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Chapter 1  

Introduction 

 

1.1 Cell Signal Transduction and Protein Tyrosine Phosphatases 

The binding of extracellular hormones such as insulin or epidermal growth factor 

to receptors on the surface of cells triggers complex intracellular signal transduction 

cascades.1, 2  These signal cascades, in turn, can induce cells to perform a myriad of 

biochemical tasks ranging from cell division to taking up glucose from the blood.  

Transmission of these signals within cells is often accomplished through the reversible 

phosphorylation of specific protein tyrosine residues.3 This reversible phosphorylation 

serves as a biochemical “rheostat” that alters a protein’s functional properties and leads to 

propagation of the signal. The phosphorylation status of these tyrosine residues, thus 

transmission of the cellular signal itself, is tightly controlled by the opposing actions of 

protein tyrosine kinases that catalyze the addition of phosphoryl groups and protein 

tyrosine phosphatases (PTPs) that catalyze their removal (Scheme 1.1).4, 5  The removal 

of these phosphoryl groups, in many cases, serves as an “off switch” to terminate the 

cellular responses to the extracellular stimulus.  PTPs, therefore, play a central role in the 
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regulation of diverse cellular processes including glucose metabolism, cell cycle control 

and immune responses.6 

 

Scheme 1.1 The phosphorylation state of tyrosine residues can alter a protein’s enzymatic function. 
 
 

When considering the state of the art in PTP research, it is interesting to note that 

the field of PTP investigation lags that of kinases by approximately ten years.  This is, in 

part, due to the fact that it was once thought that phosphatases, in contrast to kinases, 

were relatively unimportant “housekeeping” enzymes with little or no substrate 

specificity and/or regulation mechanism.4 In the past 10 to 15 years, however, research 

has shown that these enzymes have exquisite substrate specificities and are actually 

tightly regulated by a number of mechanisms.7, 8 Furthermore, the complex mechanisms 

by which PTPs exert their control over cell communications have yet to be fully 

elucidated.  Regardless of the body of knowledge related to PTPs, due to their important 

roles in cell signal transduction and links to disease states such as cancer and diabetes, 

many PTPs have been identified as potential drug targets and in general the field of PTP 

research is subject of intense scientific study.9 
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subsequently phosphorylates various insulin receptor substrates (IRS).  These IRS 

transmit the insulin signal via a complex and yet-to-be fully elucidated signaling path that 

eventually leads to cellular uptake of glucose through activation and/or exocytosis of the 

Glut-4 glucose transporter.12 While addition of phosphoryl groups to Y1146, 1162 and 

1163 activates the IR to phosphorylate various insulin receptor substrates (IRS), removal 

of these phosphoryl groups by certain PTPs ablates IR kinase activity.  In particular, 

protein tyrosine phosphatase 1B (PTP1B) is the major enzyme responsible for 

dephosphorylation of the insulin receptor β subunits.  Insulin resistance is a major factor 

in diabetes mellitus, a disease of global significance.13 PTP1B, as the major negative 

regulator of insulin signal transduction, is therefore a highly sought-after target for anti-

diabetes drug development.14-17  

1.3 Protein Tyrosine Phosphatase Structure and Catalysis 

At the time of writing this dissertation, there are approximately 500 kinases 

known, while 100 phosphatase genes have been identified in the human genome.18 

Members of the phosphatase superfamily are categorized into one of four sub-families:  

dual-specificity or mixed-function PTPs, CDC-25 phosphatases, low molecular weight 

PTPs and classical protein tyrosine phosphatases.19 The following discussion and the 

studies described herein employed the catalytic subunit of human PTP1B (a.a. 1-322) as 

an archetypal member of the PTP family of enzymes.  While there is little or no sequence 

homology among the different PTP families, the active sites of PTPs all possess a 

signature amino acid motif of C(X)5R(S/T).19 This motif, in addition to containing 

residues necessary for catalysis, forms a positively charged phosphate-binding domain 

known as the phosphate-binding loop, or P-loop (Scheme 1.1).  The phosphate-binding 
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domain is a rigid scaffold that properly positions the substrate using favorable polar and 

ionic interactions.  As is the case with most enzymes, substrate specificity between PTPs 

is generally imparted by primary, secondary and tertiary structures surrounding the active 

site.20, 21 

 

 
 

Scheme 1.2 Representation of a general PTP active site and its catalytic action. 
 

 

Within this PTP active site architecture, there exists a set of highly conserved 

amino acids that are required for catalytic activity.  Perhaps most critical is the cysteine 

residue positioned within the phosphate binding pocket of the active site (C215 in 

PTP1B).  The thiol moiety of this cysteine functions as a nucleophile, attacking the 

phosphorus atom of the substrate phosphate group.19  The pKa of this cysteine thiol is 

lowered from ~ 9 to 5.56 through hydrogen bonding to amide NH groups in the P-loop, 

the helix dipole of a-4, and an invariant arginine residue (R221 in PTP1B).22, 23  Due to 
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this shift in pKa the cysteinyl sulfur exists completely in the reactive thiolate (charged 

anion) form at physiological pH, which significantly enhances its nucleophilicity.  In 

addition to the cysteine and arginine residues, an aspartic acid that functions as a general 

acid/base (D181 in PTP1B) is also required for catalysis (Scheme 1.2). 

Scheme 1.2 shows a representation of a general PTP catalytic cycle and the amino 

acid residues that are involved.  Catalysis begins with negatively charged phosphorylated 

substrate binding to the active site via an array of interactions with the P-loop amide 

functionalities, and the positively charged guanidinium moiety of Arg221.  This is 

followed by nucleophilic attack by the cysteine thiolate on the substrate phosphoryl group 

to yield a transient phosphorylcysteine enzyme intermediate that is stabilized by Arg221.  

In PTP1B, this step has been shown to proceed through a dissociative mechanism in 

which there is minimal bond order between the enzyme and the substrate, which results 

in a three coordinate meta-phosphate like transition state.23 This is in contrast to a high 

bond order associative mechanism that would have a five coordinate phosphorane-type 

intermediate. The hydroxyl group of the dephosphorylated substrate is protonated via a 

general acid interaction with Asp 181 as it is released from the active site.  Finally, the 

phosphocysteine enzyme intermediate is hydrolyzed by a water molecule that is activated 

through a general base interaction with Asp 181.  The result is the release of inorganic 

phosphate and regeneration of the active site cysteine thiolate (active enzyme). 
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Scheme 1.3 Physiologically-relevant reactive oxygen species (ROS) are typically derived from reduction of 
oxygen. 
 

1.4 Redox Chemistry of the PTP Active Site 

It is becoming clear, from recent studies, that while kinases control the amplitude 

of a signal, endogenous regulation of phosphatase activity can control the duration of the 

response.9  Given the importance of PTPs in signal transduction, it is not surprising that 

the activity of these enzymes is regulated during normal cellular processes.  An important 

mechanism for the endogenous regulation of PTPs involves the transient, reversible 

oxidation of their active site cysteine residue.  Due to the fact that PTP catalytic cysteinyl 

sulfurs exist primarily in the thiolate anion state, they react readily with oxidants to form 

sulfenic acids.  This oxidation renders them catalytically inactive.7, 24-27 Numerous 

oxidizing agents have been shown to effect the aforementioned chemistry.  From a 

physiologic perspective these reactive oxygen species (ROS) are normally derived, either 

spontaneously or enzymatically, from the one-electron reduction of molecular oxygen 
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(O2) to superoxide radical anion, O2
.- (Scheme 1.3) Reactive oxygen species such as 

hydrogen peroxide (H2O2) and peroxynitrite (ONOOH) can oxidize a nucleophilic 

thiolate to the sulfenic oxidation state through a two-electron process (Scheme 1.4).28 

Transition metals such as ironII are also known to oxidize thiolate anions through single 

electron radical chemistry and recombination with molecular oxygen (also known as 

Fenton chemistry).29 28  

 

Scheme 1.4 Oxidation of the PTP cysteine thiolate by hydrogen peroxide, and reversal by thiols. 
 
 

If one considers that the timeframe of cellular responses to insulin stimulation are 

on the order of minutes,1 and that it would take hours if not days to replenish permanently 
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inactivated enzyme, it becomes clear that in addition to switching PTP activity off there 

need to be provisions for recovering their catalytic activity.  This is accomplished by the 

reducing state of the cytosol.  Under normal physiological conditions oxidation of the 

catalytic cysteine thiolate to the sulfenic oxidation state would be reversed through 

reaction with ubiquitous cellular reducing equivalents such as glutathione (Scheme 1.5).30  

 

 
 
 

Scheme 1.5 Structure of the biological thiol glutathione. 
 

The overall concept of redox regulation is actually more complex than simply the 

reversible formation of sulfenic acids through oxidation.  This is due to the fact that 

sulfenic acids may be further oxidized to sulfinic and then sulfonic acids (Scheme 1.4).  

Unlike sulfenic acids these higher oxidation species, if generated in the active site, 

typically are not reversible by reaction with thiols.31, 32 Over-oxidation of the PTP 

catalytic cysteine thiolate to sulfinic and sulfonic acids therefore permanently inactivates 

the enzyme. 



Chapter 1 - Introduction 

10 
 

1.5 Hydrogen Peroxide is an Intracellular Signaling Agent that Targets the 
PTP Active Site 

The concept of PTP intracellular redox regulation has only recently been 

proposed.25, 27, 33 While H2O2 concentrations of 10-100 μM are toxic to cells, it has been 

determined that biologically relevant (nanomolar to low micromolar) concentrations are 

produced in response to various stimuli including growth factors, cytokines and insulin.33, 

34 The enzymes responsible for production of hydrogen peroxide during cell signal 

transduction are the flavin-containing NADPH oxidases (Nox) and dual-cofactor flavin 

enzymes (Duox).35, 36 These enzymes, during their catalytic cycle, release superoxide 

radical anion (O2
.-) which very rapidly dismutates to hydrogen peroxide (k = 5.5 e5 M-1s-

1) (Scheme 1.6).37, 38 With regard to PTP redox regulation, it has been shown that 

stimulation of cells with insulin triggers intracellular production of H2O2 by the enzyme 

Nox-4, which leads to inactivation of PTP1B through the previously described reversible 

oxidation of the catalytic cysteine thiolate.24, 39 Inactivation of PTP1B effectively 

preserves phosphorylation of the IR and IRS and prolongs the insulin signal cascade.  

