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ABSTRACT 
 
The phosphorylation of tyrosine residues is one of the most crucial reactions that 

regulate numerous biological processes. The phosphorylation is controlled by well-

balance of opposing actions of protein tyrosine kinases (PTKs) and protein tyrosine 

phosphatases (PTPs). Malfunction of either class of enzymes results in 

pathological diseases. Despite an equal importance of both classes of enzymes, 

the development of inhibitors of PTKs is advanced, while that of PTPs is lagging. 

Therefore, we provide a mini-review of inhibitors of protein tyrosine phosphatase 

1B (PTP1B), an enzyme in PTP superfamily, aiming to gain an attention to the 

development of PTP inhibitors. PTP1B is a PTP that has been fully characterized 

and proved as a drug target for type 2 diabetes and obesity treatment. In the past 

few decades, the development of effective PTP1B inhibitors by pharmaceutical 

industries has been unsuccessful and remained challenging due to the difficulty in 

balancing drug properties, i.e. potency, selectivity, and cell permeability of the 

inhibitors. In this dissertation, we present a novel strategy called “exo-affinity-

labeling” to modulate PTP1B activity. An exo-affinity labeling agent covalently 

inhibits PTP1B in a unique way and this, so called, inactivator is promising of 

providing the desired drug properties. We design, synthesize, and characterize the 

behavior of our inactivators of PTP1B. A short-linker TDZ 8a and long-linker TDZs 

11a, and 11b exhibit time- and concentration-dependent loss of PTP1B activity. 

Mass spectrometry analysis shows that 8a covalently modifies Cys121. However, 

the inactivation reaction is second-order with the rate constant (kinact) of 168 ± 25 

M-1min-1 and we did not observe saturation kinetics in a re-plot of observed 
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pseudo-first order rate constant (kobs) versus concentrations. This suggests that 

the inactivation by 8a is not an affinity-labeling agent. The absence of the 

saturation kinetics is also observed in the inactivation by 11a. On the other hand, 

11b is the only inactivator that exhibits the saturation kinetics, suggesting the 

affinity-labeling mechanism. Fitting a curve to a hyperbolic equation for affinity-

labeling agent gives a rate constant (kinact) of 4.7 ± 0.6 x 102 M-1min-1 and a 

dissociation constant (KI) = 17±4 µM. However, further study is needed to reveal 

an insight of the inactivation mechanism. 
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Chapter 1  
Introduction 
 

1.1) The Needs for The Search of Inactivators of Protein Tyrosine 
Phosphatases 

Protein tyrosine phosphorylation is one of the most crucial posttranslational 

modifications that involves in a wide range of physiological processes,1 for 

instance, water homeostasis, blood glucose control,2 activation of immune system, 

cell growth,3 cell development, cell differentiation, tissue repair, and metabolism.4,5 

The tyrosine phosphorylation is regulated by opposing actions (addition and 

removal of phosphate groups) of two enzyme families. Protein Tyrosine Kinases 

(PTKs) up-regulate the tyrosine phosphorylation by catalyzing phosphorylation 

reaction of phosphotyrosine residues on protein while protein tyrosine 

phosphatases (PTPs) down regulate the tyrosine phosphorylation by catalyzing 

dephosphorylation reaction of phosphotyrosine residues of proteins (figure 1).6 

The well-balance functions of the two enzyme classes provide a proper dynamic 

control of the cellular processes. However, dysfunction of an individual class of 

these enzymes has been shown to associate with a variety pathological diseases 

such as autoimmune diseases, diabetes, cancer, etc. 1,7,8 

The tyrosine phosphorylation is controlled by well-balance opposing reactions of 

two enzyme classes. Protein tyrosine kinases (PTKs) add phosphate groups to 

phosphotyrosine residues on proteins by phosphorylation catalysis while protein 

tyrosine phosphatases (PTPs) remove the phosphate groups from the 

phosphotyrosine residues on the proteins by dephosphorylation catalysis. These 

enzyme classes are highly diverse. There are more than 500 members in PTK 
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family and more than 100 members in PTP family that have been identified. This 

discovery of PTKs and PTPs marks the crucial roles in daily biological processes. 

Appropriate functions of these enzymes provide a proper dynamic control of the 

cellular responses. However, dysfunction of an individual class of these enzymes 

has been associated with a wide variety of pathological diseases such as 

autoimmune diseases, diabetes, cancers.  

 
Figure 1.1 Phosphorylation by a Protein Tyrosine Kinase (PTK) and dephosphorylation by protein 
tyrosine phosphatase (PTP) of a tyrosine substrate. 
 

In the search of strategies to combat pathological diseases, pharmaceutical 

companies have put heavily efforts into the production of PTK inhibitors. These 

inhibitors are small molecules that can modulate kinase activities. For instance,  

sunitinib, dasatinib, imatinib, gefitinib, sorafenib, lapatinib, nilotinib and erlotinib are 

approved drug using in cancer treatments.6 In addition to the approved drug, HKI-

2729 PD16839310 Dual EGFR/VEGFR Inhibitor11 FMK12 Dual KIT/PDGF 

Inhibitor13, JH29514 Epoxymycin15 E-6416 Methyldambullin17 are currently in clinical 

trial (figure 2). However, none of PTP inhibitors is on the drug market and the 

clinical trial. Given the extra attention on the discovery of the kinase inhibitors, 
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PTPs seem to be undervalued and the discovery of small molecules that can 

modulate PTPs activities is lagging. 

 
 

 
 

 

 

 

 

 

 

 

 

Figure 1.2 Examples of Irreversible Protein Kinase Inhibitors 

Therefore, more studies should be conducted on PTPs and their functions in order 

to combat pathological diseases. In this dissertation, we aim to promote attention 

to PTPs by showing an extensive study of a PTP enzyme called Protein Tyrosine 

Phosphatase 1B (PTP1B). We focus on the enzyme’s structure, functions and the 

most recent development of covalent inhibitor of this enzyme. Those small 

molecules that reduce PTP activity via redox-cycling reaction have been reviewed 

elsewhere and are not discussed in this dissertation. Furthermore, we introduce a 

novel strategy to inhibit PTP1B activity called exo-affinity-labeling as well as design 

and synthesize small molecules that display inhibitory activity to the enzyme.  
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1.2) Protein Tyrosine Phosphatase 1B (PTP1B): Structure and 
Functions 

PTP1B is a cysteine-dependent non-receptor tyrosine phosphatase in class I 

which consists of 99 members.6 The enzyme catalyses dephosphorylation of 

phosphotyrosine residues of its substrates and acts as a major down regulator in 

insulin and leptin signaling pathways. PTP1B is the first tyrosine phosphatase that 

has been cloned and fully characterized.18 It has been known for almost two 

decades as a validated drug target for type 2 diabetes and obesity treatment. 

Structurally, PTP1B is composed of 435 amino acid residues. The 35 carboxy-

terminal residues are proline-rich region where the enzyme binds to endoplasmic 

reticulum. The residue 30-278 assemble the catalytic domain. This domain 

contains an active site (residue 214-221), WPD loop (179-181), YRD motif (46-48), 

and secondary phosphate binding sites. The residues 214-221 (His-Cys-Ser-Ala-

Gly-Ile-Gly-Arg) assembles the active site with Cys215 as a catalytic residue. The 

depth of the active site is approximately 8-9 Å which defies substrate selectivity as 

serine and threonine substrates are not long enough to reach Cys215 for 

nucleophilic attack. The WPD loop consists of Trp179, Pro180, and Asp181. The 

WPD loop is also account for enzymatic catalysis by undergoing conformational 

change - open and closed conformations - upon substrate binding (figure 3).19 

When binding to a phosphotyrosine substrate (pY), WPD loop moves toward the 

active site by around 12 Å forming hydrophobic interactions with the phenyl ring of 

pY as well as Asp181 and Arg221 simultaneously relocate to provide general acid 

catalysis and optimized salt bridge interaction with the phosphate group of the 
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substrate. The conformational change allows Cys215 to position for nucleophilic 

attack on the substrate phosphorous atom promoting dephosphorylation catalysis. 

Additionally, YRD (Tyr46, Arg47, and Asp48) motif and the gateway residue 

Gly259 are located in the catalytic domain, controlling phosphatase substrate 

selectivity. The secondary aryl-phosphate binding site is an allosteric site which is 

catalytically inactive but can provide weaker binding affinity relative to the active 

site.20 

 

 

 

A 
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Figure 1.3 A) Open conformation (top, PDB: 2HNP21) and B) Closed conformation (bottom, PDB: 
1PTY22) of PTP1B upon substrate binding. Asp181 moves toward the active site about 12 Å to 
facilitate dephosphorylation of the phosphotyrosine substrate. The images are created by using 
UCSF Chimera.23 

 
1.3) Dephosphorylation Mechanism of PTP1B 

The general mechanism of PTP1B in dephosphorylation its phosphotyrosine 

substrate (pY) is described below (Scheme 1.1). The phenyl ring of pY substrate 

is recognized by hydrophobic residues (Tyr46, Phe182 and side chains of a few 

active-site residues), locating on the cliff of the active site. These hydrophobic 

interactions position the phosphate group in a suitable conformation to interacts 

with the active-site residues, His214-Arg221. pY substrate is dianionic which is 

complementary to the negatively charge active site. The active site contains a 

nucleophilic Cys215 which is unexposed to solvent. Stabilization within the active 

site causes Cys215 to possess an unusual decreased pKa value of 4.5-6 

approximately relative to normal protein cysteines that have pKa value of about 8.24 

Upon substrate binding, The phosphate also interacts with several active-site 

residues (hydrogen bonds, charge-charge interactions), placing the phosphorous 

B 
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center for incoming nucleophilic attack by Cys215. Asp181 acting as a general acid 

moves toward to the active site and facilitates nucleophilic attack by Cys215 at the 

phosphorous center of pY to give the phosphocysteinyl intermediate and 

concomitant release of the dephosphorylated substrate from the active site. 

Subsequently, a water molecule undergoes Asp181-catalyzed nucleophilic attack 

at the phosphorus center of the phosphocysteinyl intermediate, producing an 

inorganic phosphate and regenerating the Cys215 in the active site. 

 

 
 
Scheme 1.1 Dephosphorylation Mechanism of PTP1B.  
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1.4) Evidences link PTP1B to Type 2 Diabetes (T2DB) 

There are evidences showing that PTP1B is the major enzyme that negatively 

regulates the insulin signaling pathway both in vitro and in vivo. For instance, two 

studies conducted by Chen et al. and Venable et al. showed that when PTP1B in 

rat primary adipose tissue was over expressed, insulin-sensitivity of GLUT4 

translocation was decrease.25, 26 Similarly, two more independent research groups 

found that insulin affected PTP1B activity. Mahadev et. al. discovered that insulin 

promotes the production of hydrogen peroxide (H2O2)27 which inactivated PTP1B 

activity by oxidizing its catalytic cysteine in vitro. Tao et. al. revealed that PTP1B 

activity was reversibly regulated by insulin through tyrosine phosphorylation in 

vivo. 28  There are not only studies that associate PTP1B activity with insulin 

sensitivity, but also there are studies showing that PTP1B could be a potential drug 

target of T2DB. Firstly, studied in 1999 and 2000, PTP1B-deficient mice showed 

increased insulin sensitivity and resistance to weight gain on a high-fat diet.28, 29 

Secondly, an evidence from crossing the PTP1B-deficient mouse onto an ob/ob 

(genetically severe obesity with hyperphagia and diabetes) background revealed 

that resting metabolic rate was enhanced as well as adipose (fat) tissue was 

lowered resulting in reduced weight gain.30 Lastly, in 2002, when ob/ob mice was 

treated with PTP1B antisense oligonucleotide, reduced blood glucose levels and 

increased insulin sensitivity in fat and lever cell were observed.31 According to 

these evidences, PTP1B is a promising drug target for treatment of T2DB. 
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1.5) PTP1B inhibitors 

To date, inhibitors of PTP1B can be categorized into 3 classes; non-covalent 

inhibitor, covalent inhibitor, and allosteric inhibitor. A non-covalent inhibitor is a 

phosphotyrosine isostere (pYi), a small molecule that mimics the binding 

conformation of the phosphotyrosine substrate (pY). The inhibitor competes the 

substrate for the active site of PTP1B. Similar to the structure of pY substrate, this 

pY mimetic possesses a phenyl ring and a negatively charged moiety (e.g. oxalyl, 

TDZ, ISD, and DFMP) that is resemble the phosphate group in the substrate. 

Examples of the pYi are 2-(oxalyl-amino)-benzoic acid (OBA) derivative (Zhang et. 

al.32), 1,2,5-thiadiazolidin-3-one (TDZ, AstraZeneca33), 

difluoromethylphosphonate (DFMP) derivative (Merk Frosst34), and Isothiazolidin-

3-one 1,1-dioxide (IZD) derivatives (Incyte35). 

 
 
Figure 1.4 structure of phosphotyrosine and a few non-covalent inhibitor of PTP1B. 
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Attempts to improve binding affinity and selectivity result in a “dual-binding” 

inhibitor. This inhibitor still contains the pY mimetic groups but its structure is 

extended in order to interact with distinct residues that are exclusively for PTP1B 

in a secondary-phosphate binding site. DFMP developed by Zhang et. al.22 is one 

of the most potent PTP1B inhibitors up to date due to bisionic property of DFMP 

moiety (pKa = 5.1).36 The DFMP derivative binds tightly in the active site and also 

interacts with an non-conserved Arg47 located on the hinge of C-site. The 

carboxymethy tyrosine derivative developed by Abbott37 and the IZD analog by 

Incyte are examples of dual-binding inhibitors which bind tightly to the active site 

and a secondary phosphate binding site, so called B-site with the salicylic acid 

moiety.38 
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Figure 1.5 Dual-binding inhibitors of PTP1B. pYi units are labeled in orange, the secondary-binding 
units are labeled in blue. 
 

The inhibitors in this class bind to PTP1B with moderate to excellent affinity. 

Moreover, they also exhibit good selectivity (10-20 times) to PTP1B over T-cell 

protein tyrosine phosphatase (TC-PTP), the most structurally homologous protein 

to PTP1B with 74% sequence homology.6 Unfortunately, most of inhibitors in this 

class suffer from low cell permeability and low oral bioavailability due to high polar 

nature. 

An effort to increase cell permeability by reducing negative charges on the dual-

binding inhibitors trade off with lower or loss in binding affinity, with an exception 

of 1,2,5-thiadiazolidin-3-one 1,1-dioxide (TDZ) which will be discussed later.6 
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Another class of PTP1B inhibitors is a covalent inhibitor, so called an inactivator. 

This class of inhibitor is a competitive inhibitor that is capable of decreasing its 

target enzyme by forming a covalent bond to a reactive residue in the enzyme 

active site. The covalent-bond formation provides an “infinite” affinity which is an 

advantage over the non-covalent inhibitor. Moreover, the thorough design of its 

structure might also lead to good selectivity to the target enzyme as seen in the 

inhibitors of PTKs. The inhibition mechanism of the inhibitor in this class is unique 

since the covalent inhibition is time- and concentration-dependent while that of 

non-covalent inhibitors is only concentration-dependent. Covalent inhibitors that 

have been reported contain various electrophilic groups that target a nucleophilic 

residue on PTP1B. The covalent inhibitors can be categorized based on their 

inactivation mechanisms. The common inactivation mechanisms are nucleophilic 

attacks at α-halo compounds39,40,1, 41 or at epoxide,41 and Michael addition (1,4-

addition) of acrolein,42 phenyl vinyl sulfone/sulfoxide,43 or naphthoquinone 

analogs.44 The less common mechanism is 1,2-addition of carbonyl 

nucleophile,45,46 nitro compounds,47 or isothiocyanate.48 Generally, the inactivators 

in this class target Cys215 while a few (aldehyde- and ketone-containing 

inactivators) target Arg221. 

