ribosomal protein S6 kinase;Ribosomal protein S6 kinase alpha-2;Ribosomal

protein S6 kinase alpha-3 2.449229
NEDDS-activating enzyme E1 catalytic subunit 2.403686
Serine/threonine-protein kinase OSR1 2.166272
Activated RNA polymerase Il transcriptional coactivator p15 2.115437
UMP-CMP kinase 2.114771
Acetyl-CoA carboxylase 1;Biotin carboxylase 2105273
Arfaptin-2 2.101284
Ketosamine-3-kinase 2.090871
Myosin regulatory light chain 12A;Myosin regulatory light chain 12B;Myosin

regulatory light polypeptide 9 2.086995
Thymidylate kinase 2.042776

Figure 5.9: Verification of MS proteomics protocol. A commercial kinase ABP kit (ActivX,
structure shown) was included in lysate -based proteomics work. Out of top 19 protein groups
enriched, 6 were kinases.

LC-MS/MS analysisA b o u g of tbtal peptides were analyzed on a WaterSlakss UPLC using

a 25 cm lonopticks Aurora column coupled to a benchtop Orbitrap Q Exactive HF (Thermo Fisher)
mass spectrometer. Peptides were separated at a flow rate of 400 nL/min with a 100 min gradient,
including sample loading and column equilibration times. Data was acquired in data dependent
mode using Xcalibur 4.1 software. MS1 Spectra were measured with a resolution of 120000, an
AGC target of 3e6 and a mass range from 300 to 1800 m/z. Up to 12pd&Pasper duty cycle

were triggered at a resolution of 60,000, an AGC target of 1e5, an isolation window of 0.8 m/z, a
normalized collision energy of 28, a scan range of 200 to 2000 m/z, and a fixed first mass of 110

m/z.
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Analysis of MS proteomics resultll raw data were analyzed with MaxQuant software
version 2.1.3.0 using a UniProt human datab&#e00000564Y) and MS/MS searches were
performed with the following parameters: TMTprodi@x labeling on the MS2 level, M oxidation
and Nterminal acetylabn as variable modifications; C carbamidomethylation as fixed
modification; Trypsin/P as the digestion enzyme; precursor ion mass tolerances of 20 ppm for the
first search (used for nonlinear mass recalibration) and 4.5 ppm for the main search, andra frag
ion mass tolerance of 20 ppm. For identification, we applied a maximum FDR of 1% separately
on protein and peptide level. We required 1 or more unique/razor peptides for protein identification
and at least two MS/MS spectra ratio counts for quantificdor each TMT channel. This gave
us a total of 2062 quantified protein groups. Next, we normalized the corrected TMT MS2 intensity
such that at each condition (sample) these intensity values added up to exactly 1000000, therefore
each protein group va¢ can be regarded as a normalized microshaeparately for each TMT
channel for all proteins that made our filter cutoff in all chanhelthe labelfree quantification

from MS1 of each protein group.
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Chapter 6: Conclusion and future outlooks

6.1.Overview

In this thesis| describe what started from an analysis of existing vinylsuéftaprobes
andturned into an extensive analysis of covalent ligands for the catalytic cysteines of protein
tyrosine phosphatases. We took a systematic approach of assessiegtdiéi@ctive groups, then
looking into how various scaffold structure may serve as recognition elements for target PTPs. For
this process, a series of assays for the reactivity of-tbaitive compounds, both towards the
active site catalytic residue aadl other offtarget residues, was developed. While on a simple
phenyl scaffold highly reactive warheads inhibit PTPs in the micromolar range, less reactive
warheads show little to no inhibition. Upon examining a series of structures of compounds with
sewral warheads, we were able to find out the relative reactivity of individual PTPs with the
compounds, and also compare within different groups of compounds: for example, thiazoles
showed faster inhibition rate than aromatic hydrocarbon structures ditheéWalso examined the
intrinsic reactivity of these compounds, which showed a larger range than the reactivity towards
the active site cysteine. Moreover, there was not a noticeable correlation between the two values,
and thus some groups performed beatteraverage as inhibitors while having a similar reactivity
towards thiols in general. Structeaetivity relationships could also be extracted from comparing
intrinsic reactivity with the reactivity with PTPs. We also discussed what considerations
researhbers should take into account when analyzing kinetic measurements of covalent inhibitors,
and showed that it is possible to extract more information from a small time series of a
concentration series inhibition data. Compounds were then tested agaprsttéoene, first by a

competitive method that does not require a tag moiety on the probes. Finally, we showed that the
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compounds can be used to probe the proteome, with the dixyged derivatives of several

compounds that were synthesized showing enrgtirof several PTPs.