Endogenous hydrogen peroxide, therefore, acts as a positive regulator of the insulin 

signal cascade by disabling PTP1B and prolonging cellular uptake of glucose. 

 

 

Scheme 1.6 The mechanism of superoxide production by NADPH oxidase (Nox). 
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1.6 Conclusions and Goals of This Dissertation 

Based upon the described chemistry, it is apparent that an oxidation/reduction 

cycle of PTPs can serve as a molecular switch of sorts, that regulates catalytic activity.40 

This mechanism of intracellular signaling plays a leading role is such critical physiologic 

processes as the insulin signal cascade.  While the concept that PTP redox-regulation is 

part of normal physiologic intracellular processes, there are many unknowns that have yet 

to be illuminated.  The chemistry by which oxidative species regulate PTPs is relatively 

well characterized, but the exact mechanism(s) by which these species themselves are 

produced and regulated remain unclear.  Furthermore, ROS remain an elusive target for 

both detection and quantification due to their transience and high rates of diffusion.41, 42 

Due to these properties, new, specific techniques need to be developed to aid 

investigators who wish to expand the boundaries of our knowledge about redox 

regulation. 

In the first two chapters of this dissertation, we explore the properties of an 

oxidizing agent that may be an H2O2-derived, biologically accessible endogenous 

regulator of PTPs.  Chapter 2 describes the synthesis, purification and characterization of 

this agent, known as peroxymonophosphate.  We then report the effects of 

peroxymonophosphate on the catalytic activity of PTP1B in Chapter 3.  Chapter 4 

describes our development of a new method for selectively detecting 

peroxymonophosphate by using a fluorescent boronate-based probe.  In Chapter 5, we 

use this agent as a tool to demonstrate enzymatic production of peroxymonophosphate 

through phosphoryl transfer to hydrogen peroxide.  Finally, in Chapter 6, we report a new 

assay that utilizes the intrinsic fluorescence of PTP1B to monitor the redox state of its 

active site. 
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Chapter 2  

Biologically Relevant Properties of Peroxymonophosphate 

 

2.1 The Redox Paradox 

As was described in the introduction, there is extensive evidence supporting the 

notion that the inactivation of PTP1B during insulin signaling is mediated by the reactive 

oxygen species hydrogen peroxide.  To review: Exposure of cells to insulin activates 

kinases that add phosphoryl groups to tyrosine residues on target proteins.1, 2 The 

resulting downstream activity of this phosphorylation is potentiated by a rapid (2-5 

minute onset), transient inactivation of the protein tyrosine phosphatases that are 

responsible for removal of these phosphoryl groups.3-5 This involves downstream 

activation of NADPH oxidases (Nox) that produce an intracellular burst of hydrogen 

peroxide.6, 7 Generation of H2O2, in turn, leads to inactivation of select PTPs via 

oxidation of their catalytic cysteine thiol residues to the sulfenic acid oxidation state.  

Oxidative inactivation of PTPs inside cells is transient because thiol-mediated reduction 

of the oxidized cysteine residue slowly regenerates the active form of the enzyme 

(Scheme 2.1). 
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potent than hydrogen peroxide and may account for the previously described kinetic 

conundrum.  Toward this end, we envisioned that peroxymonophosphate (Scheme 2.2) 

might be an exceptional PTP inactivator in which noncovalent association of the 

phosphoryl group with the highly conserved phosphate binding pocket found in the active 

site of all PTPs would serve to guide the peroxy moiety into position for efficient reaction 

with the catalytic cysteine residue.  To facilitate consideration of the potential role of 

peroxymonophosphate in biological systems we present studies related to the preparation, 

characterization, stability and quantitative detection of this agent. 

2.2 Preparation of Peroxydiphosphate and Peroxymonophosphate 

Peroxymonophosphate is not commercially available, therefore two options were 

considered for preparation of the material.  We first attempted to use a method for 

peroxymonophosphate synthesis described by Zhu and colleagues in which the bilayer 

formed between two immiscible solvents (water and carbon tetrachloride) was used to 

moderate the vigorous reaction between phosphorous pentoxide (P2O10) and concentrated 

hydrogen peroxide (70% in water).10 In this preparation hydrogen peroxide was added 

dropwise to a stirred suspension of P2O10 in carbon tetrachloride.  Due to the extremely 

exothermic nature of the reaction and the severe oxidizing nature of the concentrated 

hydrogen peroxide it was necessary to utilize safety measures such as thick safety gloves, 

full-face protection and a heavy lexan blast shield.  The authors warned that the hydrogen 

peroxide solution had to be added slowly, but not too slowly, because the P2O10 would 

begin to clump and a violent exotherm would occur.  In addition, the authors warned that 

the hydrogen peroxide could not be added too quickly, as the reaction would rapidly 

accelerate and a violent exotherm would occur. To say that this reaction was tricky to 
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perform is an understatement.  More often than not, our attempts yielded a loud report 

and smoking ruins of the vessel contents.  Furthermore, and perhaps most important for 

the purposes of these studies, this reaction yielded a multitude of phosphorous-bearing 

products which were not easily (if at all) separated (Figure 2.1).  This mixture would 

clearly be unsuitable for careful scientific investigations of the biologically relevant 

characteristics of peroxymonophosphate. 
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Figure 2.1 31P NMR scan (uncalibrated) of the complex product profile generated by the Kadla preparation 
of peroxymonophosphate.  A peak corresponding to phosphate is found at – 1.2 ppm. 
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An alternative to the “hydrogen peroxide prep” (as we called it) was a two-step 

electrolysis-based preparation.  The first step was the synthesis and purification of a 

peroxydiphosphate potassium salt via electrolysis of an alkaline solution of potassium 

phosphate and potassium fluoride.11 The exact nature of the reaction (or reactions) that 

occurs during electrolysis to produce peroxydiphosphate has not been reported.  It is 

clear, however, due to the destruction of rubber-based materials in the general vicinity of 

the electrolysis apparatus and a distinctive odor, that the procedure generates a noticeable 

quantity of ozone.  Persons who attempt to duplicate these experiments should take 

appropriate measures to protect items that may be harmed by this diffusible reaction by-

product (perform the reaction in a fume hood). 

The potassium salt of peroxydiphosphate was found to be too soluble in water to 

reliably isolate from phosphate contaminants, therefore a lithium salt of 

peroxydiphosphate was created via a metathesis process to facilitate recrystallization of 

pure material.12 A 31P NMR scan of the product of electrolysis after one round of 

recrystallization is shown in Figure 2.2. 

Peroxydiphosphate is very stable at neutral and alkaline pH.  Under acidic 

conditions, however, peroxymonophosphate readily undergoes hydrolysis to form 

peroxymonophosphate and inorganic phosphate.13 Ultimately, peroxymonophosphate was 

made via acid hydrolysis of a solution of lithium peroxymonophosphate in 1 M 

perchloric acid at 50oC.12 It is worth noting that we found commercially available 

potassium peroxydiphosphate to be unsuitable for this preparation due to the very impure 

nature of the material. 
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Figure 2.2 31P NMR of an alkaline (pH ~ 11), aqueous solution of peroxydiphosphate (P2O10) after one 
recrysallization from methanol/water.  The peaks are assigned as follows:  peroxydiphosphate: 7.66 ppm. 
Phosphate : 3.91 ppm. 
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2.3 Quantification of Solutions of Peroxydiphosphate and 
Peroxymonophosphate by 31P NMR 

Quantification of reactive oxygen species such as hydrogen peroxide and 

peroxymonophosphate was typically achieved through lengthy and cumbersome titrations 

with various indicating agents such as iodide and ferroin.10 We found that while reaction 

between a presumed solution of peroxymonophosphate and iodide was useful to provide 

evidence of a reactive oxygen species, it was neither the easiest nor most accurate way 

for quantification of peroxymonophosphate itself. 

We envisioned that quantitative 31P-NMR would be an ideal technique for 

analysis of phosphorous-containing species.  It was evident from literature precedent, 

however, that careful consideration of the instrumental parameters under which 31P-NMR 

spectra were taken was necessary for accurate quatification.14 The most important, in this 

case, was the “relaxation time” parameter, or D1 as noted on the Bruker 250 MHz output. 

Errors of approximately 12-20% were observed when the phosphorous nuclei were not 

allowed to return to ground state conditions before the cyclical 30o RF excitation pulse.  

The phosphorous species in which we were interested apparently had a comparatively 

long relaxation time (~ 12.5 s) compared to “standard” instrumental parameters (~ 1.5 s).  

In addition to instrument parameters, a proper internal standard was needed for accurate 

quantification.  We chose diphenyl phosphate for the following reasons: (1) it contains 

one single-resonance phosphorous nuclei (2) it is stable (3) it is commercially available 

(4) it is inexpensive. 