The covalent chemistry has been used as a novel technique to discover new thiol-

containing pYis. This application is called “Breakaway Tethering” firstly reported by 

Erlanson et. al.49 Tethering can be done by introducing a cysteine residue (by point 

mutation, R47C PTP1B, replacing Arg47 with the cysteine residue) proximal to the 

active site of the target enzyme, then alkylating the cysteine with a breakaway 
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extender which reaches toward the active site. Then, a small nucleophile, such as 

hydroxylamine, is introduced to cleave the extender and the resulting modified 

PTP1B with the cleaved extender. Erlanson and team used the HS-extender-

modified PTP1B to screen against 15,000 disulfide-containing fragments and a 

new pYi was identified through the formation of disulfide bond with the cleaved 

extender. An analog of phthalic acid was one of the strongest hits. The X-ray 

crystal structure revealed the phthalic acid pYi was in the active-site of R47C 

PTP1B and disulfide bonded with the extender-R47C-PTP1B. 

 
 
 
Figure 1.6 Covalent inhibitors of PTP1B. 
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Another class of PTP1B inhibitor that is capable of forming a covalent bond with 

the enzyme is a mechanism-based inhibitor (or so called suicide inhibitor). This 

type of inhibitor is an enzyme substrate that undergoes enzyme-catalyzed 

transformation to give a reactive intermediate that inactivates its target enzyme 

through covalent modification. 4-(fluoromethyl)phenyl phosphate (FMPP) was 

among the first mechanism-based inhibitor of protein phosphatases found by 

Jason and team (figure 1.7).50 FMPP undergoes enzyme-catalyzed hydrolysis and 

is converted to quinonemethide intermediate which subsequently covalently 

modified an active site cysteine of its target enzyme (scheme 1.2). The use of 

FMPP as a mechanism-based inhibitor was expanded to the synthesis of selective 

activity-based probes of PTP1B by Lo et.al. in 2011 (LCL-1 and LCL-2, figure1.7).51 

Both compounds are selective to PTP1B over hydrolases and other unrelated 

protein. Furthermore, Shen et. al.52 in 2009 searched for a selective probe that 

allows direct identification of PTPs. They adopt mechanism-based inhibitor 

approach in the synthesis of a selective activity-based probe 8. The probe is 

composed of a selective PTP1B substrate/inhibitor, a flexible linker, and a detector. 

The compound successfully labeled PTP1B at C215 with time- and concentration-

dependent loss in enzyme activity. 8 selectively labeled PTP1B over PTP4A3, a 

phosphatase that is implicated in cell proliferation, migration and cancer 

metastasis. The proposed mechanism of enzyme labeling involves enzyme-

catalyzed hydrolysis to yield a reactive quinonemethide intermediate, followed by 

enzyme labeling. 
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Figure 1.7 Mechanism-based inhibitors of PTP1B. 

 

 
 
Scheme 1.2 inactivation mechanism of PTPs by FMPP.50 
  

A rare class of PTP1B inhibitors is an allosteric inhibitor. These inhibitors bind to 

an allosteric site on their target enzyme and inhibit the enzyme activity. The 

common consequences of allosteric site binding are blocking the active site, 

stimulating conformational change, or preventing conformational change. 

Wiesmann et. al.53 reported benzbromarone analogs as the first several allosteric 

inhibitors of PTP1B (figure 1.8). The inhibitors bind to an allosteric site on PTP1B, 

preventing conformational change of Helix α7 and Helixes α3-α6. This 
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conformational change restriction limits movement of the WPD loop which is 

crucial to catalysis. In addition, covalent allosteric inhibitors have been reported. 

Hansen et. al.54 and Iwamoto et. al.55 unintentionally discovered 4-(aminosulfony)-

7-fluoro-2,1,3-benzoxadiazole (ABD-F) and 1,2-naphthoquinone (1,2-NQ) 

respectively. The investigation of the inactivation mechanism using Lineweaver-

Burk plot showed that both compounds are non-competitive respect to the 

substrate. Mass spectrometry analysis and tryptic digestion confirmed the 

compound-enzyme adduct and revealed Cys121 as targeted residue. In addition, 

ABD-F is selective to PTP1B, TCPTP, and LAR, over CD-45 and capable of 

promote phosphorylation of insulin receptor in CHO-hIR cells. Despite there are 

six solvent-exposed cysteines residue on PTP1B, ABD-F specifically labels 

Cys121 while 1,2-NQ primarily labels Cys121 which presumably contributed to 

inactivation of the enzyme. 

 
 
 
Figure 1.8 allosteric inhibitors of PTP1B.53-55 
 

1.6) Goal and Conclusion 

Given the considerable attention and success in the discovery and advancement 

of covalent inhibitors of PTKs, the development of PTP inhibitors are behind 

despite the equally important role in cellular physiology and pathology. The goal of 
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this dissertation is to highlight the recent development of PTP1B inhibitors and to 

increase attention to PTPs as drug targets. 

PTP1B is the first PTP that has been extensively studied and proved as a valid 

target enzyme for T2DB treatment. Unfortunately, the current covalent and non-

covalent inhibitors of PTP1B suffer from either weak affinity, low selectivity, and/or 

poor cell permeability. Recently, there have been growing attention in the 

advancement of covalent drug industry due to promising properties of the drugs 

that could provide greater inhibitory efficiency over non-covalent drug, i.e. 

improved potency, higher selectivity, and accelerated rate of inhibitory reaction. 

Therefore, utilizing covalent binding strategy became attractive to include in our 

strategy to inhibit PTP1B. In this dissertation, we present a novel strategy “exo-

affinity labeling” in order to modulate PTP1B activity as well as report a new class 

of PTP1B inhibitors that provide the desired inhibitory efficiency and possibly serve 

as a new covalent drug of T2DB. 
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Chapter 2 
Exo-affinity Labeling Agents & PTP1B 
Inactivation 
 

In recent decades, pharmaceutical companies and industries have developed 

small molecules to regulate PTP1B activity. The goal is to treat type 2 diabetes 

(T2DB) and obesity. None of them, however, have made it to the clinic.1  

The difficulty of designing a potent inhibitor of PTP1B stems from the cationic 

nature of the active site which favors bind to complementary negatively charged 

molecules.2-3 Unsurprisingly, the negatively charged PTP1B inhibitors, for example 

DFMP analogs and diacid inhibitors (figure 1.4 page 8, and figure 1.5 page 9), are 

potent inhibitors. Unfortunately, the highly charged nature prevents these inhibitors 

from entering the cell, thus disqualifies the molecules as drug candidates. Attempts 

to improve cell permeability by reducing the negatively charges mostly resulted in 

loss of inhibitory activity, except for the 1,2,5-thiadiazolidin-3-one 1,1-dioxide TDZ 

analogs, discussed below. Furthermore, the active site structure of PTPs to where 

most of PTP1B inhibitors bound was very well conserved. This presages the 

difficulty to design a small molecule that selectively inhibit PTP1B over other PTPs, 

especially T-Cell PTP (TC-PTP), the highest identical to PTP1B in catalytic domain 

(74% identity). Balancing potency, selectivity, and cell permeability are the main 

reasons why the discovery of PTP1B inhibitor still remains challenging. In this 

chapter, we present a radically different strategy to regulate PTP1B activity called 

“exo-affinity-labeling agent” which promisingly provide the desired properties of 

PTP1B inhibitor. 
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2.1) Exo-affinity Labeling Agent, a novel covalent inhibitor of 
PTP1B 

An affinity labeling agent is an inactivator4 that non-covalently associates with its 

target enzyme prior to covalent modification a residue located inside (endo-affinity 

labeling) or outside (exo-affinity-labeling) the catalytic site of the target (Scheme 

2.1). The non-covalent association is a rapid (usually occurs within micro- or 

millisecond) and reversible step that produces an enzyme-compound complex (𝐸 ∙

𝐼) with the forward rate (k1). Simultaneously, the complex can fall back to a free 

enzyme molecule and a free affinity-labeling agent molecule with the reverse rate 

(k-1). The forward and backward process result in an equilibrium with a dissociation 

constant (KI) which is defined by k-1/k1. The non-covalent binding step is followed 

by the covalent-modification step where two reactive and complementary groups 

on the enzyme and the agent, typically a nucleophile on the enzyme and an 

electrophile on the affinity labeling agent, form a covalent bond to give an enzyme-

compound adduct (𝐸 − 𝐼). Since the two reactive groups are held together in one 

unit, this covalent-bond formation proceeds with the first-order rate constant (kinact). 

Because the enzyme and the affinity-labeling agent are linked by the covalent 

bond, the affinity-labeling agent remains inside the active site and prevents 

substrate from binding to the enzyme which intern prevent the enzyme from 

catalysis. In this dissertation, we designed a series of exo-affinity-labeling agent of 

PTP1B. The detail will be discussed below. 

 

 
 
Scheme 2.1 Inactivation of an enzyme by an exo-affinity labeling agent. 
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2.2) Advantages of exo-affinity labeling agents over reversible 
inhibitors. 
 
We explore exo-affinity-labeling agents because this class of inactivators can 

provide “infinite” affinity, more effective inhibition as a drug, and a better selectivity 

to the target enzyme, comparing to the current PTP1B inhibitors. 

Firstly, the inhibition by current inhibitors is transient since they form only reversible 

complex with PTP1B. This reversible inhibition is even less effective in the 

presence of high concentration of the substrate due to the competition for the 

active site. However, unlike the reversible inhibition, the enzyme inhibition by the 

exo-affinity labeling agents is irreversible (figure 2.1). This irreversible complex 

prevents the substrate from binding to the active site and then inhibits enzyme 

activity permanently. 

 

 

 
 
Figure 2.1 Modes of enzyme inhibition by A) non-covalent inhibitor B) exo-affinity labeling agent. 
 

Secondly, the exo-affinity labeling agents are more effective in enzyme inhibition 

as drugs due to effectiveness of inhibition at high concentration of substrate, longer 

duration of inhibition, and lower required effective dose. The non-covalent 

inhibitors are less effective as the concentration of the substrate increases. 

Specifically, the substrate interrupts the equilibrium of the enzyme and the inhibitor 

A 

B 
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and facilitates the rate of 𝐸 ∙ 𝐼 complex breaking down (k-1). At high concentration 

of the substrate, the substrate successfully competes for the enzyme active site 

and the inhibitors will have less or no inhibitory effect on the enzyme activity. On 

the contrary, the exo-affinity labeling agents binds to the enzyme irreversibly. Once 

the permanent bond is formed, the E-I adduct cannot fall back to their free 

molecules and will not be affected by the competition against the substrate (Figure 

2.2). Moreover, when the E-I adduct is formed, the activity of the enzyme will not 

be recovered until a new enzyme molecule is synthesized, resulting in longer 

inhibitory effect. As long as the synthesis of the new enzyme was not too fast, 

another portion of the inactivator (or another dose as a drug) is not necessary and 

and less dose is required to achieve a certain inhibitory effect. In addition, since 

the exo-affinity labeling drug is less required dose, the drug is less likely to cause 

an adverse reaction which are highly concerned by many drug companies.5 Taking 

these advantages into account, the affinity labeling agent could provide higher 

inhibitory efficiency than the current inhibitors. 

 
 

 
Figure 2.2 An effect of competition against the substrate on inhibition of A) non-covalent inhibitor 
B) exo-affinity labeling agent. The exo-affinity labeling agent bound to PTP1B with a covalent bond. 

A 

B 
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This irreversible interaction was not affected by the competition with the substrate (top). The non-
covalent inhibitor, the enzyme, and the substrate are in an equilibrium. At high concentration of the 
substrate, the equilibrium shifts to the substrate side and the inhibitor lose its inhibitory effect. 
However, exo-affinity labeling agent can form a covalent bond to the enzyme. This is an irreversible 
step which pulls equilibrium to the right according to Le Chatelier’s principle.  

 
Lastly, an improved selectivity over other PTPs and common nucleophiles in 

physiological media can be achieved by the affinity labeling agents due to a 

proximity-accelerated reaction and designing to target a distinct residue. The 

affinity-labeling agent forms the covalent bond to its target in a unique way. Upon 

the covalent bond formation, the target enzyme and the inactivator are held 

together as a single unit and two complementary reactive groups on both 

molecules are brought up more closely. Holding the two reactive groups closer and 

in the right conformation is similar to increasing the concentration of both groups 

which in turn accelerated the rate of reaction (figure 2.3). The concentration of the 

reactant or catalytic group required to cause the intermolecular reaction to proceed 

at the observed rate of the intramolecular reaction was called Effective Molarity 

(EM), defined by Kirby in 1980.6,7 This proximal-accelerated reaction is limited to 

the target of exo-affinity labeling agent, since common nucleophiles and other 

enzymes in PTP family cannot binds to the inactivator. 
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Figure 2.3 Proximity-accelerated reaction of an exo-affinity labeling agent and targeting a distinct 
residue on the target enzyme. 

 
An appropriate design of the exo-affinity labeling agent to target a distinct reactive 

residue on the enzyme surface also contributes to the selectivity to the target. As 

long as the target residue is non-conserved among PTPs, the covalent bond will 

be exclusive to the target. Taking these advantages into account, we decide to 

develop exo-affinity labeling agents of PTP1B. The design of the agents will be 

described below. 

 

2.3) Design of Exo-Affinity Labeling Agent of PTP1B 

The design of an exo-affinity labeling agent comprises of three units; a 

phosphotyrosine isostere (pYi), a linker (L), and an electrophile (E). (Figure 2.4) 

 
Figure 2.4 Design of the exo-affinity labeling agent, E-L-pYi 

 



28 
 

2.3.1) Phosphotyrosine Isostere (pYi) selection Current inhibitors, e.g. DFMP and 

carboxylic acid inhibitors were highly potent, but suffered from poor cell 

permeability and low cellular activity due to bis-anionic property. The search for 

improved cell permeability pYi resulted in biphenyl-TDZ (Figure 1.4, page 8) reported by 

Black and co-workers. The inhibitor possesses a single negative charge (N atom 

at position 2, pKa ~ 2, measured by Parsons, Z.D.) with improved IC50 of 2.5 μM.8 

Moreover, the compound has low molecular weight and its structure was in the 

range of drug-like compound which offers an opportunity to be modified to be an 

ideal covalent drug of PTP1B. In addition, the X-ray co-crystal structure of inhibitor-

PTP1B reveals that the compound occupied the active site pocket with the phenyl 

ring pointing toward a nucleophilic residue Cys32 with the distance approximately 

15 Ȧ (figure2.5) 

 
 
Figure 2.5 X-ray co-structure of Biphenyl-TDZ and PTP1B. The distances from p-carbon at the end 
of the inhibitor to the sulfur atom of Cys32 is about 15 Ȧ. 
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2.3.2) Electrophile selection We design an exo-affinity labeling agent to target a 

non-conserved Cys32. Cysteine is the most nucleophilic among amino acids and 

there are only other six enzymes that contain cysteines at this position in this PTP 

class (Cys2229 in PTPL1 and PTPN13, Cys 248 in RPTPα (D1), Cys 1719 in RPTPβ, 

and Cys 726 in PTP IA-2).9 Therefore, covalent modification at this cysteine will 

provide great selectivity to PTP1B over other PTPs as well as non-PTP 

nucleophiles. The electrophile of choice needs to be complementary to the 

cysteine residue but inert toward common cellular nucleophiles, such as 

glutathione and albumin. The α-halo carbonyl groups have been reported to be 

reactive toward several nucleophilic amino acids,10 but tolerate biological 

nucleophiles.11, 12 In this thesis, the α-bromoacetyl group is incorporated into our 

agent molecules.  