6.2. Towards an ideal ABP

The key to any successful ABPP approach is having the right probe that balances reactivity
and selectivity. If a probe is too reactive, it will label the proteome indiscriminately and it will be
hard to get meangful information. If it is too unreactive, researchers will have a hard time getting
a consistent readout of anything that the probe labels. Then, if the probe is to be a directed activity
based probe, the specificity needs to be targeted towards acspks$ of enzymes. A reliable
way to ensure that the probe is specific to a target family is if the probe is highly mechanism
based, in which case a microenvironment specific to the target family is necessary for the labeling
reaction to take placén this case, though, we opted for simpler electrophiles for cell permeability
and stability.

For directed ABPs, the reactivity for target active sites is essential, and having that ensures
that probes are able to light up the target proteins irblk®d ABPRXperiments. Moreover, as
long as the probes are reactive towards target active sites they can be employed in a competitive
ABPP screens for potential inhibitors. This may be quantified easily through the usewaiil€s,
or similarly, covalent efficiecy. We showed that many of our probes are capable of this, having a
low micromolar to high nanomolar ¥ application of our probes to competitive inhibitor
screening is certainly an interesting possibility. Then for the specificity aspect, the madter is
drive down the oftarget reactivity sufficiently without sacrificing éarget reactivity too much,
for the differences in response for target active sites in various biological contexts to be read out

without noise drowning them out. This is not indr@ty connected to the kinetic parameters as
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those are PTRBpecific constants for example, a sufficiently mechanidoased probe will not
have offtarget reactivity regardless of those constarist knact may serve as a predictor for off
target reactity, as was shown in Chapter 4.

Lastly, an ideal ABP will have preference for the active conformation of PTPs over the
inactive one, thus reporting on the activity states. A {iftinction with any thiokreactive probe
is that it will not react with padranslationally modified Cys, such as oxidation or nitrosylation,

meaning that our probes can report on one regulation aspect of PTPs.

6.3. Future directions

To improve on the proteomicpplicationof this researchseveral things can be done
(Figure 6.1) Seeing that reducing the reactivity of the compound can increase specificity, several
less reactive warheads, such as acrylamide or butynamide, can be substituteéeith. upon
quick synthesis and testing-b2nzothiazolyl acrylamide showegromise, displaying PTP
inhibition on par with that of many chloroacetamides, despite the fact that other acrylamide
molecules did not display any inhibitory activitids our probes are mostly modular in synthesis,
it will be possible to find an ideabmbination of scaffold and warhead their performanceas
ABPs Scaffold structure can be improved furttier ABPP directed to PTPs with high specificity
Fragments identified from our screen may be brought together for a more potent Alestper
promising way of doing thas attachment of known recognition elengisuch as targespecific
peptides or nanobodie®A tag-free approach for proteomics may also be attempted by utilizing a
competitive cysteineeactive tag in similar fashion thhe competitive irgel assay, seeing that

most compounds are quite specific to cysteine. Last but not least, proteomic approaches should be
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utilized on probing a biological system, such as how the activity levels of PTPs change before and

after T cell reeptor activationor insulin signaling

cl reactive group
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Figure 6.1: Potential improvements to functional parts of probes. Some examples of less
reactive groups are shown. Sampleinhibition data for acrylamides are shown .

Another significance of this work is that we have laid out a rather unusual path of target
centric approach in the development of an activedierted probeWe showed an iterative
process of assessing various reactive groups, expanding the scalfottbas by sampling from
promising chemical space, and analyzing the-diwoensional matrix by a uniqgue combination of
several biochemical assays. Similar courses can be utilized in future developments of activity
based probes both for PTPs and otheilfasof enzymes with a defined target residue but without
a suitable probe with a high resemblance to catalytic mechanism. Targets may even be identified
first from a broad fragment screening data, upon which one can build using a warhead and scaffold

varying approach.
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One byproduct of this approach is that we identified a series of broadly reactive groups.
There are various useful implications to cysteine reactivity, such as alkylation of cysteine groups
for digestion and analysis while researchers ranely uselAA, issues such as overalkylation
exist’?9 131 and chloroacetamides and acrylamides are also optld& and deeper dives into
the ficysteinomeo in tHercystene oxaaiof YWe skoved thatf i d e
probes that are broadly reactive can dtdéive distinct reactivity profiles. A more ancrete
characterization of the reactivity profile for several compounds with tuned scaffold structures for
local environment sensing, lafil i gandabi |l ityo obt g caedeldfar om f 1
combination of probes that will provide valuable new insights, especially with the rapid
advancement of data handling techniques. Finally, application forawational mappintf® or
crosslinking MS analyst$’ using various broadiyeactive pobes, including lysineeactive or
multi-reactive ones can be an interesting way to probe conformations and interactions across the

proteome at different states.
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