Once the proper NMR parameters were determined, the technique was used to 

analyze solutions of peroxydiphosphate and peroxymonophosphate.  It is important to 
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note that the chemical shift of each species was highly pH dependent.  When diluted 1:2 

with a 40 mM solution of diphenyl phosphate in water (0.5 M HClO4 final concentration, 

pH < 1), and using 85% phosphoric acid as an external instrument zero, 

peroxymonophosphate shows a 31P-NMR resonance at 4.27 ppm. Figure 2.3. 
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Figure 2.3 31P NMR of a 200 mM peroxydiphosphate solution treated with 6M HClO4 for 1h at 50oC.  Internal 
standard diphenyl phosphate was added to a concentration of 20 mM.  The peaks are assigned as follows:  
Peroxymonophosphate  4.27 ppm, peroxydiphosphate 3.13 ppm, phosphate 0.54 ppm, diphenylphosphate 
(internal standard) -8.35 ppm. 
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2.4 Stability of Peroxymonophosphate in Buffers 

Due to the fact that there is little, if any, literature precedent for the use of 

peroxymonophosphate in life science type experiments we examined its stability in the 

presence of several commonly used buffers and biologically relevant substrates (Figure 

2.4).  We find that peroxymonophosphate is quite stable in HClO4 (100 mM) over the 

course of 1 h at 24oC.  Similarly, peroxymonophosphate is stable in sodium phosphate 

(100 mM, pH 7) and bis-tris buffer (100 mM pH 7) under these conditions.  In contrast, 

under identical conditions, the agent is completely destroyed upon incubation with 

HEPES buffer.  This is not entirely unexpected, for it has been reported that the 

piperazine moiety of Good’s Buffers can be N-oxidized by hydrogen peroxide.15 

Similarly, addition of the biological thiol glutathione (10 mM) to a sodium phosphate 

buffered solution leads to complete decomposition of the peroxymonophosphate.  Again, 

this is not surprising; the presence of biological thiols such as glutathione in cells is a 

defense mechanism against oxidative stress.16, 17 Furthermore, the sulfide-containing 

amino acid methionine also destroys peroxymonophosphate.  Tryptophan and glycine 

lead to only small amounts of decomposition.  Addition of FeSO4 (10 mM) results in a 

60% decrease in the concentration of analyte.  Neither 1% dimethyl sulfoxide (140 mM) 

nor the hydrogen peroxide-destroying enzyme catalase had significant effects on the 

stability of peroxymonophosphate under these conditions. 
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Peroxymonophosphate is unstable in the presence of iron (II).  This breakdown 

presumably involves a Fenton-type reaction analogous to the well known metal-mediated 

breakdown of hydrogen peroxide.20 In addition, we showed that HEPES buffer, the 

biological thiol glutathione, and the sulfide-containing amino acid methionine all 

completely decompose peroxymonophosphate.  Again, this is analogous to the reactivity 

of H2O2 with HEPES,15 glutathione,21 and methionine.22 Our result with methionine in 

pH 7 buffer is consistent with previous work showing facile reaction of 

peroxymonophosphate with aryl sulfides in acetonitrile-water mixtures.23  We observe 

that, DMSO, glycine, and the indole-containing amino acid tryptophan do not react 

substantially with peroxymonophosphate in aqueous pH-neutral solutions.  Others have 

reported reactions of peroxymonophosphate with sulfoxides and indoles.24, 25 These 

earlier studies, however, were conducted under conditions where the protonated species 

H3PO5 was predominant.  In contrast, with pKa values of 1.0, 5.5 and 12.8, 

peroxymonophosphate exists primarily as the dianion under the conditions of our 

experiments (pH 7).12, 24 A number of studies show that the reactivity of 

peroxymonophosphate is pH-dependent, increasing at lower pH values as the oxygen’s 

become increasingly protonated.23, 25, 26 A most striking difference between H2O2 and 

peroxymonophosphate is revealed by our observation that peroxymonophosphate does 

not appear to be a substrate for the H2O2 destroying enzyme catalase.  The inability of 

catalase to decompose peroxymonophosphate is in agreement with the observation that 

another bulky hydroperoxide, t-butyl hydroperoxide, is a poor substrate for the enzyme.27, 

28  
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2.6 Experimental Procedures 

Materials and Methods 

Reagents were purchased from the following suppliers:  HEPES (#H3375), 

potassium fluoride (#402931), potassium phosphate (# P0662), diphenyl phosphate 

(#850608), lithium perchlorate trihydrate (# 205303), phosphorous pentoxide (# 21-470-

1), carbon tetrachloride (# 319961), Bis-Tris (#B9754), iron (II) chloride tetrahydrate (# 

380024), DMSO (# 276855), glutathione (reduced) (# G4251), tryptophan (# T0254), 

Methionine (# M9625), Glycine (# G6201), 85% phosphoric acid (# 345245), Potassium 

hydroxide (# P5958), Sigma-Aldrich (St. Louis, MO). 70% hydrogen peroxide was a kind 

gift from the Arkema, Inc., Philadelphia, PA.  Absolute ethanol was obtained from 

Pharmco-AAPER, Brookfield, CT. 

Lithium Peroxydiphosphate.  Lithium peroxydiphosphate was made according to the 

methods described by Griffith and Battaglia.11, 12 Sixty mL of distilled deionized water, 

33.75 g potassium dihydrogen ortho-phosphate (4.12 M), 22.75 g potassium hydroxide 

(6.6 M), and 13.5 grams potassium fluoride (3.9 M) was added to a 100 mL three-necked 

water-jacketed flask.  An anode constructed of approximately 30 cm of platinum wire 

wrapped in a tight spiral, and cathode of approximately 10 cm of straight platinum wire 

were arranged at opposite sides of the flask.  The flask was cooled to 10oC with a 

recirculating water chiller, flooded with a gentle stream of nitrogen, and subjected to six 

hour cycles of electrolysis (6V, 325 mA) on three consecutive days, punctuated with 18 h 

“rest” periods.  An image of the electrolysis equipment is shown in Figures 2.5 and 2.6. 

Rest periods allowed the peroxymonophosphate created during electrolysis to degrade, 
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leaving the more stable peroxydiphosphate as a fine white precipitate. The resulting solid 

was collected with vacuum filtration, and re-dissolved in 100 mL of distilled deionized 

water.  An aqueous solution of lithium perchlorate (0.54 g/mL) was slowly added to the 

filtrate solution dropwise with stirring.  A dense white precipitate formed immediately.  

After about 10 mL was added, the precipitate was removed by vacuum filtration, and a 

few more drops of lithium perchlorate were added to the filtrate to ensure complete 

precipitation of the lithium salts.  The clear filtrate was warmed to 45oC, and ~ 60 mL 

methanol was added rapidly with stirring.  A fine white precipitate slowly formed.  The 

product was collected by vacuum filtration, subjected to two more water/methanol 

precipitation steps, then air-dried.  An aqueous solution of the product (resulting pH ~ 11) 

was analyzed with 31P NMR calibrated with 100% phosphoric acid.  Two peaks were 

observed in addition to the diphenylphosphate internal standard:  3.9 ppm corresponding 

to phosphate and a peak at 7.6 ppm corresponding to peroxydiphosphate (Figure 2.2). 
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Figure 2.6 Close-up of jacketed electrolysis vessel for preparation of peroxymonophosphate. 
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Peroxymonophosphate (PMP) (1).  An aqueous solution of PMP was made according 

to the method described by Battaglia.12 One volume of 6 N perchloric acid was combined 

with 5 volumes of a ~200 mM aqueous solution of lithium peroxydiphosphate, then 

heated to 50oC for 1 h.  Phosphorous NMR of the resulting solution (pH < 1) showed two 

peaks:  one at 0.6 ppm corresponding to phosphate, one at 4.1 ppm corresponding to 

PMP.  A sample removed after 15 min of heating showed three peaks:  0.6 ppp 

(phosphate), 2.9 ppm (peroxydiphosphate) and 4.3 ppm (PMP).  The exact 

peroxymonophosphate concentration was determined with phosphorous NMR by 

combining 0.5 mL of product solution with 0.5 mL of an aqueous 40 mM solution of 

diphenylphosphate internal standard.  The molecular mass of peroxymonophosphate, 

H3PO5 (M+H)+ = 114.98 was confirmed with electrospray tandem mass spectroscopy 

(ESI/MS/MS) (data not shown).  Typical concentrations of the peroxymonophosphate 

solutions prepared with this method were ~130 mM and contained a comparable 

concentration of phosphate.  PMP stock solutions in 1M perchloric acid were stored at -

20oC, and are stable for at least four weeks.  For enzymatic assays, stock solutions were 

thawed, diluted with distilled, de-ionized water then used immediately.  It is important to 

note that inorganic phosphate is a known reversible inhibitor of PTPs.  At the 

concentrations present in the assays described here, however, there is no effect on 

enzyme activity.  All of the activity of these solutions can be attributed to 

peroxymonophosphate. 

Stability of Peroxymonophosphate under Biologically Relevant Conditions.  To 

prepare the solutions for quantitative analysis, peroxymonophosphate (~ 120 mM in 1M 

HClO4) was combined (10 mM final concentration) with various additives and the pH 
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was adjusted with concentrated NaOH.  Stock solutions of FeSO4, GSH, DMSO, 

Catalase, glycine, methionine and tryptophan were first prepared in water, then added to 

the peroxymonophosphate solution at the proper ratio for the described final 

concentration.  After standing for 1h at room temperature (22oC), the % HPO5
2- 

remaining was determined by quantitative 31P NMR (peak area) using a freshly made 

solution of HPO5
2- in 100 mM HClO4 as a control.  Quantitative 31P NMR spectra were 

collected with a Bruker ARX-250 instrument equipped with a 5mm QMP probe utilizing 

the following parameters:  Inverse gated acquisition-30o pulse, 12.5 s. relaxation delay 

(D1), 1.47 s. acquisition, 16 scan average.  These are similar to previously reported 

parameters for quantitative analysis of phosphoryl containing molecules.29 Values shown 

in Figure 2.4 are averages of three independent experiments and the error bars depict the 

standard error in the measurements. 
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Chapter 3  

Inactivation of PTPs by Peroxymonophosphate 

 

3.1 Introduction and Objectives 

Having successfully synthesized and characterized peroxymonophosphate, our 

focus turned toward elucidating its effects on protein tyrosine phosphatase enzymatic 

activity. Our goal was to evaluate whether or not peroxymonophosphate possessed the 

properties necessary for an intracellular signaling agent.  These properties include:  rapid 

active site directed inactivation (rather than inhibition) by low concentrations of agent 

that is reversible by addition of thiol. 