2.3.3) Linker Selection (L) Characteristics of an ideal linker comprised of 

availability of functional groups, water solubility, and flexibility of dimensions.13 In 

this research, we utilized several C-C bonds and polyethylene glycols to link the 

electrophile and pYi moiety. 
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Chapter 3 
Short-linker TDZ 
 

3.1) Synthesis Of Short-Linker TDZ Analogs 
 

The methoxy analog 5a is a phosphotyrosine isostere (pYi) and a potent PTP1B 

inhibitor reported by Black et. al.1 We used its structure as the prototype compound 

to synthesize its methyl analog 5b (figure 3.1). Our first compound that was design 

to be an exo-affinity labeling agent is 8a. This compound is a “short-linker” version 

which contained 1,2,5-thiadiazolidin-3-one-1,1-dioxide (TDZ) as pYi, an α-

bromoacetyl group as an electrophile (E). The pYi and E units were connected with 

a couple single bonds as a linker (as we abbreviated as E-L-pYi) We also 

synthesized its no-electrophile control 8b (as we abbreviated as L-pYi) by replacing 

the α-bromoacetyl group with an acetyl group.  

     

 

Figure 3.1 Structures of the prototype compound 5a, its Me analog 5b, E-L-pYi 8a, and its no-

electrophile control L-pYi 8b.  

 
We synthesized 1,2,5-thiadiazolidin-3-one-1,1-dioxide 4 using a synthetic route 

reported by Black et. al.1,2 (Scheme 3.1A) This synthetic route was first brought 

into our lab by my colleague, Roman Hillebrand. The substituted aniline was 

alkylated by methyl bromoacetate and then sulfonated with t-butylchlorosulfonyl 
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carbamate (BocNHSO2Cl) to give 1 and 2, respectively. Deprotection of Boc group 

with trifluoroacetice acid (TFA) followed by cyclization using NaH produced 4 in 

good yield. Suzuki reaction of 4 yielded pYi 5-6. Lastly, the boc-protecting group 

on the amine 6 was removed using TFA to its free amine analog 7 which was 

acylated using acyl halides to give electrophile-biphenyl-pYi conjugate 8a and its 

no-electrophile control 8b (Scheme 3.1B).  

 

 
Scheme 3.1 A) Synthetic route to biphenyl-1,2,5-thiadiazolidin-3-one-1,1-dioxide (TDZ) analogs 
according to the procedure reported by Kenny et al.1,2 (a) 1.2 eq methyl bromoacetate, 5.0 eq 
DIPEA, 5 mL DMF, 60 oC, 16 h (~90%); (b) 1.2 eq BocNHSO2Cl in 30 mL CH2Cl2, 3 eq TEA, 0 oC 
to r.t., 4 h; (c) 5 mL TFA, rt, 20 min (~96%); (c) 3 eq NaH, 30 mL THF, rt, 30 min (~80%); (d) 1.2 
eq 4-alkylphenylboronic acid, 0.05 eq Pd(PPh3)4, 2:1 DME/H2O, 100 oC, 30 min (75-80%). B) 
Synthetic route to final molecules. (a) 5mL TFA, r.t., 30min (66-70%) (b) (i) R' = Br, 5 eq 
bromoacetyl bromide, 5 mL acetone, r.t., 1 h; (ii) R' = H, 2 eq acetyl chloride, 5 mL acetone, r.t., 1 
h. 
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According to Silverman,3 the affinity-labeling agent is a covalent inhibitor whose 

inactivation displays saturation kinetics due to an equilibrium non-covalent 

interactions prior to covalent inactivation of its target enzyme (scheme 3.2A). Due 

to the non-covalent association, the covalent modification of the affinity-labeling 

agent follows first-order kinetics which reflects a unimolecular reaction. Therefore, 

our goal is to prove that 8a acts as an affinity-labeling agent by showing the 

evidence of the non-covalent interaction between the compound and PTP1B, and 

the saturation kinetics in the inactivation of PTP1B by 8a. 

 

Scheme 3.2 A) Inactivation of an enzyme by an affinity labeling agent. The free labeling agent (I) 
binds the free targeted enzyme (E) forming the enzyme-inactivator complex (E·I). These non-
covalent interactions establish an equilibrium with inhibitory constant (KI). The complex, then, 
undergoes covalent bond formation with first-order rate constant (kinact) producing enzyme-
inactivator adduct (E-I). and B) a typical covalent inhibitor. The inhibitor forms the covalent bond 
with a residue on the enzyme without the non-covalent interactions. The rate of the bond formation 
is a second-order. 

 
3.2) 8a, 8b, 5a, And 5b Binds To The Active Site Of PTP1B With 
Moderate To Good Affinity 

The first identity of the affinity-labeling mechanism is an evidence of non-covalent 

interactions. We measured half-maximal inhibitory concentration (IC50) of 8a, 8b, 

5a, and 5b against PTP1B. IC50 is commonly used to represent the concentration 

of a drug that is required for 50% inhibition. The IC50
 also reflects the affinity of the 

drug (a small molecule) to its target. The lower the IC50, the more tightly the drug 

binds to the target. First, we tested if our IC50-assay method was reliable by 
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comparing the IC50 value of our prototype compound 5a to the original value 

reported by Black et. al.1 Incubating the enzyme with different concentrations of 5a 

and monitoring the enzyme activity over a short period (2 minutes) to avoid the 

complication from the inactivation process, we were able to measure IC50 of the 

compounds by plotting %activity against concentration and fitting the curve to the 

dose-response equation (equation 3.1). 5a in our assay showed IC50 of 4.8 ± 0.2 

µM which was closed enough to the literature value of 2.47 ± 0.19 µM reported by 

Black et. al.1 Then we measured IC50 of the E-L-pYi 8a, L-pYi 8b, and the methyl-

analog pYi 5b in the same manner (figure 3.2). Our compounds showed moderate 

affinity to the enzyme and their IC50 values were summarized in table 3.1. 

𝑦 = 𝑚𝑖𝑛 +
𝑚𝑎𝑥 −𝑚𝑖𝑛

1 + 10[𝑛𝐻(𝑙𝑜𝑔𝐼𝐶50−log[𝐼])]
 

Equation 3.1 a dose-response equation. min is the minimum enzyme activity, max is the maximum 
enzyme activity, IC50 is the concentration of an inhibitor where 50% of its target activity is inhibited, 
[I] is the inhibitor concentration, and nH is Hill coefficient. 

As the IC50 value implied to the affinity of an inhibitor to its target at a specific 

condition. In other words, changing condition gives different values. IC50 

comparison between two different conditions could lead to a wrong interpretation. 

Therefore, we determined the dissociation constant (Ki) which is a true affinity of 

the inhibitor to its target. IC50 and Ki relate by Cheng-Pruff equation.4 In our 

condition, the calculated Ki is a half of IC50. Our compounds exhibited low to 

moderate affinity to the active site of PTP1B. The calculated Ki values are 

summarized in Table 3.1. Since the TDZ moiety is a pYi mimetic, binding to the 

active site of PTP1B, as shown by the X-ray crystal structure (PDB:2BGD),1 we 
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presumed that 8a, 8b, and 5b also bind to the active site and the IC50 (and 

estimated Ki) values reflected the affinity of the compounds to this site.  

Table 3.1 IC50, Hill’s coefficient, and calculated Ki values of TDZ analogs. 

 
 
a cal. Ki values are determined by Cheng-Prusoff equation.3 In our condition, Ki = IC50/2. [pNPP] = 
Km = 0.4 mM. 
Condition: 50 mM Bis-Tris, 2 mM EDTA, pH 7.0, 5 mM DTT, 0.05 % (v/v) Tween® 80 
N.D. = not determined 
PTP1B was adding to an assay solution containing the final concentration of 0.4 mM pNPP, various 
concentration of compounds, and 4%DMSO in an assay buffer (50 mM Bis–Tris, 2 mM EDTA, 5 
mM DTT, 0.05% Tween® 80). The mixture was incubated for 2 min and the absorbance of at 410 
nm of the mixture was measured every 5 s for 2 min. The enzymatic activity was measured from 
slope of absorbance (410 nm) - time (s) plot. The activities relative to the uninhibited activity were 
used to calculate the relative activity which were re-plotted against the compound concentrations. 
IC50 was the concentration that gave 50% PTP1B relative activity. 

 
Figure 3.2 IC50 values for the inhibition of PTP1B by compounds used in this study. IC50 values: 5b 
(squares), 76.7 ± 9.3 μM, Hill coefficient = 1.02 (r2 = 0.9999); 5a (diamonds), 4.8 ± 0.2 μM, Hill 
coefficient = 0.99 (r2= 0.9999); 8a (triangles), 54 ± 1 μM, Hill coefficient = 1.02, (r2 = 0.9999); and 
8b (circles), 64 ± 7 μM, Hill coefficient = 1.00, (r2 = 0.9994). PTP1B was added to assay solutions 
containing various concentrations of test compounds, p-nitrophenyl phosphate (p-NPP, 0.4 mM), 
DMSO (4% v/v), Bis–Tris (50 mM), EDTA (2 mM), DTT (5 mM), Tween 80 (0.05% v/v). After 2 min, 
the enzyme activity was monitored by measuring increase in absorbance at 410 nm as a function 
of time due to the conversion of p-NPP to p-nitrophenol. 
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The steepness of the dose-response curve in the IC50 plot can be used to predict 

whether the inhibitor is an aggregate-based inhibitor. According to study by 

Shoichet et. al.,5 compounds that displayed steep dose-response curves, defined 

by Hill coefficient of above 1.5, were likely to be “aggregate-based” inhibitor. 

According to our IC50 experiments, none of our compounds exhibited Hill 

coefficient more than 1.5, indicating that our compounds were less likely to be 

aggregate-based inhibitor. However, further experiments are needed to rule out 

this possibility. 

3.3) 8a showed time- and concentration-dependent loss of 
enzyme activity but the saturation kinetics was not observed. 
 

Next, we investigated the inactivation mechanism of our compounds using 

inactivation assay and measured kinetic constants (KI and kinact). We anticipated 

that the inactivation of PTP1B by 8a is time- and concentration-dependent and 

showed the saturation kinetics while other compounds that had no electrophilic 

group did not inactivate the enzyme. All compounds were incubated with the 

enzyme and the PTP1B activity (Et/E0) was measured over a number of time points 

(t) for various inactivator concentrations [I]. As expected, the E-L-pYi 8a exhibited 

time- and concentration-dependent loss of PTP1B activity (figure 3.3A). Neither 

the L-pYi control 8b (purple diamonds in figure 3.3A) nor the Me-analog pYi 5b 

(similar to 8b, not shown), lacking the electrophilic group, caused time-dependent 

loss of enzyme activity. This indicated that the alkylation by the -bromoacetyl 

group of 8a caused loss of enzymatic function. 
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Figure 3.3 Inactivation assay of PTP1B by 8a. A) Time course of PTP1B activity from 8a-treated 

PTP1B. Activity of 8a-treated PTP1B was time- and concentration-dependent. Concentrations of 

8a used in the inactivation assay were 50, 100, 150, 200, 250,300, 350, 400, 450, 500 µM (from 

top to bottom). R2 = 0.9783 (50 µM), 0.9986 (100 µM), 0.9892 (150 µM), 0.9960 (200 µM), 0.9975 

(250 µM), 0.9975 (300 µM), 0.9948 (350 µM), 0.9883 (400 µM), 0.9920 (450 µM), 0.9979 (500 µM). 

Time course of PTP1B in the presence of 200 µM 8b (diamond) is not time- and concentration-

dependent. Activity for each time point was an average (three experiments) of a ratio between an 

absorbance of the time point (At) and an absorbance of an un-inactivated enzyme (A0). Time points 

of 150, 250, 350, 400, and 450 µM were removed for the purpose of graphical presentation). B) 

Pseudo-first-order rate constants (kobs) plotted against corresponding concentrations of 8a, 

affording a straight line (R2 = 0.9797) of slope second-order rate constant (kinact) of 1.68 ± 0.25 x 

102 M-1min-1.  

We confirmed that the time-dependent loss of enzyme activity is the result of the 

covalent modification of PTP1B by 8a, not from non-covalent binding. Therefore, 

we tested the stability of 8a-PTP1B adduct by incubating 8a with PTP1B until the 

enzyme activity was approximately 10%. Then, the excess 8a was removed by gel 

filtration and the resulting filtrate was assayed for the return of enzyme activity in 

a 50-time higher volume of pNPP solution. We found that the enzymatic activity 

remained below 10% up to 5 hours (figure 3.4). Thus, 8a-PTP1B adduct was 
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irreversible upon filtration-dilution process (50-time dilution) and the loss of 

enzyme activity was due to the covalent inactivation by the compound. 

Another complication is the aggregate-based inhibition that results in the time-

dependent loss of enzyme activity.6,7 In order to rule out this complication, we 

employed a detergent-based inactivation assay where concentration and type of 

detergent was varied (figure 3.5) and a conventional inactivation assay with 10-

fold more concentration of PTP1B and compared pseudo-first-order rate constants 

of inactivation (kobs) of PTP1B by 100 µM 8a.8-6 Changing in detergent type 

(0.05%Tween80: kobs = 2.8 ± 0.3 x 10-2 min-1, 0.001% Triton X (1 experiment): kobs = 2.4 

x 10-2 min-1) as well as more concentration of the enzyme (kobs = 2.6 ± 0.7 x 10-2 min-1) 

did not alter the kobs values. Taken together, the results provideded the evidence 

that 8a inactivated PTP1B via reversible covalent modification of the enzyme. 

 
Figure 3.4 Time course of PTP1B inactivation by 8a PTP1B-8a adduct were not susceptible to 
hydrolysis. PTP1B was treated with either 8a (triangles) until roughly 10% PTP1B activity was 
reached. After removal of excess compound by spin column, the enzyme was monitored for the 
return of activity up to 8 h. The control experiments (diamonds, incubation without 200 µM 8a) were 
carried out simultaneously in the same manner. (Triplicate data, with standard error) 
 

0

20

40

60

80

100

0 100 200 300

%
A

c
ti
v
it
y

Time (min)



39 
 

 
 
 
Figure 3.5 Evidence inactivation of PTP1B by 8a is not due to aggregate-based inhibition. 
Aggregated-based inhibitor tests. PTP1B activity was assayed under three different inactivation 
conditions in which the detergent was varied and enzyme concentration was varied.  No significant 
changes in the observed pseudo-first-order rate constant were seen (triplicate experiments with 
standard error).  Diamonds (standard inactivation conditions): 100 µM 8a, 0.45 µM PTP1B, 0.05% 
Tween® 80 (kobs = 2.8 ± 0.3 x 10-2 min-1, r2 = 0.9994); triangles (different detergent): 100 µM 8a, 
0.45 µM PTP1B, 0.001% Triton X (kobs = 2.4 x 10-2 min-1, r2 = 0.9993, only one experiment); Squares 
(10x enzyme concentration): 100 µM 8a, 4.5 µM PTP1B, 0.05% Tween 80 (kobs = 2.6 ± 0.7 x 10-2 

min-1, r2 = 0.9921). 

We further investigated the inactivation mechanism of 8a if the compound was an 

affinity-labeling agent indicated by the saturation kinetics3 (which followed the 

hyperbolic equation 3.2B).9 The observed pseudo-first-order rate constants of 

inactivation (kobs) at each concentration was determined from the slope of a semi-

logarithmic plot of enzyme activity versus time (equation 3.2A). Then, the kobs 

values were re-plotted against concentrations [I] which would reveal the shape of 

the curve. However, we did not observe the saturation kinetics in the inactivation 

of PTP1B by 8a according to the hyperbolic equation 3.2B. Rather, the re-plot 

showed a linear relationship of kobs and concentration of 8a (equation 3.2C), 

suggesting a second-order bimolecular reaction of a typical covalent inactivator 

(scheme 3.2B). This observation contrasted to the IC50 experiment that indicated 

the affinity to the active site of PTP1B. 
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A) ln
𝐸𝑡

𝐸0
= −(𝑘𝑜𝑏𝑠)𝑡  B) 𝑘𝑜𝑏𝑠 =

𝑘𝑖𝑛𝑎𝑐𝑡

1+
𝐾𝐼
[𝐼]

  C) 𝑘𝑜𝑏𝑠 = 𝑘𝑖𝑛𝑎𝑐𝑡[𝐼] 

Equation 3.2 Equations to determine rate of inactivation (kinact) and inhibitory constant (KI) by Kitz, 
R. and Wilson, I.B. Et = activity of PTP1B at time t, E0 = activity of PTP1B at time 0. [I] = inactivator 
concentration. A) a semi-logarithmic plot of inhibition versus time. Negative value of the slope of 
the plot is observed rate constant of inactivation (kobs). B) A hyperbolic equation to obtain KI and 
kinact values of an affinity labeling agent. C) A linear equation to obtain kinact values of a typical 
covalent inhibitor. 

So far, the IC50 experiments suggested that 8a could non-covalently bind to the 

enzyme while the inactivation assay said the compounds covalently inactivate the 

enzyme without the pre-association. Therefore, we hypothesized the non-covalent 

binding and the covalent modification occurred but they were two independent 

events. 

3.4) Mass Spectrometry: Cys121 is the target residue 

The absence of saturation kinetics suggested that 8a did not inactivate PTP1B via 

the anticipated exo-affinity labeling mechanism and it was crucial to conduct further 

investigation of the inactivation mechanism. We utilized mass spectrometry 

analysis (provided by my colleague Andrea H. Cummings) of the 8a-treated 

PTP1B to provide insight regarding the actual mechanism by which 8a inactivated 

PTP1B. The 8a-modified PTP1B and unmodified PTP1B were analyzed by nano 

LC-nanospray QTOF-MS. Peptide fragments residue 1-184 (m/z 22307.9 Da), 

residue 185-298 (m/z 12691.0 Da), and residue 1-298, catalytic domain PTP1B, 

(m/z 34997.9 Da) were observed from mass spectrum of the unmodified enzyme 

(figure 3.6A). Monoalkylation of fragments (+357.4 Da) comprising residue 1-184 

(m/z 22665.3 Da) and residue 1-298 (m/z 35355.3 Da) and dialkylation fragments 
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(+714.8 Da) comprising residue 1-298 (m/z 35712.6 Da) were observed in PTP1B 

treated with 8a (figure 3.6B). 

 

 

Figure 3.6 Deconvoluted nano LC-nanospray QTOF-MS analysis of A) native PTP1B and B) 
PTP1B treated with 8a. The top spectrum showed unmodified PTP1B with a mass of 34997.92 Da 
and two PTP1B fragments corresponding to residue 1-184 and 185-298 with mass of 22307.90 Da 
and 12690.96 Da, respectively. The bottom spectrum showed a mass increase of 357.4 amu and 
714.8 amu, consistent for a single and double alkylation by 8a, respectively.  

We also investigated the location of 8a by LC-nanospray QTOF MS-MS/MS 

analysis of tryptic fragments of 8a-treated PTP1B. Tryptic digestion of 8a-modified 

PTP1B were analyzed by nano LC-nanospray QTOF MS-MS/MS. The fragment 

ions, y-type and b-type fragment ions, of the tryptic fragment 121-131 were 

observed with b-type ions having increase in mass by 357.4 Da (figure 3.7). This 

fragment ion patterns revealed the site of modification was Cys121. Moreover, a 
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weaker signal corresponding to a modification of the tryptic fragment containing 

Cys32 (Table 3.2) was observed. Surprisingly, the peptide fragment containing the 

active site residue Cys215, the most nucleophilic on the enzyme, was not 

extensively modified by 8a. In addition, the selectivity of alkylation at different 

cysteines by 8a was determined. We observed that 81% of fragments containing 

Cys121 and 31% of fragments containing Cys32 were alkylated (table 3.2). 

Therefore, 8a alkylated primarily at Cys121. 

 

Figure 3.7 LC-MS/MS analysis of the 8a-modified tryptic fragment, 121CAQYWPQKEEK131. The 

generated b- and y-type fragment ions confirmed the sequence of the peptide and the location of 

8a on Cys121. 8a-modified fragment ions are denoted by an asterisk. 
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Table 3.2 targeted cysteines and methionine by 8a and tryptic fragments possessed the targeted 

residues. %modified residue is the amount of a 8a -modified residue relative to the total amount of 

that residue. 

 

3.5) Site-directed mutagenesis 

Since the covalent modification occurred at both Cys121 and Cys32. It was 

necessary to investigate if the modification of both residues contribute to the loss 

of enzyme activity. We made a mutant PTP1B where Cys32 was replaced by a 

serine residue (C32S) and subject the mutant enzyme to the inactivation assay 

(figure 3.8). This point mutant would prevent the alkylation at this residue. If the 

alkylation at residue 32 contributed to the loss of enzyme activity, the protection of 

this residue would alter the inactivation rate of 8a. As a result of the C32S 

inactivation assay, we did not observe a significant difference in the observed rate 

of inactivation of the wild-type (kobs = 5.0 ± 0.7 x 102 min-1) and C32S (kobs = 4.8 ± 

1.0 x 102 min-1). We concluded that the loss of enzyme activity was the result of 

the modification at Cys121, not Cys32. 

Targeted residue
%modified 

residue

Tryptic fragments 

residue found

Cys 32 31% [25-33]

Cys 92 0.2% [80-103]

Cys 121 81.7%
[121-128], [121-131], 

[121-141]

Cys215 1.1% [200-221]

Cys 226/Cys231 9.3% [222-237], [222-238]

Met 258 0.9% [258-268], [256-268]



44 
 

 
Figure 3.8 Inactivation of wild-type PTP1B (wt-PTP1B) and C32S PTP1B (C32S) by 8a. wt-PTP1B 
was incubated with 0 µM (closed diamond), 200 µM (closed square, kobs = 5.0 ± 0.7 x 102 min-1, r2 
= 0.9772) 8a and C32S was incubated with 0 µM (open diamond), 200 µM (open square, kobs = 4.8 
± 1.0 x 102 min-1, r2 = 0.9808). Each enzyme was incubated separately in the presence of 0 and 
200 µM 8a and each enzyme activity was assayed at various time points up to 30 min. Pseudo-
first-order rate of inactivations (kobs) were determined by plotting %activity against time and then 
fitting the data points to the one-phase exponential decay equation. The kobs values were shown as 
average values of three experiments with standard  
error. 
 

3.6) Proposed inactivation mechanism 

The inactivation experiments suggest that 8a inactivates PTP1B via covalent 

modification. Tryptic digestion and mass spectrometry analysis reveal Cys121 is 

the target residue. The absence of the saturation kinetics indicates that the 

compound only forms the covalent bond with the enzyme without non-covalent 

interactions and the inactivation mechanism is not the exo-affinity labeling 

mechanism as we originally design. However, IC50 experiments suggests that 8a 

non-covalently interacts with the enzyme. Taken together, we conclude that the 

non-covalent binding and the covalent modification are two independent events 

but both contribute to the overall inactivation of PTP1B (Figure 3.9).  
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Figure 3.9 The proposed inactivation mechanism of PTP1B by 8a. The inactivator binds to A-site 

(the active site) and C-site independently. The A-site-bound TDZ reversibly inhibits the enzyme 

activity and also blocks Cys215 from alkylation as we did not observe modification at Cys215. On 

the other hand, the C-site-bound TDZ is proximal to Cys121 and enable alkylation at the cysteine. 

The inactivation of the enzyme is presumably due to this covalent modification of Cys121 by the C-

site-bound TDZ. 

In detail, since the TDZ moiety has been shown to be a pYi, we propose that one 

molecule of 8a binds to the active site with an affinity shown by the IC50 

experiments. While the first molecule of 8a is in the active site, another molecule 

of 8a inactivates Cys121. This explains why 8a does not alkylate Cys215 which is 

the most nucleophilic residue on the enzyme. In other words, the first 8a binds to 

the active site and effectively protect Cys215 from the alkylation by another 

molecule of 8a. Because Cys215 is not accessible, the second molecule of 8a 

alkylates the second most nucleophilic residue, Cys121, available. Note that we 

do not expect the first molecule of 8a alkylates Cys121, because the distance 
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between the para-carbon atom of our prototype 5a to the sulfur atom of Cys121 is 

approximately over 20 Å, according to the X-ray crystal structure by Black et. al.,1 

and adding a couple C-C bonds (~1.5 Å each bond) to the position is evidently too 

short to reach Cys121 (Figure 3.10). Also, there is no any indication about the 

modified residue, C121, lies in a highly dynamic region of the protein that could 

reach 8a in the active site.10  

 
Figure 3.10 Compound 5a bound to the active site of PTP1B.  The figure was created from an X-
ray crystal structure of PTP1B and 5a (PDB:2bgd)1 using UCSF chimera. 
 

The alkylation at an “allosteric” residue has been reported recently by Hansen et. 

al.11 and Iwamoto et. al.12 Hansen explains the effect of modified Cys121 on the 

loss of enzyme activity. From PTP1B X-ray structure, His214, Tyr124, and Cys121 

are in contact and form packing interactions (Figure 3.11). His214 is a residue that 

assemble the active site and crucial to the catalytic activity (the mutation of His214 

to alanine residue results in 80-90-fold drop in rate of catalysis).13 The modification 

at Cys121 interrupts this contact and disrupts the Cys121-Tyr124-His214 packing 

arrangement and, in turn, impairs catalytic activity of the enzyme. 
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Figure 3.11 Packing alignment of Cys121, Tyr124, and His214. The sulfur atom of Cys121 interacts 
with the side chain of Tyr124 which in turn form a hydrogen bond with His214, the residue preceding 
the catalytic Cys215.11 Pertubation of this packing may impair the catalytic activity of the enzyme. 
The figure was created from an X-ray crystal structure of PTP1B and 5a (PDB:2bgd)1 using UCSF 
chimera. 
 

It is interesting to note that Cys121 is located at the top of C-site, a binding site 

located right next to the active site, which provides a weak affinity to ligands 

according to Ala and team.14 This weak binding site is also found as by Computed 

Atlas of Surface Topography of Proteins (CASTp) created by University of Illinois 

at Chicago.15-17 Sun and colleagues18 reported a dual-binding DFMP-based 

inhibitor (figure 3.8B) that binds to the active site and the C-site on PTP1B. (figure 

3.8C), according to the compound-PTP1B co-crystal structure. Since C-site can 

provide some affinity, the second molecule of 8a perhaps binds to this site and 

forms the covalent bond with Cys121. However, we currently have no evidence of 

C-site binding of 8a. 
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Figure 3.12 A) binding sites on PTP1B according to Ala et. al.14 The figure was modified from X-
ray structure of PTP1B (PDB:2BGD)1 using UCSF chimera B) DFMP-based inhibitor of PTP1B. C) 
X-ray crystal structure of DFMP-PTP1B complex (PDB:2CNE).18 DFMP binds to the active site and 
a proximal binding site, so called “C-site.” Cys121 is right above C-site, underneath the surface 
(under transparent surface). 
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3.7) Conclusion 

Overall, our experiments suggest 8a inactivates PTP1B with time- and 

concentration-dependent loss of enzyme activity. Mass spectrometry and tryptic 

digestion reveal that the target residue is Cys121 located outside the active site. 

However, the absence of saturation kinetics indicates that the inactivation 

mechanism is not the anticipated affinity-labeling mechanism where 8a non-

covalently associates within the active site and covalently modifies a nucleophilic 

residue outside but proximal to the active site. This is in contrary to the IC50 

experiment that indicates that the compound possesses an affinity to the enzyme. 

Moreover, Cys121 is approximately 20 Å away from the active site and this 

distance evidently is too far so that the α-bromoacetyl group of 8a can reach. 

Therefore, we conclude that the inactivation mechanism is an allosteric inactivation 

involving two molecules of 8a rather than the exo-affinity-labeling agent as we 

initially design. Specifically, one molecule of 8a non-covalently binds to the active 

site, and the other molecule of 8a covalently modifies Cys121. This mechanism 

can also explain the absence of the modification at Cys215. Since the first 

molecule of 8a is in the active site, it also protects Cys215 from the alkylation. 

Lastly, Cys121 is located in the C-site region. There are evidences showing that 

C-site provides weak affinity to ligands. It is possible that 8a binds to this site prior 

to modifies Cys121. However, we did not observe an evidence of the binding 

affinity. 
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Chapter 4 
Long-linker TDZ(OMe) 

4.1) Synthesis Of Long-Linker TDZ Analogs 

Our continuing search for an exo-affinity labeling agent of PTP1B leads to the 

synthesis of long-linker analogs. As mentioned in chapter 2, the design of the exo-

affinity labeling agent is the electrophile-linker-phosphotyrosine isostere conjugate 

(E-L-pYi). We remain using the α-bromoacetyl group and biaryl-TDZ as the 

electrophilie and the phosphotyrosine isostere (pYi), respectively. However, in this 

work, we incorporated tri- and tetra-ethylene glycol as arm spacers, connecting the 

electrophilic group and the pYi group (figure 4.1). 5a is the prototype pYi reported 

by Black et. al.1 We synthesized 11a and 11b as E-L-pYi and 11aa and 11bb as L-

pYi (no-electrophile analogs). 7a was synthesized as an E-L (electrophile-linker 

control). 
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Figure 4.1 Structures of the prototype compound 5a, the electrophile-linker-pYi conjugate analogs 
11a and 11b, the linker-pYi 11aa and 11bb, and the electrophile-linker control L7. 
 

The synthesis of 1,2,5-thiadiazolidin-3-one-1,1-dioxide (TDZ) 4a was described in 

the synthetic scheme 3.1. Suzuki reaction using different boronic acids of 4a gave 

the prototype pYi 5a and its acid analogs 9 which would be coupled with linkers L2 

(scheme 4.1) 

 

Scheme 4.1 Synthesis of biphenyl-1,2,5-thiadiazolidin-3-one-1,1-dioxide. Reagents and 
conditions: (a) 1.2 eq methyl bromoacetate, 5.0 eq DIPEA, DMF, 60 oC, 16 h (87%); (b) 1.2 eq 
BocNHSO2Cl in 30 mL CH2Cl2, 3 eq TEA, 0 oC to r.t., 2 h (81%); (c) neat TFA, r.t., 20 min (95%); 
(d) 3 eq NaH, THF, r.t., 30 min (~80%); (e) 1.2 eq 4-carboxyphenylboronic acid, 0.05 eq Pd(PPh3)4, 
2:1 DME/H2O, 100 oC, 10 h (72%). 
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Our synthetic method of the linkers was partly described previously by 

Schwabacher and team (scheme 4.2).2 A tri- or tetra-ethylene glycol linker L1  was 

mesylated with CH3SO2Cl. The resulting dimesyloxy linker L2 was converted to a 

diazide linker L3 using NaN3. The selective reduction of one azido group using 

Ph3P, H3PO4 in Et2O/H2O to an amino-azide linker L4 which was followed by 

protecting the free amino group using (Boc)2O afforded L5 in good yield. Catalytic 

hydrogenation of the remaining azide gave our target linker L6 which was later 

used to connect pYi and the electrophile, α-bromoacetyl group. L7 as the 

electrophile-linker-control compound was obtained by addition of bromoacetic acid 

to L6b using DCC as a coupling reagent. 

 

Scheme 4.2 Synthesis of linkers: (a) 2.2 eq CH3SO2Cl, 2.4 eq TEA, DMF, r.t., 1.5 h (87%); (b) 2.2 
eq NaN3, 95% ethanol, pH 8 (NaHCO3), reflux, 16 h (67%); (c) 1 eq Ph3P, 0.6 M H3PO4, Et2O/H2O, 
0 oC to r.t., 24 h; (d) 1.2 eq Boc2O, MeOH, r.t., 6 h (61% two steps); (e) 0.05 eq 10% Pd/C, ethanol, 
H2, r.t. (96%); (f) 1.1 eq 2-bromoacetic acid, 1.3 eq DCC, CH2Cl2, r.t., 16 h (64%). 