The rationale for this experimentation was introduced in Chapter 1.  To recap, if 

one considers that the expected intracellular concentrations of the known signaling agent 

hydrogen peroxide are in the high nanomolar to low micromolar range1, and that 

measured PTP inactivation kinetics with hydrogen peroxide are slow2, the time in which 

PTPs could be inactivated is not consistent with observed time frames for the resulting 

physiologic effects. For example, when cells are stimulated with insulin, enhanced 

glucose uptake occurs within 5 minutes, the t ½ of PTP1B exposed to a 1 μM steady state 



C

 

co

co

th

h

ei

en

n

b

m

Sc
po
m
 

Chapter 3 – Inac

oncentration

onundrum is

he cell.  Thi

igh H2O2 co

ither enzym

nd, we envi

oncovalent 

inding pock

moiety into p

 

cheme 3.1 A 
ocket, oxidatio

mechanism of o

ctivation of PT

n of H2O2 wo

s that H2O2 p

is would lea

oncentration

matically or s

isioned pero

association 

ket found in

position for e

generalized P
on by hydroge
xidative inacti

TPs by Peroxym

ould be appr

producing N

ad to more r

n.  Our alter

spontaneousl

oxymonopho

of the phos

n the active 

efficient reac

PTP active site
en peroxide, r
vation by pero

monophosphate

39 

roximately 1

Nox enzymes

rapid PTP in

rnative hypo

ly, into mor

osphate as a

sphoryl grou

site of all 

ction with th

e showing sub
recovery of en

oxymonophosp

e 

0-20 h.3, 4 A

 may be loca

nactivation th

othesis is tha

re potent ox

an exception

up with the 

PTPs would

e catalytic c

bstrate interac
nzyme activity
hate. 

A possible ex

ated proxima

hrough co-lo

at H2O2 cou

xidizing agen

nal PTP inac

highly cons

d serve to g

ysteine resid

tions with the
y by thiols an

xplanation fo

al to PTPs w

ocalized are

uld be conve

nts.  Toward

ctivator in w

served phosp

guide the pe

due (Figure 3

 

e phosphate b
nd the hypoth

or this 

within 

eas of 

erted, 

d this 

which 

phate 

eroxy 

3.1).  

inding 
hesized 



C

 

in

en

(a

3

is

o

g

co

id

th

T
PT
 

Chapter 3 – Inac

Specif

nactivate a 

nzymatic stu

a.a. 1-322) a

.2 Express

PTP1B

solated, havi

f the more w

oals of study

ould be rev

dentified as a

he enzyme a 

Table 3.1 Amin
TP active site m

ctivation of PT

fically, we 

protein tyr

udies describ

as an archety

sion and Pu

B was one 

ing been cha

well-characte

ying PTP re

ersibly inac

an anti-diabe

good candid

no acid sequen
motif of HCX5

TPs by Peroxym

wanted to 

osine phosp

bed here, w

ypal member

urification 

of the first

aracterized in

erized and e

edox regulat

tivated by h

etic pharmac

date for the s

nce of the PTP
5R(S/T) is high

monophosphate

40 

compare th

phatase with

we employed

r of the PTP 

of PTP1B

t cysteine-d

n the late 19

extensively s

tion, Tanner 

hydrogen pe

ceutical drug

study of PTP

 

1B catalytic su
hlighted in red.

e 

he ability o

h that of h

d the catalyt

family of en

dependent pr

80’s and ear

studied PTP

and Denu r

eroxide.2 Fu

g target.  To

P redox-regu

ubunit employ

of peroxymo

hydrogen pe

tic subunit o

nzymes. 

rotein tyrosi

rly 1990’s.5 A

s.  In synch

reported in 1

rthermore, P

ogether, thes

ulation. 

ed in these stu

onophospha

eroxide.  In

of human PT

ine phospha

As such, it i

hronicity with

1998 that PT

PTP1B had 

e attributes m

udies. The cons

ate to 

n the 

TP1B 

atases 

s one 

h our 

TP1B 

been 

made 

 

served 



Chapter 3 – Inactivation of PTPs by Peroxymonophosphate 

41 
 

While the native human PTP1B gene product is ~ 50 kDa in mass, upon isolation 

from Escherichia coli it was observed to rapidly degrade to a product of approximately 40 

kDa mass.6 Neither addition of protease inhibitors nor use of protease deficient 

expression strains halted degradation.  In addition, human PTP1B purified from placental 

tissues was found to have a molecular weight of 37 kDa.  Finally, a truncated version of 

PTP1B has improved solubility over the native version.  Taken together, these are the 

reasons a majority of published experiments carried out with purified PTP1B utilize what 

is known as the “catalytic subunit” of the enzyme, which corresponds to amino acids  1-

322 and has a monoisotopic mass of 37,345.66 Da (Table 3.1).  We were fortunate to 

obtain a clone of the PTP1B catalytic subunit as a generous gift from the lab of Nicholas 

K. Tonks at the Cold Spring Harbor Laboratory New York. 
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Figure 3.1 Map of pGEX-3X plasmid used to create the pRP261 vector. 
 

We received the DNA coding for PTP1B amino acids 1-322 as a GST-fusion 

insert in the expression vector pRP261, which was a derivative of the pGEx-3x vector 

(Figure 3.1).  The pGEx-3x vector was designed to express a protein of interest fused 

with glutathione-S-transferase (GST).  Creating GST fusion clones of desired proteins is 

a common strategy for obtaining pure material with relatively little effort.  Briefly, the 

GST domain has a high affinity for glutathione.  After over-expression of the fusion 

protein in a bacterial system, raw lysate is passed over an affinity column in which 

glutathione is immobilized on a solid support.  GST fusion product is then eluted from 

the column with increasing concentrations of glutathione.  The pRP261 vector was 
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created by inserting a poly-linker sequence into pGEX-3X immediately after the GST 

fusion domain. This poly-linker sequence contained several extra restriction 

endonuclease sites, and a Factor Xa cleavage site for the translated GST fusion protein. 

The cDNA clone of truncated PTP1B was treated with NcoI/XbaI, and inserted into 

pRP261 treated with NcoI and SpeI to create the pRP-37k-1B expression vector.  With 

the added poly-linker, the GST domain of purified PTP1B-GST fusion protein could be 

removed after expression and purification by treatment with the protease Factor Xa. 

Gates Lab student Goutham Chowdhury performed the initial purification 

experiments with the PTP1B/GST fusion protein.  Expression of the fusion protein in E. 

coli was apparently very good, as judged by SDS/PAGE.  Purification of protein from 

lysate went smoothly and yielded a 66 kDa protein of good purity.  Unfortunately, 

repeated attempts at cleaving the GST tag from PTP1B with Factor Xa were 

unsuccessful.  We were reluctant to embark on studies designed to assess PTP1B 

inactivation kinetics with a fusion protein that may alter our results, so the decision was 

made to construct a new expression vector without the GST tag.  
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The PTP1B-37kDa domain was excised from the pRP-37k-1B vector with EcoR1 

and Nco1.  This liberated a ~ 1 kB DNA fragment was then ligated into similarly digested 

pETDuet-1 expression vector (Figure 3.2) The rationale for using pETDuet-1 was simple:  

this particular vector had matching EcoRI and NcoI restriction sites for the PTP1B insert.  

Once the PTP1B-37kDa expression vector (without the GST tag) was created, a new 

clone was selected for expression in Tuner DE3 p-lac I cells.  We refer to the 37 kDa 

product of this system as simply “PTP1B”.  The expression and purification of the new 

PTP1B clone was straightforward and followed the protocol described by Puius and 

Figure 3.2 Map of the pETDuet-1 vector that was used to express the PTP1B 37 kDa catalytic subunit.
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yield sulfenic acids.  The parallel spin states of the unpaired electrons in diradical triplet 

oxygen, however, do not match with the paired, opposing spin states of the thiolate anion 

free electrons.  Such a reaction, under physiologic-like conditions, would occur very 

slowly, if at all.  In order for oxygen to react with thiolates in solution, either an unpaired 

electron has to be “moved” to an excited state by irradiation with UV light, or a “redox 

carrier”, such as a transition metal, must be employed.  Due to the fact that high intensity 

UV light is destructive to most components of cellular systems, the logical causative 

agent for autooxidation of thiolate anions in solution would be dissolved metals.  In 

essence, then, reaction of thiolate anions with molecular oxygen in solution is mediated 

by transition metals such as iron and copper (Scheme 3.2). 

 

 

Scheme 3.2 The mechanisms of metal-mediated thiolate autooxidation, adapted from reference 4. 
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To prevent and/or mitigate oxidation, purified enzyme is stored at -80oC in the 

presence of metal chelators (either ethylenediaminetetracetic acid or 

diethylenetriaminepentaacetic acid) and small molecule thiols such as dithiothreitol or Β-

mercaptoethanol (~1 mM).  In order to conduct experiments designed to observe 

oxidative inactivation of the enzyme by various reactive oxygen species, however, thiol 

additives must be removed from the enzyme stock solutions.  If this is not accomplished, 

added reactive oxygen species could be quenched by the presence of these thiols, and 

PTPs active site cysteine sulfenic acids would be readily converted back to the 

catalytically active cystine thiolate form. 

Perhaps the most common method for removing unwanted small molecule 

components from protein solutions is dialysis.  Removal of thiol additives from PTP 

stock solutions via dialysis presents a challenge in several ways.  The extended time 

required for proper dialysis (~24 h) results in loss of enzyme activity through auto-

oxidation.  A viable, but cumbersome solution to loss of enzyme activity during dialysis 

through autooxidation is to perform dialysis in an anaerobic chamber. Another potential 

issue is that complete recovery of precious enzyme dialysate from dialysis apparatus is 

difficult, if not impossible, when dealing with the low volumes of enzyme solutions that 

are typically used during experimentation (10-100 μL of solution at ~ 15 μM). 