Finally, the acid analog of pYi 9 was combined with the linker L6 using a peptide 

coupling reagent BOP. The coupling product was treated trifluoroacetic acid, 

removing Boc group, to afford L-pYi 10 which was then added α-bromoacetyl or 
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acetyl group by using acid halides. The resulting E-L-pYi 11a and 11b, and L-pYi 

11aa and 11bb were obtained in moderate yield (scheme 4.3). 

 

Scheme 4.3 Synthesis of E-LpYi 11a, 11b and L-pYi 10a, 10b by Kasi V.R. Ruddraraju: (a) i) 1.7 
BOP, 3 eq EDIPA, 1.5 eq L1 or L2, DMF, r.t., 2 h. ii) neat TFA, r.t., 2 h (63%); (b) 2.0 eq acetyl 

chloride or 2.0 eq bromoacetyl bromide, 3 eq DIEPA, r.t., 2 h (56%). 

11a and 11b were designed to be exo-affinity labeling agents. We expected the 

compound displayed characteristics of the affinity-labeling mechanism (time- and 

concentration-dependent loss of enzyme activity, non-covalent binding, and the 

saturation kinetics in the re-plot of the observed rate of enzyme inactivation versus 

concentration). 
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4.2) 11a, 11aa, 11b, And 11bb Showed Affinity To PTP1B With IC50 
Determination 

We first measured binding affinity of 11a, 11aa, 11b, 11bb and L7 using IC50 

assays in the same manner as described in chapter 3. Note that we monitored the 

enzyme activity only within the first 2 min after the addition of PTP1B to the solution 

of compound and substrate, pNPP, in the assay buffer to avoid a complication from 

the loss of enzyme activity from covalent modification. Plotting %activity versus 

concentration and fitting the data points to the dose-response (equation 3.1) gave 

sigmoidal curve where IC50 was the concentration at 50% activity (figure 4.2). 

Comparing to IC50 values of our prototype compound 5a of 4.8 ± 0.2 µM, it was 

evident that the TDZ-containing compounds (11a, 11aa, 11b, and 11bb) retained 

the ability to bind to the active site of PTP1B with high affinity while the electrophile-

linker conjugate L7, which did not possess the TDZ group, did not bind to the 

enzyme active site and showed no inhibition. The IC50 values were summarized in 

table 4.1. We also obtained Hill coefficient using the curve-fitting method from the 

dose-response curve. None of our compounds exhibited Hill coefficient more than 

1.5, it seemed promising that our compounds were not the aggregate-based 

inhibitor. 
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Figure 4.2 IC50 values for the inhibition of PTP1B by 11b, 11bb, 11a, and 11aa. A) 11b: IC50 = 6.83 
± 0.12 μM, Hill coefficient = 1.10 (r2 = 0.9992); B) 11bb: IC50 = 10.7± 0.3 μM, Hill coefficient = 1.10 
(r2 = 0.9992); C) 11a: IC50 = 5.44 ± 0.84 μM, Hill coefficient = 1.10 (r2 = 0.9992); D) 11aa: IC50 = 
10.7± 0.3 μM, Hill coefficient = 1.01 (r2 = 0.9992). PTP1B was added to assay solutions containing 
various concentrations of the compound, p-nitrophenyl phosphate (p-NPP, 0.4 mM), DMSO (2% 
v/v), Bis–Tris (50 mM), EDTA (2 mM), DTT (5 mM), Tween 80 (0.05% v/v). The enzyme activity 
was monitored by measuring increase in absorbance at 410 nm as a function of time (first 2 min) 
due to the conversion of p-NPP to p-nitrophenol. 

Table 4.1 IC50, Hill coefficient, and calculated Ki values. 

 

a calculated using by Cheng-Prusoff equation.3 In our condition, Ki = IC50/2. [pNPP] = Km = 0.4 mM. Condition: 
50 mM Bis-Tris, 2 mM EDTA, pH 7.0, 5 mM DTT, 0.05 % (v/v) Tween80 
N.I. = No Inhibition 
PTP1B was adding to an assay solution containing the final concentration of 0.4 mM pNPP, various 
concentration of compounds, and 4%DMSO in an assay buffer (50 mM Bis–Tris, 2 mM EDTA, 5 mM DTT, 
0.05% Tween80). The mixture was incubated for 2 min and the absorbance of at 410 nm of the mixture was 
measured every 5 s for 2 min. The enzymatic activity was measured from slope of absorbance (410 nm) - time 
(s) plot. The activities relative to the uninhibited activity were used to calculate the relative activity which were 
re-plotted against the compound concentrations. IC50 was the concentration that gave 50% PTP1B relative 
activity. 
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4.3) 11b Exhibited The Saturation Curve, An Evidence Of The Exo-
Affinity-Labeling Mechanism, In The PTP1B Inactivation Assays. 

We found that the incubation of PTP1B with electrophile-containing compounds 

(11a, 11b, and L7) resulted in time- and concentration-dependent loss of enzyme 

activity (figure 4.3). The linker-pYi compounds 11aa and 11bb, which did not 

possess an electrophilic group, did not cause loss of enzyme activity as expected. 

Moreover, we tested whether or not the covalent modification of PTP1B by the α-

bromoacetyl group was reversible. Incubating 11a with PTP1B until the enzyme 

activity decreased to around 10% followed by removing the excess compound from 

the assay solution and measuring the enzyme activity in the assay buffer solution 

(50-time dilution), we did not observe the return of PTP1B activity up to 24 h (figure 

4.4). Therefore, the inactivation was irreversible.  
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Figure 4.3 Inactivation of PTP1B by 11b, 11bb, 11a, 11aa and 7a. A) Time courses for the 
inactivation of PTP1B by various concentrations of 11b. Inactivation time courses were measured 
for 5, 10, 25, 50, 75, 100, 125, 150, 200 μM concentrations of 11b. For clarity, only time courses 
for 5, 10, 25, 50, 100, 200 μM concentrations of 11b are shown (from top to bottom). The upper 
data set is the time course for incubation of the enzyme with the control compound (acetyl analog) 
11bb and is similar to control assays containing enzyme alone. B) Time courses for the inactivation 
of PTP1B by various concentrations of 11a. Inactivation time courses were measured for 10, 20, 
30, 40, 50, 75, 100, 150, 200 μM concentrations of 11a. For clarity, only time courses for 10, 30, 
75, 100, 150, 200 μM concentrations of 11a are shown (from top to bottom). The upper data set is 
the time course for incubation of the enzyme with the control compound (acetyl analog) 11aa and 
is similar to control assays containing enzyme alone. C) Time courses for the inactivation of PTP1B 
by various concentrations of L7. Inactivation time courses were measured for 100, 150, 200, 300, 
400, 500, 600, 800, 1000 μM concentrations of L7. For clarity, only time courses for 0, 200,600, 
800, 1000 μM concentrations of L7 are shown (from top to bottom). The upper data set is the time 
course for incubation of the enzyme with the control compound (acetyl analog) L7 and is similar to 
control assays containing enzyme alone. Inactivation assays were carried out as described 
previously.3 (Triplicate data, with standard error shown) 

 

Figure 4.4 Inactivation of PTP1B by 11b is irreversible.  A sample of PTP1B was inactivated as 
described above by 11b (200 µM) until only ~15% of the enzyme activity remained.  A control 
sample containing no 11b was run side-by-side.  Following incubation, both samples were gel 
filtered through a Zeba mini centrifuge spin column to remove excess 11b and then monitored for 
return of enzyme activity over the course of 7 h and up to 24 h as described above.  No significant 
return of enzyme activity was observed in the enzyme inactivated by 11b (circle).  No significant 
losses in the activity of the control enzyme were observed over the course of this experiment 
(triangle). (Triplicate data, with standard error shown) 
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We also provided evidence that 11a was not an aggregated-based inhibitor by 

proving that the observed rate of inactivation (kobs) did not change in the assay 

buffer carrying different detergents or 10-time higher concentration of PTP1B 

(figure 4.5). We found that kobs values from the PTP1B inactivation by 11a were 

3.8 ± 0.3 x 10-2 min-1 and 3.6 ± 0.2 x 10-2 min-1 in the assay buffer containing 0.05% 

Tween 80 (typical condition) and 0.001% Triton-X, respectively. The inactivation 

of 0.43 µM and 4.3 µM PTP1B by 100 µM 11b also showed similar kobs values of 

4.0 ± 0.5 x 10-2 min-1 and 4.2 ± 1.0 x 10-2 min-1, respectively. Since there was no 

significant change in kobs values in both conditions, 11a was not the aggregate-

based inhibitor and the loss of enzyme activity was the result of covalent 

modification by the compound. 
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Figure 4.5 Evidence inactivation of PTP1B by 11b is not due to aggregate-based inhibition.  
Aggregated-based inhibitor tests. PTP1B activity was assayed under different inactivation 
conditions and observed pseudo-first-order rate constant of each condition was determined. A) 
detergent test: standard inactivation condition, 100 µM 11b, 1.8 µM PTP1B, 0.05% Tween® 80 
(squre, kobs = 3.8 ± 0.3 x 10-2 min-1, r2 = 0.9996); different detergent, 100 µM 11b, 1.8 µM PTP1B, 
0.001% Triton-X (triangle, kobs = 3.6 ± 0.2 x 10-2 min-1, r2 = 0.9948). Circles is the control assay (0 
µM 11b) of 0.05% Tween® 80 condition (the control with 0.001% Triton-X showed identical result).  
B) enzyme concentration test: low enzyme concentration, 100 µM 11b, 0.43 µM PTP1B, 0.05% 
Tween® 80 (closed triangle, kobs = 4.0 ± 0.5 x 10-2 min-1, r2 = 0.9864); 10-fold increase in enzyme 
concentration, 100 µM 11b, 4.3 µM PTP1B, 0.05% Tween® 80 (closed square, kobs = 4.2 ± 1.0 x 
10-2 min-1, r2 = 0.9971). Open triangles and squares are the control assays (0 µM 11b) of 0.43 and 
4.3 µM PTP1B, respectively. No significant changes in the observed pseudo-first-order rate 
constant were seen (triplicate experiments with standard error).  

Next, we investigated the inactivation mechanisms of 11a, 11b, and L7 using a 

kinetic method described in chapter 3. The Logarithmic plot of %activity against 

time from figure 4.3 gave a linear plot and pseudo-first-order rate constants (kobs) 

were obtained from a negative slope value of each concentration (same 

concentrations used in figure 4.3). The re-plot of kobs versus concentrations of 11b 

saturation kinetics, while 11b and L7 displayed linear relationships (figure 4.6). 

Fitting the data in the re-plot of 11b to the hyperbolic equation (equation 3.2B), we 

obtained a first-order inactivation rate constant (kinact) of 4.7 ± 0.6 x 102 M-1min-1 

and a dissociation constant (KI) = 17±4 µM. On the other hands, fitting the data in 

the replots of 11b and L7 to the linear equation (equation 3.2C), we obtained the 

second-order rate constant of 132 ± 13 M-1min-1 for 11a and 3.1 ± 0.1 M-1min-1 for 

L7. Therefore, 11a inactivated PTP1B via exo-affinity labeling agent manner while 

11b and L7 inactivated PTP1B via a typical inactivation manner (no non-covalent 

binding step). 
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Figure 4.6 The combined kobs and concentrations re-plot of 11a (diamonds), 11b (circles), 11bb 
(triangles), and L7 (squares). The re-plot of 11b displays saturation kinetics with a first-order 
inactivation rate constant (kinact) of 4.7 ± 0.6 x 102 M-1min-1 and a dissociation constant (KI) = 17±4 
µM (R2 = 0.9953) while that of 11a and L7 show linear with a second-order inactivation rate 
constants (kinact) = 132 ± 13 M-1min-1 (R2 = 0.9960) and 3.1 ± 0.1 M-1min-1 (R2 = 0.9884), 
respectively. 11bb (triangles) had no inactivation activity to PTP1B. (triplicate experiments with 

standard error) 

From these result, we propose that 11b is an exo-affinity-labeling agent. 

Specifically, the TDZ unit interacts with the active site residues of PTP1B while its 

electrophile, α-bromoacetyl group, attacks a nucleophilic residue proximal to the 

active site (figure 7.4A). On the other hands, 11a is not an exo-affinity-labeling 

agent presumably because the linker unit is too short and unable to reach the same 

electrophilic residue as 11b does. However, 11a shows the evidence of non-

covalent binding (IC50) and covalent inactivation (time- and concentration-

dependent loss of enzyme activity). We propose that 11a acts in the same manner 

as the short-linker TDZ 8a where one molecule of the inactivator non-covalently 

interacts at the active site, protecting Cys215, and the other molecule covalently 

modifies an allosteric residue. Lastly, we propose that L7 is a typical covalent 

inactivator which does not show affinity to the enzyme but inactivates a 

nucleophilic residue that results in the enzyme activity loss. Since L7 does not bind 
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to the enzyme, we envision that the active site is accessible and the most 

nucleophilic reside, Cys215, available on PTP1B is the target of L7. Thus, L7 

possibly modifies Cys215 and this modification accounts for the activity loss of 

PTP1B. 
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Figure 4.7 Proposed inactivation mechanism of PTP1B by 11b, 11b, and L7. A) 11b: an 
exo-affinity-labeling mechanism. 11b non-covalently binds to the active site of PTP1B prior 
to covalently modifies a nuclophile proximal to the active site. B) 11a: One molecule of 
11a non-covalently binds to the active site of PTP1B. However, the length of its linker can 
reach the nucleophilic residue that 11b covalently modifies. The first molecule of 11a only 
protects Cys215 in the active site. The other molecule of 11b may or may not binds to an 
allosteric site and covalently modified a nucleophile proximal to the site. C) L7: L7 is a 
typical covalent inhibitor. Without non-covalent binding, L7 only covalently modifies the 
active site cysteine, Cys215. 

4.4) Evidence Of The Exo-Affinity Mechanism Of 11b By A 
Competitive Assay  

We performed a competitive inactivation assay where 11b was allowed to 

inactivate PTP1B in the presence of an active-site directed inhibitor 5a. We 

hypothesized that 11b would inactivated PTP1B in the same manner as 11a when 

the active site was not accessible. We used 100 µM 5a in the assay to ensure that 

5a successfully competed for the active site. We observed that the re-plot of kobs 

versus concentrations by 11b became linear with kinact (the slope of the plot) of 140 

± 20 M-1min-1 which was comparable to kinact of 11a of 130 ± 10 M-1min-1 (figure 

4.8). 
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Figure 4.8 The kobs-concentrations re-plot of 11b (diamonds), 11b + 100 µM 5a (triangles), and 1a 
(squares). 11b alone displays saturation kinetics with a first-order inactivation rate constant, kinact = 
4.7 ± 0.6 x 102 min-1 and a dissociation constant, KI = 17 ± 4 µM (R2 = 0.9953). In the presence of 
100 µM 5a, 11b showed a second-order inactivation rate, kinact = 140 ± 20 M-1min-1 (R2 = 0.9940) 
which is similar to that of 11a alone, kinact = 82.6 ± 8.9 M-1min-1 (R² = 0.9939). (triplicate experiments 

with standard error) 

4.5) Inactivation Of C32S PTP1B Showed That Cys32 Was Not The 
Target Of 11b. 

Initially, we designed an exo-affinity labeling agent to target Cys32 which was 

unconserved among PTPs and distant from the active site. The design 

compensated of the distance with the length of the linker in 11b. We were curious 

if Cys32 was the target of 11b and the modification at this position accounted for 

the loss of enzyme activity. Therefore, we grew C32S (replacing Cys32 with a 

serine reside) and inactivated the enzyme with 11b. Measuring and comparing the 

observed rate constants (kobs) from the inactivation of the wild-type and the C32S 

PTP1B, we found that the kobs value of the wild-type enzyme was 3.7 ± 0.5 x 10-2 

min-1, while that of the inactivation of C32S enzyme under the same condition was 

4.3±1.2 x 10-2 min-1 (figure 4.9). Since we did not observe a significant different in 

the kobs from both assays, we concluded that Cys32 was not the target residue of 
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11b. However, further investigation was needed to fully characterize the 

inactivation mechanism of 11b. 