We felt that the most efficient way, in both in time and resources, to remove small 

molecule thiols from enzyme stock solutions is using buffer exchange columns.  These 

are small plastic columns filled with either common size-exclusion resin such as 

Sephadex G-25, or proprietary resins.  The volume of gel depends on the size of the 

column and the size of the column is related to the volume of enzyme solution that can be 
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An additional, important component of the thiol removal process is a non-ionic 

detergent.  These molecules are necessary to prevent non-specific adsorption of enzyme 

to the walls of plastic and glass containers.  It is especially important when diluting PTP 

stock solutions to low-micromolar or nanomolar concentrations.  The use of non-ionic 

detergents is a double-edged sword of sorts.  While they prevent loss of enzyme activity 

from non-specific adsorption, the presence of non-ionic detergents can also lead to 

destruction of PTP catalytic activity.  These detergents invariably contain an ether moiety 

which is susceptible to oxidation by solvated oxygen, the product of which is peroxides 

that oxidatively inactivate the enzyme (Scheme 3.3).9, 10  To prevent this from occurring, 

only detergents specifically noted to be “low peroxide” should be used.  They are 

typically packed in sealed glass ampules under inert gas.  Once opened, auto oxidation 

begins.  While the rates of detergent-peroxide formation were not investigated, we 

typically used a freshly opened vial of Tween-80 for a few weeks before there was 

noticeable loss of enzyme activity. 

 

 

Scheme 3.3 Generation of peroxides from autooxidation of ether-containing non-ionic detergents. 
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                                                    (2) 

 

 

                                                    (3) 

 

where: 

 

 

kapp =
k[I]

(1+ [S]/Km )

kapp =
kinact[I]

[I]+ KI *(app )

KI *(app ) = KI * (1+ [S]/Km )

Scheme 3.4 The expected kinetic parameters for a one-step enzyme inactivation (no non-covalent pre-
association).  The reaction mixture contains enzyme, substrate and inactivator.
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Due to the fact that our assays used concentrations of peroxymonophosphate in 

the nanomolar range, rather than millimolar, we chose to simplify analysis and attempt to 

treat the data as if they were indeed describing a bimolecular reaction and utilized 

equation three.  By moving k from the numerator of equation (3) one can plot the 

apparent rates of inactivation as a straight line by using the known values for substrate 

Km, starting concentration of substrate and concentrations of inactivator: 

 

                                                  (4) 

 

 

 

From equation 4, data can be plotted as a straight line with the slope equal to the 

apparent second order rate of reaction between PTP1B and hydrogen peroxide.  When 

plotting, x values are equal to the ratio of inhibitor concentration to the value of 

(1+[S]/Km).  For this experiment, the apparent second order rate of PTP1B inactivation 

by hydrogen peroxide was calculated to be 29.8 +/- 1.4 M-1s-1 (Figure 3.13).  This value 

is in agreement with previously published work and our own data (~ 10-20 M-1s-1).12 

kapp = k *
[I]

(1+ [S]/Km )

y = mx
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Figure 3.14 Replot of peroxymonophosphate inactivation data for PTP1B using the “Duranton” analysis.
The apparent second order rate of inactivation is 46710 +/- 940 M-1s-1. 

Figure 3.15 Replot of peroxymonophosphate inactivation data for SHP-2 using the “Duranton” analysis.  The
apparent second order rate of inactivation is 25930 +/- 1435 M-1s-1.
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The affinity of the negatively charged phosphoryl moiety toward the PTP1B 

active site is likely derived from interactions with positive charges present in the 

phosphate-binding loop.  In fact, competitive inhibitors with two net negative charges 

have been shown to have higher affinity than those with only one net negative charge.  At 

physiologic pH (~7), peroxymonophosphate is expected to exist predominantly with two 

negative charges due to lower second pKa values than phosphate (5.5 vs. 7.1).17 Thus, one 

would expect peroxymonophosphate to have a higher apparent affinity for the active site 

than phosphate. 

To provide more evidence to support our contention that peroxymonophosphate 

shows affinity for the PTP1B active site, we performed inactivation assays with 

increasing ionic strength.  If the dual negative charges of peroxymonophosphate are 

conferring affinity, then increasing ionic strength would, in effect, neutralize those 

charges and reduce the apparent rate of inactivation.  Figure 3.18 shows that, indeed, 

increasing ionic strength reduces the apparent rate of PTP1B inactivation by 

peroxymonophosphate.  In contrast, increasing ionic strength did not decrease the rate of 

PTP1B inactivation by hydrogen peroxide (Figure 3.19).  This is to be expected, for 

hydrogen peroxide and PTP1B were shown to react in a bimolecular fashion. 
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time dependent PTP1B inactivation by peroxymonophospahte, while similar conditions 

did not reduce the rate of inactivation by hydrogen peroxide.  This supports our 

hypothesis that the negative charges of the peroxymonophosphate phosphoryl moiety 

confer non-covalent affinity for the PTP1B active site.   

As part of this study, we have generated rates of inactivation for peracetic acid 

and hydrogen peroxide, both oxidative agents that have no measurable affinity for the 

PTP1B active site.  If one compares the apparent second order rates of PTP1B 

inactivation for peracetic acid, peroxymonophosphate and hydrogen peroxide, it is clear 

that peroxymonophosphate is much more potent than one would predict based on its 

leaving group pKa (Figure 3.23).  This, too, suggests that the phosphate moiety confers 

active site affinity to peroxymonophosphate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 A plot of leaving group pKa vs. the apparent rate of PTP1B inactivation for three compounds:
Peracetic acid (C2H4O3), peroxymonophosphate (H3PO5) and hydrogen peroxide (H2O2). 
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Inactivation of PTP1B by peroxymonophosphate, like that by H2O2, is readily 

reversed by treatment of the inactivated enzyme with thiol.  A few other oxidative PTP 

inactivators are known21 but none (other than the endogenous signaling agents H2O2 and 

nitric oxide) have been shown to yield thiol-reversible inactivation.2, 22 Importantly, the 

inactivation of PTP1B by nanomolar concentrations of peroxymonophosphate proceeds 

effectively in the presence of physiologically-relevant concentrations of the biological 

thiol glutathione.  Collectively, these properties may make peroxymonophosphate a 

useful tool for probing the role of cysteine-dependent PTPs in various signal transduction 

pathways.  Finally, another interesting facet of peroxymonophosphate is that this 

molecule could be biologically accessible via phosphorylation of H2O2.  

In addition to its aforementioned role as an intracellular signaling agent, H2O2 is 

produced in cells as a byproduct of aerobic metabolism and as a result of various disease 

states.23, 24 Phosphoryl transfer to oxygen nucleophiles is a ubiquitous reaction in 

biology25 and H2O2, though present at relatively low concentrations, is a substantially 

better nucleophile than water.26 Subsequent chapters show that peroxymonophosphate 

can be generated through spontaneous or enzyme-catalyzed reactions of H2O2 with 

phosphoryl donors under physiological conditions.  The results reported here suggest that 

nanomolar concentrations of peroxymonophosphate could affect reversible down-

regulation of cellular PTP activity within minutes.  In conclusion, peroxymonophosphate 

possesses key properties expected for an endogenous signaling molecule involved in the 

redox-regulation of PTP activity. 
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3.6 Experimental Procedures 

Materials and Methods 

Reagents were purchased from the following suppliers:  Buffers, salts, p-

nitrophenylphosphate (pNPP), 5,5’-dithiobis(2-nitrobenzoicacid) (DTNB), thiols, 

ampicillin (# A9518)), chloramphenicol (# C0378) LB media (# L3522) and yellow-86 

agarose (# R2382s) were obtained from Sigma-Aldrich (St. Louis, MO). Q-Sepharose 

High Performance IEX chromatography media (# 17-1014-1) and P1 chromatography 

pumps were obtained from GE Healthcare (Piscataway, NJ).  Restriction endonucleases 

EcoRI (# R0101) and SmaI (# R0141) were obtained from New England Biolabs 

(Ipswich, MA).  DH5α competent cells (# 18258-012) were obtained from Invitrogen 

(Carlsbad, CA).  Wizard Plus Plasmid Minipreps (# A7100) were obtained from Promega 

(Madison, WI).  Novagen pETDuet1 vector (# 71146) and Tuner DE3 pLacI competent 

cells (# 70625) were obtained from EMD-Biosciences (San Diego, CA).  Catalase (# 106 

810) and Compleat® Free Protease Inhibitor (# 11-873-580-001) was purchased from 

Roche Bioscience.  Zeba mini and micro centrifugal buffer exchange columns (#89882) 

and high-purity 10% solution of Tween 80 (Surfact-Amps® 80 # 28328) were purchased 

from Pierce Biotechnology (Rockford, IL).  Amicon Ultra centrifugal filter devices (# 

UFC901008) were purchased from Millipore (Milford, MA). 

PTP1B Expression, Purification and Characterization.  Preparation of PTP1B 

constructs:  The DNA sequence coding for amino acids 1-322 of PTP1B was amplified 

from a plasmid kindly provided by Dr. Nicholas Tonks.  Truncated PTP1B DNA was 

cloned into a pETDUET vector with EcoRI and NcoI restriction sites at each end.  The 
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resulting construct was purified on a 0.8% agarose gel, and extracted from the gel with 

Promega Wizard Plus Plasmid DNA isolation columns.  DNA sequencing confirmed the 

correct PTP1B coding sequence in the open reading frame. 

Recombinant PTP1B protein expression:  E. coli DH5α competent cells were 

transformed according to manufacturer protocol with purified pETDUET plamids 

containing the truncated PTP1B gene.  Plasmid DNA extracted from a 5 mL clonal 

DH5α culture was then used to transform Tuner (DE3) placI cells according to 

manufacturer protocol.  Cells from both transformations were selected on LB agar 

supplemented with ampicillin to 100 μg/mL.  A sixty μL aliquot from a 5 mL overnight 

culture of transformed Tuner DE3 cells in LB (LB/Amp50/Chlor34 ) fortified with 

ampicillin (50 μg/ml) and chloramphenicol (34 μg/ml) was diluted 1:500 in identical 

media fortified with 0.2% glucose and grown at 37oC to an A600 of approximately 0.6.  

The cells were then harvested by centrifugation at 5000 x g for 10 min, and resuspended 

in 6 mL of fresh LB/Amp50/Chlor34 media. One mL of the resulting suspension was used 

to inoculate each of six 500 mL volumes of LB/Amp50/Chlor34 containing 0.2% glucose.  

Cultures were grown at 37oC with rapid shaking (250 rpm) until an A600 of approximately 

0.6 was measured.  Expression was then induced with the addition to each culture of 5 

mL of a 40 mM isopropyl-1-thio-beta-D-galctopyranoside (IPTG) solution in water.  

Following IPTG addition, the cultures were incubated with reduced shaking (175 rpm) at 

37oC for 3 h.  Cells were harvested as previously described, and the PTP1B catalytic 

subunit was purified essentially as described by Puius and colleagues.7  Briefly, the cell 

pellets were resuspended in 50 mL buffer A (100 mM 2-(4-morpholino)-ethane sulfonic 

acid (MES), pH 6.5 with 1mM EDTA and 1 mM dithiothreitol) containing Compleat® 
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Free Protease Inhibitor cocktail, and lysed with three passes through a French Press.  The 

resulting lysate was clarified by centrifugation at 37000 x g for 15 min.  Clarified lysate 

was combined with 50 mL of CM-sephadex C50 resin pre-equilibrated with buffer A and 

shaken gently for 45 min.  The resin was then loaded onto a 25 X 100 mm column and 

washed with 10 column volumes of buffer A.  PTP1B was eluted with a linear NaCl 

gradient from 0 0.5 M in buffer A @ 2 ml/min. Fractions containing activity against 

pNPP were pooled, and concentrated with Amicon Ultra-15 centrifugal filter devices 

(10,000 MW cut off) to approximately 0.5 mg/mL total protein.  A typical preparation 

yielded 15-20 mg of 95% pure PTP1B.  The concentrated enzyme was divided into 100 

μL aliquots, immediately frozen on dry ice and stored at -70oC.  Protein concentration, 

purity and identity were confirmed with UV absorbance (ε280 ~ 46410-46785 M-1cm-1) 

SDS-PAGE (NuPAGE Novex Bis-Tris polyacrylamide gel with MOPS running buffer) 

and MALDI-TOF mass spectrometry (data not shown).  

Determination of PTP1B Active Site Concentration with 5,5’-dithiobis(2-nitrobenzoic 

acid) (DTNB):  The concentration of PTP1B active sites was determined by measuring 

thiol concentration with DTNB in the presence or absence of the PTP transition state 

mimic vanadate as described by Pregel et al.27 Thiol additives (β-mercaptoethanol or 

dithiothreitol) were completely removed from a 100 μL aliquot of concentrated PTP1B 

stock solution (~ 10 mg/ml) with three sequential Zeba mini centrifugal buffer exchange 

columns according to manufacturer protocol.  Exchange buffer contained 100 mM Tris-

HCl, 10 mM NaCl, 10 mM diethylenetriaminepentaacetic acid (DTPA), 0.05% Tween-

80, pH 7.4.  Four reactions were prepared in 2.0 mL polypropylene snap-top 

microcentrifuge tubes.  Reactions # 1 and 2 were a blank and test for total PTP1B thiols, 
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respectively.  To reaction tubes #1 and 2 was added 0.97 mL of assay buffer (200 mM 

Tris-HCl, pH 8.0, 1 mM EDTA).   To reaction tubes #3 and 4 were added 0.96 mL of 

assay buffer.  To reaction tubes # 2 and 4 was added a sufficient volume of PTP1B to 

obtain approximately 2.5 μM enzyme in what would be a 1.0 mL final volume (for 

example, 10 μL of a 250 μM stock).  To tubes #3 and 4 was added 20 μL of a 100 mM 

solution of sodium orthovanadate (final concentration of 2 mM).  To tubes # 1 and #2 

was added an equivalent amount of assay buffer.  The cuvettes were mixed and to each 

was added 20 μL of a 10 mM solution of DTNB dissolved in DMSO.  After allowing the 

reaction tubes to stand for 10 min, the absorbance at 410 nm of tubes #2 and #4 were 

carefully measured by blanking the instrument with tubes # 1 and #3, respectively.  

Absorbance values were converted to thiol concentration (μM) using the TNB extinction 

coefficient (ε= 14150 M-1cm-1 at pH 8.0).  The concentration of enzyme active sites was 

then calculated by determining the difference in thiol concentration between reactions #2 

and #4. 

Continuous Phosphatase Assay for Time-Dependent Inactivation of PTP1B by 

Peroxymonophosphate.  Prior to running assays, free thiols were removed from stock 

enzyme aliquots with Zeba mini centrifugal buffer exchange columns (one column per 

aliquot) according to manufacturer protocol, yielding “thiol-free enzyme”.  Exchange 

buffer contained 100 mM Tris-HCl, 50 mM Bis-Tris, 50 mM Na+ Acetate, 10 mM 

DTPA, 0.05% Tween-80, pH 7.  For assay of either enzyme activity or time-dependent 

inactivation of enzyme activity by peroxymonophosphate, 10 μL of enzyme (25-50 pmol) 

diluted in exchange buffer was added to a cuvette containing a three component assay 
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buffer (100 mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris pH 7.0) with substrate (pNPP, 

10 mM) and various concentrations of peroxymonophosphate in a total volume of 1 mL.  

Immediately following addition of enzyme to the cuvette, the reaction was mixed by 

repeated inversion, and enzyme-catalyzed release of p-nitrophenol was monitored with a 

Hewlett Packard model 8453 spectrophotometer at 410 nm, and 25oC.  Data points were 

taken every 2 s.  The kinetic constants kinact and KI were obtained from inactivation time 

course data using the methods described by Hart et al. and Kraut et al.13, 28  

Inactivation of PTP1B by (1) Is Not Reversed by Gel Filtration.  PTP1B treated with 

peroxymonophosphate was subjected to gel filtration to determine if removal of residual 

peroxymonophosphate would result in the return enzyme activity.  An aliquot of thiol 

free enzyme solution (100 nM final concentration) diluted in buffer (100 mM NaOAc, 50 

mM Bis-Tris, and 50 mM Tris, 0.05% NP-40,  10 mM DTPA, pH 7.0) was combined 

with an equal volume of peroxymonophosphate (1 μM final concentration) in water and 

incubated at 25oC for 2 min.  A 10 μL aliquot was removed and tested for activity with 

the continuous phosphatase assay as described above.  Twelve μL of the remaining 

solution was then subjected to buffer exchange via centrifugal gel filtration in a Zeba 

micro spin column according to manufacturer protocol.  Exchange buffer contained 100 

mM Tris-HCl, 10 mM NaCl, 10 mM DTPA, 0.05 % NP-40, pH 7.4.  Following buffer 

exchange, 10 μL of the resulting enzyme filtrate was tested for residual activity in the 

continuous phosphatase assay as described above. 

Restoration of PTP1B Enzyme Activity by Thiol.  To determine whether inactivation 

could be reversed by the addition of thiol, thiol-free PTP1B (100 pmol) was first 
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inactivated by treatment with peroxymonophosphate (2 μM) in 1 mL assay buffer (100 

mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris pH 7.0) containing pNPP (10 mM).  

Progress of inactivation was monitored at 410 nm according to the continuous 

phosphatase assay procedure described above.  When enzyme activity was observed to be 

at or near zero, 5 μL of a 1 M solution of dithiothreitol (DTT) in H2O was added to the 

cuvette to yield a final concentration of 5 mM.  Progress of enzyme reactivation was 

monitored until no further increase in activity was observed.  Approximately 88% of 

original enzyme activity returns within 5 min. 

Inactivation of PTP1B in the Presence of Glutathione (GSH).  For assay of time-

dependent inactivation in the presence of thiol, PTP1B was diluted (5 nM final 

concentration) in assay buffer (100 mM NaOAc, 50 mM Bis-TRIS, and 50 mM Tris, 

0.05% NP-40,  10 mM DTPA, pH 7.0) supplemented with GSH (1mM final 

concentration) and combined with an equal volume of water containing various 

concentrations of 1 at 25oC.  At 0.5, 1.0, 1.5, 3 and 5 minutes, a 20 μL aliquot was 

removed from the mixture, and added to 0.5 mL of buffer containing substrate (0.1 M 

NaOAc, 20 mM pNPP, pH 5.5) at 30oC.  After 10 min, the reaction was quenched by 

adding 0.5 mL of 2 N NaOH, and A410 measured to determine residual enzyme activity. 

Inactivation of PTP1B in the Presence of Catalase.  Assays were performed to 

determine if catalase could affect the ability of peroxymonophosphate to inactivate 

PTP1B.  Ten μL of thiol-free PTP1B (100 pmol) diluted in exchange buffer (100 mM 

Tris-HCl, 10 mM NaCl, 10 mM DTPA, 0.05 % NP-40, pH 7.4) was added to a cuvette 

containing buffer (100 mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris pH 7.0), pNPP 
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substrate (10 mM), peroxymonophosphate (1 μM) and 2000 U of catalase in a total 

volume of 1 mL.  Enzyme activity was measured with the continuous phosphatase assay 

as described above. 

Inactivation of PTP1B in the Presence of Reversible Enzyme Inhibitors.  To 

demonstrate that the target of enzyme inactivation by peroxymonophosphate was the 

active site, inactivation assays were performed in the presence of the known competitive 

phosphatase inhibitors phosphate or vanadate.  To verify protection against inactivation 

by peroxymonophosphate, an aliquot of thiol-free enzyme (100 nM final concentration) 

in buffer (100 mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris, 0.05 % NP-40, 10 mM 

DTPA,  pH 7.0) was combined with an equal volume of peroxymonophosphate (1 μM 

final concentration) in buffer (100 mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris pH 

7.0) containing either phosphate (50 mM final concentration) or vanadate (1 mM final 

concentration) at 25oC.  After 30 s, a 10 μL aliquot was removed and assayed for activity 

with the continuous phosphatase assay as described above. 