 

Figure 4.9 Inactivation of wild-type and C32S PTP1B by 11b. Each enzyme was incubated 
separately in the presence of 0 (open squares and open triangle) and 100 µM 11b (closed squares 
and closed triangles) and the enzyme activity was assayed at various time points. Plotting %activity 
against time showed, for both enzymes, time- and concentration-dependent loss of activity. No 
significant different in pseudo-first-order rate of inactivation was observed (kobs = 3.7 ± 0.5 x 10-2 
min-1 against PTP1B, kobs = 4.3±1.2 x 10-2 min-1 against C32S PTP1B) Replacing Cys32 with Ser32 
was expected to prevent a covalent modification at the residue. This inactivation of mutant enzyme 
implied the covalent modification is not at Cys32. 

4.6) Conclusion 

Overall, our results indicated that 11b inactivated PTP1B via exo-affinity labeling 

mechanism, while the shorter-linker analog 11a inactivated PTP1B presumably 

similar to the short-linker analog 8a. The target residue of 11b clearly was not 

Cys32 as we initially targeted. We did not investigate the target residue of 11a. 

However, it is possible that Cys121 is the target of 11a. The further studies are 

needed to reveal the target residue. Lastly, L7 which did not possess the TDZ unit 

was unable to bind to the enzyme as the compound showed no inhibitory activity 

in the IC50 assay. We envisioned L7 covalently modified PTP1B at Cys215 and 

inactivated the enzyme activity since the active site was accessible. 
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4.7) Current And Future Plans 

Currently, we are investigating the inactivation mechanism of PTP1B by 11b using 

X-ray crystallography. Specifically, we recently grew a new PTP1B stock and 

crystallized the enzyme and 11b using soaking and co-crystallizing technique. 

Crystallography should give us an insight of how 11b binds to the enzyme as well 

as reveal the site of covalent modification. 
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Chapter 5 
Experimental Section 

 
5.1) Materials 

Reagents were purchased from the following suppliers: 5-bromo-2-methyl aniline, 

5-bromo-2-methoxy aniline, methyl bromoactate, ethyldiisopropylamine, 

triethylamine, dimethyl formamide, chlorosulfonyl isocyanate, dichloromethane, 

triethyl amine, trifluoroacetic acid, sodium hydride, 1,2-dimethoxyethane, 

bis(trisphenyl phosphine)palladium (II) dichloride, thiophenol, triethylene glycol, 

tetraethylene glycol, alanine, (benzotriazol-1-yloxy) tris(dimethylamino)phosphate 

(BOP), bromoacetyl bromide, acetyl chloride, triethyleneglycol, 

tetraethyleneglycol, Triphenylphosphine, Phosphoric acid, methylsulfonyl chloride, 

Sodium azide, di-tert-butyl dicarbonate, N,N'-dicyclohexylcarbodiimide, 

tris(hydroxymethyl)aminomethane (Tris), 2-[bis-(2-hydroxyethyl)-amino]-2-

hydroxymethyl-propane-1,3-diol (Bis-tris), 4-nitrophenyl phosphate disodium salt 

hexahydrate (pNPP), DL-dithiothreitol (DTT), diethylenediamine tetraacetic acid 

disodium monohydrate (EDTA·2Na·H2O), 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES), diethylenetriaminepentaacetic acid (DTPA), 

sodium hydroxide, sodium acetate (99+%), and thin layer chromatography plates 

(TLC) were obtained from Sigma-Aldrich (St. Louis, MO), potassium carbonate and 

sodium chloride were purchased from Fischer Chemical, p-phenylboronic acid, 4-

carboxyboronic acid and 4-(N-Boc-amino)phenylboronic acid were purchased 

from Alfa Aesar (Wardhill, MA), Zeba mini centrifugal buffer exchange columns 

were purchased from Thermoscientific, and Tween® 80 and Triton X-100 were 
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purchased from Pierce Biotechnology, and Amicon Ultra centrifugal filter devices 

were purchased from Millipore. The enzyme consisting of amino acids 1-322 of 

human PTP1B was expressed and purified as described previously19 and the 

concentration of active enzyme in stock solutions was determined as described by 

Pregel et. al.20 Compounds 4a and 4b were prepared according to the general 

synthetic methods described by Black and Kenny for the preparation of 5-(aryl)-

1,2,5-thiadiazolidin-3-one 1,1-dioxide derivatives.1,2 

5.2) Measurement of IC50 values 

Assays for the reversible inhibition of PTP1B (72 nM) contained the test 

compounds in Bis-tris (50 mM), NaCl (100 mM), EDTA (2 mM), and p-nitrophenyl 

phosphate (p-NPP, 0.4 mM), DTT (5 mM), Tween® 80 (0.05% v/v), and DMSO 

(2% v/v) at pH 7.0.  The test compounds were introduced into the solutions as 

stock solutions dissolved in DMSO.  After 20-30 s, the amount of PTP1B activity 

in the assays was assessed by measuring the increase in absorbance at 410 nm 

as a function time resulting from the enzyme-mediated conversion of p-NPP to p-

nitrophenolate.  The fraction of remaining PTP1B activity relative to a control assay 

containing no test compound, and only the DMSO vehicle, was plotted versus the 

log of compound concentration.  The data was fitted to the equation for dose-

response: 

𝑦 = 𝑚𝑖𝑛 +
𝑚𝑎𝑥−𝑚𝑖𝑛

1+10[𝑛𝐻(𝑙𝑜𝑔𝐼𝐶50−log[𝐼])]
  

Where min is the minimum enzyme activity, max is the maximum enzyme activity, 

IC50 is the concentration of an inhibitor where 50% of its target activity is inhibited, 

[I] is the inhibitor concentration, and nH is Hill coefficient. 
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5.3) Mass Spectrometric Analysis of PTP1B inactivated by 8a 

Thiol-free PTP1B (230 µL of a 7 mg/mL solution) in 5 mL of buffer (50 mM Bis-Tris, 

2 mM EDTA, 15µM DTT, 0.01% (v/v) Tween® 80, 5% (v/v) DMSO, pH 7) containing 

compound 8a (100 µM) was incubated at 25°C until only ~20% of the enzyme 

activity remained. A control sample without 8a was prepared and followed 

simultaneously. Following inactivation of PTP1B, the samples were concentrated 

using Amicon Ultra-4 centrifugal filters (10K, Millipore) for 30 min at 4800 rcf and 

11°C. Ion Exchange Buffer A (4 mL, 0.03 M NaCl, 100 mM HEPES, 1 mM EDTA, 

0.1% β-ME, 10% Glycerol, pH 7.2) was added to Amicon centrifugal filters and the 

samples were concentrated again at 4800 rcf and 11 °C. Meanwhile, mini anion 

exchange columns spin columns (Pierce, catalog #90010) were prepared with ion-

exchange buffer A according to the manufacturer’s protocol. The concentrated 

protein was then loaded onto the mini anion exchange column and centrifuged at 

2000 x g for 5 min. The sample was washed with an additional 100 µL of buffer A 

and centrifuged again. The detergent-free protein was then eluted with ion-

exchange buffer B (100 µL, 0.3 M NaCl, 100 mM HEPES, 1 mM EDTA, 0.1% β-

ME, 10% glycerol, at pH 7.2). The sample was then buffer-exchanged using mini-

centrifugal columns (Pierce) with 100 µL of a buffer composed of 50 mM Bis-Tris, 

2 mM EDTA, and 600 µM DTT pH 7. The samples were stored at –20 ˚C prior to 

mass spectrometric analysis. 

For LC-Nanospray QTOF MS-MS/MS analysis of 8a-modified PTP1B Intact 

protein samples were centrifuged at 20000xg rcf at room temperature. An aliquot 

of each sample was diluted 1/25 with sample diluent (30/970/1, V/V/V, 
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acetonitrile/water/99% formic acid), briefly centrifuged, and transferred to an 

autosampler vial. Fractionations of the sample were carried out on Agilent G4240-

63001 SPQ105 Protein Chip II (Zorbax 300 SB-C8, 5 µm particle, 300 Å pore; 

separation column, 43 mm x 75 µm; 40 nL trap column). Nano-LC-Nanospray MS 

performed on Agilent 6520A QTOF mass spectrometer with a Chip Cube source 

(G4240A). A 0.1 µL portion of each sample was injected into carrier solvent 

(30/970/1, V/V/V, acetonitrile/water/99% formic acid) flowing at 3 µL/min for 

transfer and enrichment on the trap column in the Chip. At 8 min post-injection, the 

flow from trap column was directed to the analytical column and sample 

components were separated at 0.3 µL/min flow rate using a linear gradient of 

increase % solvent B (900/100/1, V/V/V acetonitrile/water/99% formic acid) for the 

following steps: 8 min-3% B, 10 min-35% B, 37.5 min-70% B, 40 min-90% B, 40 

min-90% B, 47 min-3% B, 48 min-3% B (enrichment), 50 min-3% B (enrichment), 

60 min-3% B (enrichment). Positive ion electrospray spectra were acquired at 

capillary potential of 2325 V. Heated nitrogen gas (365 °C), introduced at a flow 

rate of 4 L/min, assisted desolvation of sample ions. The Fragmentor, Skimmer, 

and Octapole1 RF Vpp potentials were 175 V, 65 V, and 750 V, respectively. Data 

analysis was performed with Agilent Mass Hunter software. 

For protein digestion each protein sample (20 µL) was denatured in 2 N urea (10 

µL, 8 N) and 1 N ammonium bicarbonate buffer (10 µL, pH 8). Iodoacetamide (IAA) 

(1 µL, 62.5 mM) was added to alkylate free cysteine residues. After alkylation, 

excess IAA was neutralized with 20 mM DTT (in 0.25 N ammonium bicarbonate 

buffer, pH 8) and the samples were allowed to sit at room temperature for at least 
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5 min. Meanwhile, trypsin (Promega V511A modified TPCK-treated porcine 

Trypsin) was freshly prepared (according to V511 prep) at a concentration of 1 

µg/µL in 50 mM acetic acid. To each sample of PTP1B (40 µg) was added wt/wt 

1/25 Trypsin/protein, 1.6 µL of Trypsin stock solution (1.6 µg). The samples were 

allowed to digest for 15 h in an incubator at 37°C. Following digestion, the samples 

were acidified by addition of formic acid (1 µL, 88% formic acid) to inhibit any 

remaining tryptic activity. 10 µL aliquots were taken from each digested sample 

and frozen prior to LC-MS analysis. 

For nano-LC-nanospray QTOF MS-MS/MS analysis of trypsin digested protein 

samples,each trypsin digested sample, a 10 µL aliquot of frozen digest was thawed 

on ice before analysis and mixed with sample diluent (30/970/1, V/V/V, 

acetonitrile/water/99% formic acid (8a treated: 121 µL sample diluent; control: 110 

µL sample diluent) to give 1.9 pmol/peptide/µL. Nano-LC-Nanospray MS was 

performed on an Agilent 6520A with a Chip Cube source (G4240A). Fractionations 

of the samples were carried out on an Agilent G4240-62006 peptide separations 

chip (Zorbax 300SB-C18, 5 µm particle, 300 Å pore; separation column, 150 mm 

x 75 µm; 40 mL trap column) and the sample analyzed using instrument software 

version B.04.00. Samples were injected (0.1 µL for 8a treated; 0.2 µL for control) 

on LC-MS into carrier solvent (30/870/1, V/V/V, acetonitrile/water/99% formic acid) 

flowing at 4 µL/min for transfer and enrichment on the trap column of the Chip. At 

5.9 min post-injection, the flow from trap column was directed to the analytical 

column and sample components were separated at 0.4 µL/min flow rate using a 

linear gradient of increase % solvent B (900/100/1, V/V/V/ acetonitrile/water/99% 
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formic acid) for the following steps: 5.9 min-3% B, 6.1 min-10% B, 27.4 min-70% 

B, 28.4 min-100% B, 33.4 min-100% B, 37.4 min-3% B (enrichment), 52.4 min-3% 

B (enrichment). Positive ion electrospray spectra were acquired at capillary 

potential of 2100 V. Heated nitrogen gas (365°C), introduced at a flow rate of 4 

L/min, assisted desolvation of sample ions. The Fragmentor, Skimmer, and 

Octapole1 RF Vpp potentials were 175 V, 65 V, and 750 V, respectively. Nano-

LC-Nanospray MS only spectra acquired over a mass range of 300-3200 Da. 

Nano-LC-Nanospray MS plus MS/MS: MS spectra were acquired over a mass 

range of 300-3000 Da at a rate of 0.5 seconds per spectrum and MS/MS spectra 

acquired over the mass range of 60-3000 Da at the same rate. MS and MS/MS 

data processed with the “Find by Molecular Feature” program in Agilent Mass 

Hunter Qualitative Analysis Suite.  MS/MS data was exported and database 

searched on the Mascot search engine (Matrix Science) using compound lists. 

5.4) Preparation of the C32S mutant of PTP1B 

The mutant C32S PTP1B was created by inserting codons for either serine into 

PTP1B 1-298 plasmid stored in DH5α using a QuickChange Kit (Stratagene). The 

clone for the mutant enzyme was confirmed by DNA sequencing. Expression and 

purification of the mutant enzyme was carried out with some slight modifications 

by following the protocol for expression and purification of PTP1B.[Studier, 2005 

#3725] The PTP1B mutant plasmids were transformed in E. coli BL21AI cells and 

plated on LB Agar containing ampicillin (50 µg/mL). The plates were incubated at 

37 °C overnight and one colony was picked and placed in a 10 mL starter culture 

made of 1% tryptone, 0.5% yeast extract, and 2% glucose. The tube incubated at 
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37°C with constant shaking at 250 rpm overnight. The starter culture was 

separated into 4 flasks containing 500 mL of LB with ampicillin (50 µg/mL) and 

glucose (0.2%). The flasks were incubated at 37°C and shaken constantly at 250 

rpm until the OD reached ~0.4. Once the OD reached 0.4, IPTG (0.4 mM) was 

added to start expression of the mutant PTP1Bs. The media was placed back in 

the shaker for another 3-4 h at which point the OD had reached ~1. The cells were 

then harvested centrifugation at 4°C and 1000 rcf before resuspending them in 

Buffer A (50 mM HEPES, 500 mM NaCl, 0.5 mM DTT, pH 7.5). The cells were 

cracked by use of a French press and unbroken cells were removed by 

centrifugation for 60 min at 5000 rcf. The supernatant was collected and 

centrifuged again for 30 min at 5000 rcf. The supernatant was then purified by 

immobilized metal-ion affinity chromatography (Ni2+-charged HiTRAP; GE 

Healthcare). The fractions were eluted using Buffer B at 3% (Buffer A with 1 M 

imidazole). The fractions were pooled and dialyzed into Buffer Q (50 mM Tris, 25 

mM NaCl, and 2 mM DTT at pH 8.5). The protein was then purified again on a Q-

sepharose column with a NaCl gradient (0-1 M) in Buffer Q and the fractions were 

collected, and pooled. The proteins was concentrated using Amicon centrifugal 

filters (30K, Millipore) at 5000 rcf at 4°C for 20 min. The protein was diluted with 

Buffer Q to the desired concentration and then 100 µL samples were aliquoted into 

500 µL eppendorf tubes, quick-frozen in liquid nitrogen, and stored at –80°C. 
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5.5) Synthetic Procedures of TDZ analogs 
 

 Methyl N-(4-bromo-2-methylphenyl) amino acetate (1b): 

General Procedure A. To a stirred solution of 5-bromo-2-

methylaniline (5.0 g, 27 mmol) in DMF (6 mL) was added methyl 

bromoacetate (2.4 mL, 26 mmol) and diisopropylethylamine 

(23.6 mL, 136 mmol). The reaction mixture was stirred for 18 h at 60 oC and cooled 

down to room temperature. The solution was poured in cold ice water and 

refrigerated for 1.5 h. The precipitate was filtered, washed with cold water, and 

dried in vacuo to obtain an off-white solid. If necessary, the title compound was 

purified by column chromatography (10% EtOAc/Hexane) on silica gel to obtain 

1b (2.59 g, 10.0 mmol, 93%) as a white solid (mp 71-73 oC). Rf (10% 

EtOAc/Hexane) 0.32. 1H-NMR (500 MHz, CDCl3): δ 6.91 (1H, d, J = 8 Hz), 6.81 

(1H, dd, J = 8, 2 Hz), 6.574 (1H, d, J = 2 Hz), 4.25 (1H, s), 3.91 (2H, s), 3.81 (3H, 

s). 2.14 (1H, s). 13C-NMR (500 MHz, CDCl3): δ 171.37, 146.26, 131.49, 121.40, 

120.70, 120.49, 112.79, 52.55, 45.50, 17.07. HRMS (ESI-TOF): m/z calcd for 

C10H13NO2Br 258.0130 [M+ + H]; Found 258.0131. IR (neat): 3416, 3003, 2957, 

1750, 1222 cm-1. 