Determination of the Turnover Number for Inactivation of PTP1B by 

Peroxymonophosphate.  Ten μL of thiol-free PTP1B (35 pmol) diluted in exchange 

buffer (100 mM Tris-HCl, 10 mM NaCl, 10 mM DTPA, 0.05 % NP-40, pH 7.4) was 

added to a cuvette containing buffer (100 mM NaOAc, 50 mM Bis-Tris, and 50 mM Tris 

pH 7.0), pNPP substrate (10 mM), and various amounts of peroxymonophosphate (10-40 

pmol) in a total volume of 1 mL and allowed to incubate at 25oC.  After 10 min, 50 μL of 

210 mM pNPP substrate was added and residual enzyme activity immediately monitored 

at 410 nm.  Residual activity was plotted against the molar ratio of enzyme to 
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peroxymonophosphate, the resulting data fitted to a linear regression, and the turnover 

number was extrapolated to the x-axis. 

Measurement of PTP1B Km for p-nitrophenylphosphate (pNPP).  PTP1B (5 μL @ 

0.5 mg/ml) was added to 0.95 mL of assay buffer (100 mM Tris-HCl, 50 mM Bis-Tris, 

50 mM Na+ Acetate, 10 mM DTPA, 0.05% Tween 80, pH 7) containing various 

concentrations of pNPP in a 1.0 mL cuvette in triplicate.  The cuvette was quickly 

inverted three times to mix the contents, and the absorbance at 410 nm was recorded 

every 10s for 1min.   The resulting data were fit to an equation depicting a straight line.  

The slope of each line (at each concentration) was then plotted as a function of substrate 

concentration, and the data analyzed to determine Km with the graphing software Prism.
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Chapter 4  

Synthesis and Use of PC-1 as a Selective Detector of 
Peroxymonophosphate 

 

4.1 Introduction and Objectives 

Reactive oxygen species (ROS) are produced in cells by a number of 

mechanisms, including exposure to UV/ionizing radiation, metabolism of xenobiotics1, 

mitochondrial respiration2 and immune system responses3.  Uncontrolled or excessive 

generation of ROS in these situations, naturally, has negative toxicological consequences.  

There is growing evidence, however, that these molecules are released under normal 

physiologic conditions and play important roles in tightly controlled processes such as 

cardiovascular regulation and intracellular signal transduction.4, 5 A specific example of 

such action is the role of hydrogen peroxide (produced by NADPH oxidase) in the insulin 

signal cascade.6 

While it is clear that ROS such as hydrogen peroxide are so-called second 

messengers involved in intracellular signaling pathways, detailed knowledge of the 

mechanisms by which ROS exert their action is incomplete, at best.7, 8 Some aspects of 
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hydrogen peroxide mediated intracellular signaling are in fact at odds with observed 

physiology.  J. Stone, in fact, proposes that hydrogen peroxide is merely a carrier of 

oxidative equivalents, much like the ubiquitous biological thiol glutathione is a carrier of 

reductive equivalents.7 In this scenario, H2O2 would transfer its oxidative action to 

another agent, either spontaneously or by the actions of an unknown enzyme.  These 

“higher order” oxidative species have yet to be discovered.  Furthermore, many if not all 

of the molecules that possess the characteristics expected for an intracellular redox-

signaling agent also have characteristics that make detection and analysis difficult.  They 

are small, diffuse rapidly and are highly reactive.  A major obstacle, therefore, in this 

field is the facile, selective detection of ROS over other cellular agents.  Traditional 

indicators of ROS, such as 2’,7’-dichlorodihydrofluorescein and 

Pentafluorobenzenesulfonyl fluorescein lack selectivity and sensitivity, respectively 

(Scheme 4.1).9 Herein we set out to develop a new method to selectively detect higher-

order ROS, such as peroxymonophosphate, over others such as hydrogen peroxide, 

and/or nitric oxide. 
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emission maximum was found to be at or around 585 nm.  For the purposes of our 

experiments, we chose an excitation wavelength of 550 nm.  This gave good fluorescent 

emission intensity, and was far enough away from the emission wavelength of 585 nm to 

avoid Raleigh scattering at the detector. 

 

Figure 4.1 Plot of fluorescent intensity versus excitation and emission wavelength for deboronated PC-1. 
 

Chang reported that treatment of PC-1 with 100 μM hydrogen peroxide for 1 h 

resulted in a roughly 40-fold increase in fluorescence intensity.  To determine the 

absolute fluorescence increase possible by deboronating PC-1, we treated the compound 

with 10 mM H2O2 for 45 min, at which point the slope of fluorescence intensity versus 

time became zero.  Figure 4.2 shows that there was an approximately 150-fold increase in 

fluorescent response between native PC-1 and PC-1 treated as described.  This is a 

significant delta, and the anticipated high rate of reaction between PC-1 and 
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Figure 4.3 Color change resulting from treatment of PC-1 with hydrogen peroxide.  Left:  1 mM solution 
of PC-1 in 50 mM Bis-Tris pH 7.0.  Right:  1 mM solution of PC-1 in 50 mM Bis-Tris pH 7.0 treated with 
10 mM H2O2 for 1h. 
 

While the fluorescence intensity of PC-1 did increase upon addition of hydrogen 

peroxide, the rate of this reaction was obviously slow, even when compared to the 

sluggish reaction of H2O2 with PTP1B.  Measurement of the rate of reaction between PC-

1 and hydrogen peroxide under pseudo-first order conditions confirmed this observation.  

The apparent second order rate was determined to be 1.2 M-1s-1, which is consistent with 

what was reported by Chang (~ 1 M-1s-1) (Figures 4.4 and 4.5).11  
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set of reaction conditions.  This general approach might be amenable to either a high-

throughput micro plate reader or in-gel assays that search for peroxymonophosphate-

producing enzymes in a proteome.  Such tools will help explore the possibility that 

peroxymonophosphate participates in the regulation (or dysregulation) of cell signaling 

processes under physiological or pathophysiological conditions.  

4.6 Experimental Procedures 

Materials and Methods 

Reagents were purchased from the following suppliers: Bis-Tris (#B9754), 

resorufin sodium salt (#R3257), anhydrous dimethylformamide (#227056) N-phenyl 

bis(trifluoromethanesulfonamide) (#295973), N,N-diisopropylamine (Hunigs base, 

#386464), bis(pinacolato)diboron (#473294), diphenyl, 1,1′-

Bis(diphenylphosphino)ferrocene] dichloropalladium(II), complex with dichloromethane 

(#379670), 1,1′-Bis(diphenylphosphino)ferrocene (#177261), potassium acetate 

(#236497), anhydrous 1,4 dioxane (#296309), anhydrous Na2SO4 (#239313) were 

obtained from Sigma-Aldrich (St. Louis, MO). CDCl3 was obtained from Cambridge 

Isotope Labs, Cambridge, Massachusetts. Hydrogen peroxide (#H325-500) was obtained 

from Fisher Scientific, Fairlawn, New Jersey. 

Preparation of 3-Oxo-3H-phenoxazin-7-yl trifluoromethanesulfonate (2).  The 

fluorescent boronate-containing ROS indicator PC-1 was prepared exactly as described 

by Chang and coworkers.  To recap:  Resorufin sodium salt (500 mg/2.2 mmol) was 

dissolved in a round-bottom flask (using Schlenk apparatus and dry nitrogen) in 40 mL of 

dry dimethylformamide (dried over 4 Å molecular sieves) with an equimolar ratio of N-
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phenyl bis(trifluoromethanesulfonamide) (786 mg). Hünig’s base (1.1 mL, 6.6 mmol) 

was then added via syringe and the reaction mixture was stirred in the dark, under dry 

nitrogen (low positive pressure), for 24 hours.  The reaction mixture was concentrated via 

rotary evaporation (high-vacuum, dry ice/acetone traps) to ~ 5 mL volume and diluted 

with 200 mL ethyl acetate.  The organic layer was washed three times with 200 mL of 

water, dried over anhydrous magnesium sulfate, and dried with rotary evaporation.  Flash 

column chromatography with 100g silica gel (1:1, ethyl acetate:hexanes) gave the 

product 3-Oxo-3H-phenoxazin-7-yl trifluoromethanesulfonate as an orange-yellow solid 

that eluted between bright red and bright yellow bands. (568 mg, 74% yield). 1H NMR 

(CDCl3, 300 MHz) δ 7.89 (1H, d, J=), 7.45 (1H, d, J=), 7.29 (3H, m), 6.9 (1H, dd, J=), 

6.35 (1H, d, J=) (Figure 4.8).  19F NMR (CDCl3, 250 MHz) δ -72 (s) (Figure 4.10).  

Crude 13C NMR is shown in Figure 4.9. 

Preparation of 3-Oxo-3H-phenoxazin-7-yl pinacolatoboron (PC-1, (1)).  In a dry inert 

atmosphere glove box to a 25 mL round bottom flask was added 3-Oxo-3H-phenoxazin-

7-yl trifluoromethanesulfonate (166 mg, 0.50 mmol), bis(pinacolato)diboron (186 mg, 

0.73 mmol), [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) complexed 

with dichloromethane ( PdCl2(dppf)•CH2Cl2, 40 mg, 0.05 mmol), and 1,1′-

Bis(diphenylphosphino)ferrocene (dppf, 26 mg, 0.05 mmol).  To this mixture was added 

6 mL of a suspension of potassium acetate (32 mg, 0.33 mmol) in anhydrous 1,4 dioxane.  

The flask was then sealed in the glove box with a 15 cm reflux condenser topped with an 

“L” shaped glass stopcock equipped with a tubing nipple.  The entire system was then 

removed from the glove box, attached to dry nitrogen purged Schlenk apparatus, and 

heated at 80oC for 3 h.  All ground glass joints were treated with minimal silicone sealant 
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to prevent air intrusion during transfer to the Schlenk apparatus.  After heating, the 

reaction was allowed to cool to room temperature, diluted with ~ 20 mL toluene, and any 

precipitates were removed by filtering with a sintered glass funnel (medium pore size).  