Methyl 2-((5-bromo-2-methylphenyl) (N-(tert-

butoxycarbonyl) sulfonyl) amino) acetate (2b): General 

Procedure B. To a stirred solution of chlorosulfonyl 

isocyanate (1.1 mL, 12.9 mmol) in dry DCM (50.0 mL) was 

cooled to 0 oC, slowly added t-BuOH (1.4 mL, 15.1 mmol). The solution mixture 

was stirred for 15 min at room temperature to obtain t-butylchlorosulfony 
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carbamate solution and used without purification. To a solution of 1b (2.78 g, 10.8 

mmol) in DCM (10 mL) was cooled to 0 oC and added the solution of t-

butylchlorosulfonyl carbamate, followed by addition of triethylamine (4.51 mL, 32.3 

mmol). The reaction solution, then, was warmed to room temperature and stirred 

for 2 h. After stirring, the solution was washed with Three times with H20 (10.0 mL). 

The organic layer was dried over Na2SO4, filtered, concentrated by rotary 

evaporation, and purified by column chromatography (10%EtOAc:Hexane) on 

silica gel to give 2b (4.7 g, 10.7 mmol, 99%) as a white solid (mp 131-132 oC). Rf 

(10% EtOAc/Hexane) 0.17. 1H-NMR (500 MHz, CDCl3): δ 7.60 (1H, d, J = 2 Hz), 

7.40 (1H, dd, J = 8, 2 Hz), 7.31 (1H, s), 7.16 (1H, d, J = 17 Hz), 4.54 (2H, dd, J = 

17 Hz), 3.74 (3H, s), 2.41 (3H, s), 1.53 (9H, s). 13C-NMR (500 MHz, CDCl3): δ 

169.53, 149.94, 139.21, 138.40, 133.10, 132.61, 132.53, 119.40, 84.18, 77.41, 

77.16, 76.90, 55.06, 52.56, 28.13, 17.80. HRMS (ESI-TOF): m/z calcd for 

C15H21N2O6BrNa 459.0201 [M+ + Na]; Found 459.0206. IR (neat): 3249, 2982, 

1734, 1368, 1150, 1139 cm-1. 

 Methyl 2-((5-bromo-2-methylphenyl) (sulfonyl) amino) 

acetate (3b): General Procedure C. To a stirred solution of 2b 

in (1.34 g, 3.1 mmol) was dissolved in trifluoroacetic acid (5 mL). 

The solution mixture was stirred at room temperature under N2 

atmosphere for 30 min, monitored the progress of the reaction by TLC (30% 

EtOAc:Hexane, Rf = 0.28) stained with ninhydrin. TFA was evaporated by rotary 

evaporation, azeotroped with toluene, and the residue was removed under high 

vacuum to obtain 3b (1.0 g, 98%) as a brown solid (mp 112-114 oc). Rf (10% 
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etoac/Hexane) 0.17. 1H-NMR (500MHz, CDCl3): δ 7.73 (1H, d, J = 1.5 Hz), 7.41 

(1H, dd, J = 8.5, 1.5 Hz), 7.158 (1H, d, J = 8 Hz), 5.21 (2H, s), 3.79 (3H, s), 2.34 

(1H, s), 13C-NMR (500 MHz, CDCl3): δ 171.79, 140.31, 138.52, 133.10, 132.51, 

131.98, 119.44, 77.41, 77.16, 76.90, 54.45, 52.91, 17.92. HRMS (ESI-TOF): m/z 

calcd for c10h14n2o4sbr 336.9858 [M+ + H]; Found 336.9858. IR (neat): 3381, 3279, 

2955, 1739, 1358 cm-1.  

5-(2-methyl-4-bromophenyl)-1,2,5-thiadiazolidin-3-one-1,1-

dioxide (4b), general procedure d, NaH (60% dispersion in 

mineral oil, 0.42 g, 10.5 mmol) was dissolved in anhydrous THF 

(5.0 mL). In a separate flask, 3b (1.2g, 3.5 mmol) was dissolved 

in anhydrous THF (3.0 mL) and the solution was added into the NaH suspension. 

The resulting mixture was stirred at room temperature for 30 min under N2. The 

reaction was quenched by addition of H20 (1 mL) and the solvent was evaporated 

by rotary evaporation. The residual was dissolved in H2O, washed with Et2O (2x10 

mL), acidified with 10% HCl to pH~1 to give white precipitate. The white 

precipitate was filter and dried under high vacuum without column 

chromatography to give 4b (0.76 g, 72%) as an off-white solid (mp 196-198 oC), 

Rf (10% AcOH:EtOAc) 0.26. An optional purification by column chromatography 

(Gradient elution 0%-10% AcOH:EtOAc) on silica gel. 1H-NMR (500 MHz, 

(CD3)2CO): δ 7.82 (1H, d, J = 2 Hz), 7.55 (1H, dd, J = 8.5, 2 Hz), 7.34 (1H, d, J = 

8.5 Hz), 4.64 (2H, s), 4.42 (3H, d, J = 9.5 Hz). 13C-NMR (500 MHz, (CD3)2CO): δ 

166.33, 139.98, 136.20, 133.79, 133.30. 119.87, 57.45, 17.77. MS (ESI-APCI): 
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m/z calcd for C9H9N2O3SBr 302.94 [M+ - H]; Found 303.24. IR (neat): 3422, 1739, 

1326, 1169 cm-1. 

5-(4-methyl-[1,1'-biphenyl]-3-yl)-1,2,5-thiadiazolidin-3-one 

1,1-dioxide (5b), general procedure e, to a solution of 4b (0.12 

g, 0.39 mmol), K2CO3 (0.22 g, 1.6 mmol) and phenylboronic acid 

(0.072 g, 0.59 mmol) in 2:1 DME/H2O (15 mL) in a seal tube was 

degassed for 5 min at room temperature. The mixture was added 

5 mol% of Pd(PPh3)2Cl2 (0.05 eq, 0.012g, 0.020 mmol) and degassed for another 

5 min. The reaction mixture was stirred for 10 h at 100 oC, monitoring the progress 

of reaction by TLC (10% AcOH:EtOAc, Rf = 0.45). The reaction mixture was 

cooled to room temperature. The used Pd catalyst was filtered, and the filtrate 

was concentrated by rotary evaporation. The basic residue was dissolved in water 

(10 mL) and washed with EtOAc (2 × 10 mL) then acidified with 10% HCl to pH ~ 

1. The resulting acidic aqueous solution was extracted with EtOAc (3 × 10 mL), 

dried over Na2SO4, concentrated by rotary evaporation and purified by column 

chromatography (gradient elution 0%-10% AcOH:EtOAc) on silica gel to give 5b 

as an off-white solid (0.073 mg, 62%), Rf (10% AcOH:EtOAc) 0.45. 1H NMR (500 

MHz, (CD3)2CO): δ 7.92 (1H, d, J = 1.5 Hz,), 7.66-7.70 (3H, m), 7.45-7.48 (3H, 

m), 7.37 (1H, t, J = 7.0 Hz), 4.69 (2H, s), 2.50 (3H, s); 13C NMR (500 MHz, 

(CD3)2CO) δ 166.5, 141.1, 140.5, 139.3, 135.2, 132.7, 129.8, 128.6, 128.5, 128.4, 

127.6, 57.6, 17.9; HRMS (ESI-TOF, [M + H]+) m/z calculated for C15H15N2O3S: 

303.0803, found 303.0796. 
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tert-butyl (3'-(1,1-dioxido-4-oxo-1,2,5-thiadiazolidin-

2-yl)-4'-methyl-[1,1'-biphenyl]-4-yl)carbamate (6), 

general procedure e, 4b (0.26 g, 0.87 mmol), K2CO3 

(0.48 g, 3.5 mmol) and 4-boc-aminophenyl boronic acid 

(0.25 g, 1.0 mmol), Pd(PPh3)2Cl2 (0.030 g, 0.043 mmol), 

6 (0.32 g, 0.77 mmol, 88%) as a grey solid, Rf 

(10%AcOH:EtOAc) 0.24. 1H NMR (500 MHz, (CD3)2CO): δ 7.70 (1H, s), 7.54 (2H, 

d, J = 8.5 Hz), 7.45-7.48 (3H, m), 7.33 (1H, d, J = 8 Hz), 7.29 (2H, s), 2.44 (3H, 

s), 1.53 (9H, s). 13C NMR (500 MHz, (CD3)2CO & CD3OD): δ 176.3, 154.7, 140.6, 

140.1, 138.5, 138.3, 135.4, 132.3, 128.0, 127.7, 126.9, 119.7, 80.6, 60.4, 28.7, 

18.2; HRMS (ESI-TOF, [M + Na]+) m/z calculated for 418.1437 found 418.1433. 

 

5-(4'-amino-4-methyl-[1,1'-biphenyl]-3-yl)-1,2,5-thiadiazolidin-

3-one 1,1-dioxide (7), general procedure f, 6 (0.32 g, 0.77 mmol) 

was dissolved in TFA (5 mL) and the reaction solution was stirred 

for 20 min at room temperature under N2. TFA was evaporated by 

rotary evaporation, azeotroped with toluene, and the trace of TFA 

was removed under high vacuum to give 7 (0.22 g, 0.68 mmol, 90%) as a grey 

solid, Rf (10%AcOH:EtOAc) 0.13. 1H NMR (500 MHz, CD3OD): δ 7.61 (1H, d, J = 

2 Hz), 7.38-7.61 (3H, m), 7.10 (1H, d, J = 8 Hz), 6.82-6.81 (2H, m), 4.27 (2H, s), 

2.41 (3H, s). 13C NMR (500 MHz, CD3OD): 177.1, 147.9, 141.4, 137.7, 137.2, 
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132.4, 131.4, 128.4, 127.2, 126.9, 117.1, 60.2, 17.9. HRMS (ESI-TOF, [M + Na]+) 

m/z calculated for 318.0912 found 318.0906. 

2-bromo-N-(3'-(1,1-dioxido-4-oxo-1,2,5-thiadiazolidin-

2-yl)-4'-methyl-[1,1'-biphenyl]-4-yl)acetamide (8a), 

general procedure g, to a solution of 7 (0.060 g, 0.18 

mmol) in dry DMF (3 mL) was added diisopropyletylamine 

(0.097 mL, 0.54 mmol) followed by dropwise addition of 

bromoacetyl bromide (0.032 mL, 0.036 mmol). The 

reaction mixture was stirred at room temperature for 3 h under N2. DMF was 

removed under high vacuum and the residue was purified by column 

chromatography (gradient elution 0%-10% AcOH:EtOAc) on silica gel to give 8a 

(0.037 g, 0.082 mmol, 45%) as a yellow solid, Rf (10%AcOH:EtOAc) 0.21. 1H 

NMR (500 MHz, CD3OD): δ 7.75 (1H, s), 7.62 (2H, d, J = 7 Hz), 7.12 (2H, d, J = 

7 Hz), 7.56 (1H, d, J = 6.5 Hz), 7.38 (1H, d, J = 6.5 Hz), 4.43 (2H, s), 3.99 (2H, s), 

2.45 (3H, s). 13C NMR (600 MHz, CD3OD): δ 172.21, 167.62, 140.89, 139.30, 

139.04, 137.41, 136.40, 132.77, 128.24, 128.14, 121.66, 121.46, 58.94, 29.70, 

17.94. HRMS (ESI-TOF, [M + Na]+) m/z calculated for 438.0123 found 438.0118. 

 

N-(3'-(1,1-dioxido-4-oxo-1,2,5-thiadiazolidin-2-yl)-4'-methyl-

[1,1'-biphenyl]-4-yl)acetamide (8b), general procedure g, 7 

(0.085 g, 0.25 mmol), diisopropyletylamine (0.14 mL, 0.76 

mmol), acetyl chloride (0.036 mL, 0.51 mmol). 8b (0.041 g, 0.11 

mmol, 43%) as a solid, Rf (10%AcOH:EtOAc) 0.21. 1H NMR (600 
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MHz, CD3OD): δ 7.73 (1H, s), 4.64 (2H, d, J = 8.4 Hz), 7.59 (2H, d, J = 8.4 Hz), 

7.51 (1H, d, J = 7.8 Hz), 7.36 (1H, d, J = 7.8 Hz), 4.30 (2H, s), 2.46 (3H, s), 2.16 

(3H, s). 13C NMR (600 MHz, CD3OD): 174.67, 171.69, 140.88 139.37, 139.04, 

137.15, 137.00, 132.63, 128.09, 128.05, 127.73, 121.42, 59.97, 23.84, 18.00; 

HRMS (ESI-TOF, [M + Na]+) m/z calculated for 360.1018 found 360.1017. 

methyl (5-bromo-2-methoxyphenyl)glycinate (1a), general 

procedure A, 5-bromo-2-methoxyaniline (5.5 g, 27 mmol), 

methyl bromoacetate (2.1 mL, 23 mmol), 

diisopropylethylamine (19.6 mL, 113 mmol).1a (6.9 g, 26 

mmol, 93%) as an orange solid (mp 71-73 oC). Rf (10% EtOAc/Hexane) 0.32. (mp: 

57-59 oC), Rf (10% EtOAc/Hexane) = 0.35. 1H NMR (500 MHz, CD3OD) δ 6.70-

6.75 (1H, m), 6.54 (1H, d, J = 2 Hz), 3.94 (2H, s), 3.84 (3H, s), 375. (3H, s). 13C 

NMR (500 MHz, CD3OD) δ 173.31, 147.66, 140.29, 120.29, 114.58, 113.30, 

112.06, 56.21, 52.56, 45.65; IR (cm-1) 3416, 3074, 2999, 2951, 2836, 2582, 2359, 

1747, 1596, 1513, 1434, 1354, 1247, 1207, 1175, 1024, 873, 786, 734, 623; 

HRMS (ESI, [M + H]+) m/z calculated for C10H12BrNO3: 274.0079, found 

274.0079. 

Methyl-N-(5-bromo-2-methoxyphenyl)-N-(N-(tert-

butoxycarbonyl)sulfamoyl)glycinate (2a): General 

procedure B, chlorosulfonyl isocyanate (0.40 mL, 4.5 

mmol), t-BuOH (0.47 mL, 4.9 mmol) , 1a (1.0 g, 3.8 

mmol), TEA (2.6 mL, 19 mmol). 2a (1.7 g, 3.7 mmol, 96% yield) as an off-white 

solid (mp: 128-130 oC). Rf = 0.25 (30% EtOAc/Hexanes). 1H NMR (500 MHz, 
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CD3OD) δ 7.75 (1H, d, J = 2.5 Hz), 7.49 (1H, dd, J = 9, 2.5 Hz), 7.03 (1H, d, J = 

9 Hz), 4.54 (2H, s), 3.86 (3H, s), 3.70 (3H, s), 1.53 (9H, s); 13C NMR (500 MHz, 

CD3OD); δ 171.44, 157302, 152327, 137.35, 134.09, 129.46, 114.84, 112.55, 

83.54, 56.73, 53.47, 52.62, 28.46; IR (cm-1) 3376, 3257, 3054, 2983, 2951, 2359, 

1751, 1489, 1438, 1366, 1263, 1144, 1020, 905, 735, 702; HRMS (ESI, [M + H]+) 

m/z calculated for C15H21BrN2O7S: 453.0331, found 453.0330. 

 

 Methyl-N-(5-bromo-2-methoxyphenyl)-N-

sulfamoylglycinate (3a): General procedure C, 2a (1.3 g, 2.8 

mmol) in trifluoroacetic acid (10 mL). 3a (0.99 g, 2.8 mmol, 

91%) as a white solid (mp: 118-120 oC). Rf = 0.20 (30% 

EtOAc/Hexanes). 1H NMR (500 MHz, CD3OD) δ 7.73 (1H, d, J = 2.5 Hz), 7.45 

(1H, dd, J = 9, 2.5 Hz), 7.01 (1H, d, J = 9 Hz), 4.33 (2H, s), 3.87 (3H, s), 3.71 (3H, 

s); 13C NMR (500 MHz, CD3OD) δ 172.07, 157.13, 136.41, 133.43, 131.47, 

114.91, 112.64, 56.43, 52.73, 52.60; IR (cm-1) 3408, 3313, 3050, 2987, 2951, 

2359, 2303, 1744, 1489, 1362, 1263, 1219, 1163, 893, 742, 702; HRMS (ESI, [M 

+ H]+) m/z calculated for C10H13BrN2O5S: 352.9807, found 352.9806. 

 

5-(5-bromo-2-methoxyphenyl)-1,2,5-thiadiazolidin-3-one 

1,1-dioxide (4a): General procedure D, NaH (60% dispersion in 

mineral oil (0.15 g, 3.68 mmol), 3a (0.26 g, 0.74 mmol), 4a (0.18 

g, 0.56 mmol, 76%)as a white powder (mp: >205 oC, 

deccomposed). Rf = 0.13 (10% AcOH/EtOAc). 1H NMR (500 MHz, CD3OD) δ 7.60 
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(1H, d, J = 2.5 Hz), 7.53 (1H, dd, J = 9, 2.5 Hz), 7.08 (1H, d, J = 9 Hz), 4.50 (2H, 

s), 3.87 (3H, s); 13C NMR (500 MHz, CD3OD) δ 170.27, 157.45, 134.09, 134.09, 

126.57, 115.60, 113.04, 56.72, 55.96; IR (cm-1) 3162, 3050, 2967, 2935, 1732, 

1497, 1346, 1322, 1275, 1167, 1140, 1024, 905, 802; HRMS (ESI, [M + H]+) m/z 

calculated for C9H9BrN2O4S: 320.9545, found 320.9547. 

 

5-(4-methoxy-[1,1'-biphenyl]-3-yl)-1,2,5-thiadiazolidin-3-

one 1,1-dioxide (5a), general procedure e, 4a (0.1 g, 3.11 

mmol), K2CO3 (0.43 g, 3.11 mmol) and phenylboronic acid 

(0.19 g, 1.6 mmol), Pd(PPh3)2Cl2 (0.022 g, 0.031 mmol). 5a 

(0.075 g, 0.24 mmol, 76%) as an off-white solid, Rf (10% 

AcOH:EtOAc) 0.41. 1H NMR (500 MHz, CD3OD) δ 7.74 (1H, d, J = 2.5 Hz), 7.65 

(1H, dd, J = 8.5, 2.5 Hz), 7.59 (2H, d, J = 7 Hz), 7.42 (2H, t, J = 7.5 Hz), 7.31 (1H, 

t, J = 7.5 Hz), 7.20 (1H, d, J = 8.5 Hz), 4.52 (2H, s), 3.93 (3H, s); 13C NMR(500 

MHz, CD3OD) δ 171.60, 157.45, 140.97, 135.58, 129.93, 129.92, 129.38, 128.19, 

127.60, 125.73, 114.26, 56.57, 56.56; HRMS (ESI-TOF, [M + H]+) m/z calculated 

for C15H15N2O4S: 319.0753, found 319.0762. 

 

3'-(1,1-dioxido-4-oxo-1,2,5-thiadiazolidin-2-yl)-4'-methoxy-

[1,1'-biphenyl]-4-carboxylic acid (9), general procedure e, 4a 

(0.12 g, 0.37 mmol), K2CO3 (0.15 g, 1.1 mmol) and 4-

carboxyphenylboronic acid (0.093 g, 0.56 mmol). 9 (0.097 g, 

0.27 mmol, 72%) as a brown solid (mp: >215 oC, decomposed), 
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Rf (10% AcOH/EtOAc) 0.33. 1H NMR (MeOH-d4, 600 MHz) δ 8.08 (d, J = 9.0 Hz, 

2H), δ 7.81 (d, J = 2.5 Hz, 1H), δ 7.74 (dd, J = 8.5, 2.5 Hz, 1H), δ 7.71 (d, J = 9.0 

Hz, 2H),  δ 7.25 (d, J = 8.5 Hz, 1H) δ 4.54 (s, 2H), δ 3.95 (s, 3H); 13C NMR (MeOH-

d4, 150 MHz) δ 171.1, 169.6, 158.2, 145.4, 134.2, 131.5, 130.5, 130.2, 129.8, 

128.3, 127.5, 125.9, 114.4, 56.6, 56.4; HRMS (ESI, [M + H]+) m/z calculated for 

C16H15N2O6S: 363.0651, found 363.0638. 

 
5.6) Synthetic Procedures of Linkers 
 

 Synthesis of 1-azido-2-(2-(2-(2-azidoethoxy) 

ethoxy)ethoxy)ethane (L3b), general procedure f, to a solution of 

tetraethyleneglycol (5.0 mL, 29 mmol) in DCM (50 mL) was stirred under N2 on 

an ice bath and added trietyhylamine (10 mL, 72 mmol) dropwise over several 

minute. After addition of trimethylamine, MsCl (5.6 mL, 72 mmol) was added 

dropwise over a period of 2 hours through addition funnel under N2 at 0 oC and 

the ice bath was taken out. The resulting solution was stirred at room temperature 

for an additional 1.5 h. After completion of the reaction, DCM was removed by 

rotary evaporation to give yellow oil L2b. The crude oil was added NaHCO3 

solution (pH 8) and the resulting solution was cooled on an ice bath and added 

NaN3 (4.2 g, 63.8 mmol). The reaction mixture was stirred under reflux (80 oC) 

overnight and two layers were formed. The organic layer (bottom) was collected 

and the aqueous layer  (top) was extracted with Et2O (5 x 30 mL) and all organic 

layers were combined and backwashed with saturated NaCl solution, dried over 

Na2SO4, filter, and concentrated by rotary evaporator. The remaining solvent was 
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removed under high vacuum to give L3b as orange oil (6.4 g, 26.2 mmol, 90%). 

1H NMR (CDCl3, 600 MHz) δ 3.59-3.61 (m, 12H), δ 3.31 (t, J = 5.5 Hz, 4H); 13C 

NMR (CDCl3, 150 MHz) δ 70.4, 70.3, 69.7, 50.4; IR (cm-1) 2913, 2864, 2108, 

1344, 1298, 1283, 1123; HRMS (ESI-TOF, [M + H]+) m/z calculated for 

C8H17N6O3: 245.1362, found 245.1371. 

tert-butyl (2-(2-(2-(2-azidoethoxy) 

ethoxy)ethoxy)ethyl)carbamate 

(L5b), general procedure g, to a solution of diazide L3b (28 g, 0.14 mol) in 0.65 

M H3PO4 (400 mL) was stirred and added Ph3P (32.0 g, 0.12 mol) in Et2O (300 

mL) dropwise over 45 min. After stirring under N2 for 24 h, the separate aqueous 

layer was washed with Et2O (3 x 100 mL) and basified by KOH (pH 11), and 

extracted with DCM (10 x 75 mL), drying over Na2SO4, filtered, and the organic 

solvent was removed by rotary evaporation to give an amino azide L4b as yellow 

oil. The crude product L4b was dissolved in methanol and (Boc)2O (35 g, 0.16 

mol) was added portion wise, then stirred at room temperature for 6 h. Methanol 

completely removed under high vacuum and the crude was purified by column 

chromatography (50% ethyl acetate/hexanes) to give L5b as colorless oil (31 g, 

0.098 mol, 70% yield). 1H NMR (CDCl3, 500 MHz) δ 5.01 (br, 1H), δ 3.66-3.58 (m, 

10H), δ 3.51 (t, J = 5.5 Hz, 2H), δ 3.36 (t, J = 5.5 Hz, 2H), δ 3.28 (t, J = 5.5 Hz, 

2H), δ 1.41 (s, 9H); 13C NMR (CDCl3, 125 MHz) δ 155.9, 79.1, 71.3, 70.6, 70.6, 

70.5, 70.5, 70.4, 70.2, 70.1, 69.9, 50.6, 42.6, 40.3, 28.3; IR (cm-1) 3354, 2974, 

2925, 2872, 2104, 1708, 1503, 1364, 1274, 1246, 1176, 1123, 735; HRMS (ESI, 

[M + H]+) m/z calculated for C13H27N4O5: 319.1981, found 319.1979. 
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tert-butyl (2-(2-(2-(2-aminoethoxy) 

ethoxy)ethoxy)ethyl)carbamate 

(L6b), general procedure g, to a solution of boc-amino azide L5b (1.5 g, 4.71 

mmol) in methanol (25 mL) was added 10% Pd/C (100 mg) and stirred under H2 

at room temperature for 6 h. The solid Pd/C was filtered, and the filtrate was 

concentrated by rotary evaporation. The remaining solvent was removed under 

high vacuum to give L6b as colorless oil (1.28 g, 92%), Rf (10% MeOH:DCM) = 

0.19. 1H NMR (CDCl3, 500 MHz) δ 5.27 (br, 1H), δ 3.49-3.55 (m, 9H), δ 3.43-3.45 

(m, 3H), δ 3.20 (d, J = 4.0 Hz, 2H), δ 2.84 (t, J = 5.0 Hz, 1H), δ 2.73 (t, J = 5.0 Hz, 

1H), δ 1.33 (s, 9H); 13C NMR (CDCl3, 125 MHz) δ 155.8, 78.8, 71.5, 70.3, 70.2, 

70.1, 70.0, 69.9, 69.8, 69.7, 48.8, 40.9, 40.1, 28.2; IR (cm-1) 3452, 2931, 2872, 

1664, 1441, 1389, 1250, 1096, 659; HRMS (ESI-TOF, [M + H]+) m/z calculated 

for C13H29N2O5: 293.2076, found 293.2071. 

Synthesis of 1,2-bis(2-azidoethoxy)ethane (L3a), 

general procedure f, triethyleneglycol (25 mL, 0.14 

mol), Et3N (49 mL, 0.35 mol), MsCl (27 mL, 0.35 mol), NaN3 (20 g, 0.31 mol), L3a 

as colorless oil (20 g, 0.098 mol, 70%). Spectroscopic data was provided by Kasi 

V.R. Ruddraraju. 1H NMR (CDCl3, 500 MHz) δ 3.58-3.61 (m, 8H), δ 3.29 (t, J = 

5.5 Hz, 4H); 13C NMR (CDCl3, 125 MHz) δ 70.3, 69.7, 50.3; IR (cm-1) 2921, 2868, 

2104, 1344, 1299, 1283, 1123, 755; HRMS (ESI-TOF, [M + Na]+) m/z calculated 

for C6H12N6O2Na: 223.0919, found 223.0919. 



86 
 

tert-butyl (2-(2-(2-

azidoethoxy)ethoxy)ethyl)carbamate 

(L5a). general procedure g, to a solution of diazide L3a (3.6 g, 18 mmol), 0.65 M 

H3PO4 (20 mL), Ph3P (4.7 g, 18 mmol), Et2O (40 mL) to give L4a as yellow oil. 

Then, (Boc)2O (4.4 g, 0.20 mol) to give L5a as colorless oil (4.1 g, 13 mmol, 72%). 

Spectroscopic data was provided by Kasi V.R. Ruddraraju. 1H NMR (CDCl3, 600 

MHz) δ 5.01 (br, 1H), δ 3.63 (t, J = 5.5 Hz, 2H) δ 3.57-3.61 (m, 4H), δ 3.49 (t, J = 

5.5 Hz, 2H), δ 3.35 (t, J = 5.5 Hz, 2H), δ 3.26 (br, 2H), δ 1.39 (s, 9H); 13C NMR 

(CDCl3, 150 MHz) δ 155.8, 79.0, 70.4, 70.2, 70.1, 69.9, 50.5, 40.2, 28.2; IR (cm-

1) 3440, 3358, 2974, 2925, 2868, 2104, 1712, 1511, 1368, 1270, 1168, 1119, 739, 

702; HRMS (ESI-TOF, [M + H]+) m/z calculated for C11H23N4O4: 275.1719, found 

275.1719. 

tert-butyl-(2-(2-(2-aminoethoxy)ethoxy) 

ethyl)carbamate (L6a), general procedure 

g, L5a (4.0 g, 12.6 mmol), 10% Pd/C (0.6 g), L6a as colorless oil (3.2 g, 11 mmol, 

87%), Rf (10% MeOH:DCM) = 0.21. Spectroscopic data was provided by Kasi 

V.R. Ruddraraju.1H NMR (CDCl3, 600 MHz) δ 5.23 (br, 1H), δ 3.49-3.52 (m, 5H), 

δ 3.42-3.44 (m, 3H), δ 3.21 (br, 2H), δ 2.79 (t, J = 5.0 Hz, 1H), δ 2.72 (t, J = 5.0 

Hz, 1H), δ 1.34 (s, 9H); 13C NMR (CDCl3, 150 MHz) δ 155.8, 78.8, 72.9, 70.4, 

69.9, 48.9, 41.4, 40.1, 28.2; IR (cm-1) 3352, 2975, 2927, 2863, 1707, 1529, 1362, 

1247, 1167, 1119, 730; HRMS (ESI-TOF, [M + H]+) m/z calcd for C11H25N2O4: 

249.1814, found 249.1809. 
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5.7) 1H- and 13C-NMR spectra 
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Academic Club had been recognized widely among undergraduate students 

during undergraduate years. In 2008, he entered an Honor Program where he 

joined Dr.Sumrit Wacharasindhu (former MU Chemistry PhD student in Professor 

Michael Harmata)’s group for an undergraduate research in Organic Synthesis and 

Methodology. He obtained his B.Sc. in Chemistry in 2010 and continued his 

education at University of Missouri-Columbia in the same year. In 2011, he joined 

Professor Kent S. Gates’ group and conducted research on synthesis of exo-

affinity-labeling agents of Protein Tyrosine Phosphatase 1B (PTP1B). Although, 

his research performance was lacking, he was talented in teaching and 

motivational speaking. With his excellence in teaching, he went above and beyond 

a typical teaching assistant and had help countless undergraduate students 

succeeded their academic and professional goals. His hard works in teaching 

undergraduate level had been recognized publically as he was received 2012 and 

2015 TA choice awards which nominated by students and he currently held the 

highest nominations in MU history. In 2016, he was rewarded 2016 Arts and 
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Science Green Award by Arts and Science Student Council in honor of his 

excellence as a graduate teaching assistant. Even though struggling in research, 

he tirelessly working toward PhD career and completed the degree with numerous 

supports by his adviser, committee members, colleagues, students, friends, and 

family. Toward this end, he passed on what he had learned from his 6-year journey 

in the PhD program to the next generation. 

“Work hard, be smart, and never ever give up your dream. And one more secret is 

surrounding yourself with GREAT people” (Pete Punthasee) 

 

 