The filtrate was washed three times with 25 mL of brine, and dried over anhydrous 

sodium sulfate.  Solvent was removed with rotary evaporation followed by high vacuum 

for several hours.  The resulting reddish-brown solid was washed several times on a 

sintered glass funnel (medium pore size) with small volumes of ethanol (~ 10 mL) to give 

the product, PC-1 as a bright orange solid (20 mg, 12% yield).  1H NMR (CDCl3, 300 

MHz) δ 7.77 (3H, m), 7.45 (1H, d, J = 9.98 Hz), 6.87 (1H, dd, J1 = 2.07 Hz, J2 = 9.9 Hz), 

6.33 (1H, d, J = 1.9 Hz), 1.32 (12H, s) (Figure 4.11).  13C NMR (CDCl3, 300 MHz) δ 

186, 149.8, 149.5, 135.36, 134.73, 131.3, 129.46, 122.18, 106.9, 84.54, 24.84 (Figure 

4.12). 

Measurement of Fluorescent Parameters for Detection of PC-1.  All fluorescent 

spectra were taken with an SLM-AMINCO 8100 spectrofluorimeter equipped with a 

temperature controlled cell holder.  Slit widths were set at 4 nm at both excitation and 

emission optics.  For measurement of fluorescence excitation and emission spectra, a 1 

μM solution of PC-1 was prepared by adding 1 μL of 1 mM stock PC-1 dissolved in dry 

acetonitrile to 0.99 mL 50 mM Bis-Tris buffer, pH 7.0.  This solution proved very stable 

when kept from moisture and stored at -20oC.  If the solution was contaminated with 

water, slow but steady deboronation of PC-1 occurred.  Excitation wavelengths were 

scanned from 500 to 570 nm in 10 nm steps, and emission intensity was observed from 

570 to 600 nm in 5 nm steps.  While emission intensity peaked at 585 nm, there was a 

broad range of good excitation wavelengths that ranged from 540 to 570 nm (Figure 4.1).  
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There was minimal signal gain from 540 to 570 nm, so 550 nm was chosen for excitation 

to prevent Raleigh scatter from occurring.  This combination, excitation at 550 nm, 

emission at 585 nm with 4 nm slit widths yielded approximately 200,000 relative 

fluorescence units of intensity with a 1 μM solution of PC-1 in 50 mM Bis-Tris buffer pH 

7.0. 

Measurement of the Rate of Reaction between PC-1 and Hydrogen Peroxide.  The 

rate of reaction between PC-1 and hydrogen peroxide was measured under pseudo-first 

order conditions.  For measurement of the apparent rate of fluorescence increase 

catalyzed by hydrogen peroxide, in a fluorescence cuvette to 1 mL of a 1 μM solution of 

PC-1 (1 μL of a 1 mM stock solution dissolved in dry acetonitrile) in 50 mM Bis-Tris 

buffer pH 7.0 was added varying amounts of hydrogen peroxide (2, 3, 4, 5 mM final 

concentration, from an 1 mM stock).  The cuvette was quickly stoppered, inverted three 

times to mix, and fluorescence intensity was observed for 30 s. at 2 s. intervals using an 

SLM-AMINCO 8100 spectrofluorimeter with the parameters described in the previous 

section.  Each measurement was performed in triplicate.  The apparent rate of reaction 

was determined by plotting relative fluorescence intensity (% of maximum fluorescence 

of a 1 μM solution of fully deboronated PC-1) as a function of time and fitting the data to 

the equation (y = m*x +b) where y = RFU/RFUmax, x = time in seconds (Figure 4.4).  The 

slope of each line was equal to kΨ (units = s-1), the apparent pseudo-first order reaction 

rate.  When the various values of kΨ were then replotted as a function of H2O2 

concentration, the slope of the resulting line was equal to the apparent second order rate 

of reaction (1.21 +/- 0.17 M-1s-1, (Figure 4.5). 
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Measurement of the Rate of Reaction between PC-1 and Peroxymonophosphate.  

Due to the rapid rate of reaction between PC-1 and peroxymonophosphate, to preserve 

pseudo-first order conditions it was necessary to reduce the concentration of PC-1 to 100 

nM from 1 μM.  The reactions and data analysis were carried out as previously described, 

the differences being PC-1 concentration (100 nM), and peroxymonophosphate 

concentrations (1, 2, 3, 4 μM from a 1 mM solution in water) (Figure 4.6).  Replotting the 

pseudo-first order rates of reaction gave the apparent second order rate of reaction 

between PC-1 and peroxymonophosphate (1447 +/- 52 M-1s-1, (Figure 4.7). 
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 Figure 4.8 1H NMR of (2).
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Figure 4.9 13C NMR of (2).
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Figure 4.10 19F NMR OF (2)



Chapter 4 – Synthesis and Use of PC-1 as a Selective Detector of Peroxymonophosphate 

101 
 

 
Figure 4.11 1H NMR of PC-1 (1)



Chapter 4 – Synthesis and Use of PC-1 as a Selective Detector of Peroxymonophosphate 

102 
 

 

Figure 4. 4.12 13C NMR of PC-1 (1). 
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Chapter 5  

Enzymatic Production of Peroxymonophosphate 

 

5.1 Introduction and objectives 

We have thus far synthesized, characterized, and observed the redox effects of 

peroxymonophosphate on the archetypal protein tyrosine phosphatase PTP1B and SHP-2.  

It is clear from the results of these experiments that peroxymonophosphate possesses 

properties expected for an endogenous redox-regulator of protein tyrosine phosphatase 

activity.  These properties include, but are not limited to:  Active site directed, thiol-

reversible oxidative inactivation of a PTP that is orders of magnitude faster than 

hydrogen peroxide.  A critical property that remains to be investigated is that of 

biological accessibility.  While the enzymatic processes that lead to generation of 

hydrogen peroxide by NADPH oxidases during intracellular signaling are relatively well 

characterized, we have yet to uncover evidence for production of peroxymonophosphate 

by enzymatic processes. 

Conceptually, our hypothesis for enzymatic production of peroxymonophosphate 

is straightforward and is based upon two well-accepted concepts: 
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1. Enzyme mediated phosphoryl transfer (also known as “phosphotransferase” 

activity) is a ubiquitous process in cellular systems.1 

2. Hydrogen peroxide is a much more potent nucleophile than water due to both 

its intrinsic reactivity (kHOO-/kHO- ~ 100) and its greater anionic fraction at 

physiologic pH (pKa H2O2 = 11.6; pKa H2O = 15.7).2 

 

In this scenario, hydrogen peroxide would compete with water during the catalytic 

cycle of an enzyme and release peroxymonophosphate instead of inorganic phosphate.  

We have coined a term for enzymes that would accomplish this process:  peroxykinases. 

The concept of phosphotransferase activity by phosphohydrolases has been well 

characterized in the literature.3, 4  When considering a feasible peroxykinase scenario, one 

would therefore envision that an enzyme of the phosphohydrolase class (EC 3.1.3 

superfamily) would utilize an alternative nucleophile to water when cleaving a 

phosphoenzyme intermediate (Scheme 5.1).  This class of enzymes, given the formal 

term “phosphoric monoester hydrolases” by the IUPAC-IUBMB Joint Commission on 

Biochemical Nomenclature (JCBN) and Nomenclature Committee of IUBMB (NC-

IUBMB) includes a diverse group ranging from prototypical phosphatases such as 

alkaline phosphatase and protein tyrosine phosphatases to metallo-enzymes such as 

purple acid phosphatase.5 
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In the studies described in herein, we investigate whether or not phosphoryl 

transfer to hydrogen peroxide, i.e., peroxykinase, can be accomplished through enzymatic 

processes thereby producing peroxymonophosphate.  We initially used the redox-

regulated protein tyrosine phosphatase PTP1B to test for peroxykinase activity, due to its 

high sensitivity towards peroxymonophosphate (~ 55,000 M-1s-1).  We then employed the 

peroxymonophosphate-selective redox indictor PC-1 in combination with a variety of EC 

3.1.3 class enzymes to screen for peroxykinase activity across the enzyme superfamily.  

Finally, we confirmed the enzymatic production of peroxymonophosphate via 

quantitative 31P NMR in conjunction with authentic standards. 

Nuc

PO O
OH

RO

NucNuc

P
O

O-O
O-

Substrate

R= H, OH, Me, Et...

P
O

O-O
OH

R

Scheme 5.1 A general mechanistic view of enzyme mediated phosphotransferase activity by a phosphatase.
In the specific case of peroxykinase activity to generate peroxymonophosphate, R = OH. 
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5.2 Utilizing PTP1B to Detect Peroxykinase Activity 

It is clear, from the experiments described in Chapter 3, that 

peroxymonophosphate rapidly inactivates PTP1B through oxidation of its active site 

catalytic cysteine thiolate.  The rate of inactivation with peroxymonophosphate is in fact 

orders of magnitude greater than that observed with hydrogen peroxide (~55,000 versus 

~20 M-1s-1).  This makes PTP1B an ideal candidate to identify peroxykinase activity, 

because of its ability to respond (lose activity) to very low concentrations of 

peroxymonophosphate.  Scheme 5.2 depicts the general protocol for detection of 

peroxykinase activity with PTP1B.  The first step is to combine putative peroxykinase 

with an appropriate mono-phosphorylated substrate in the presence of hydrogen peroxide.  

After allowing the enzyme to act upon substrate for a certain amount of time, excess 

hydrogen peroxide is quenched by adding catalase.  This is a crucial step due to the fact 

that in the early, proof of concept phase these experiments were carried out under 

“forcing conditions”:  High substrate and very high H2O2 concentrations.  Following 

H2O2 quenching, both peroxykinase and catalase are removed via centrifugal filtration.  

This is a crucial step, because the presence of other phosphohydrolase enzymes would 

negate the probative value of PTP1B for peroxymonophoshate by creating a large 

background of substrate turnover.  Thus, a viable assay must to include a step that 

removes the putative peroxykinase enzyme prior to addition of PTP1B.  Finally, to the 

centrifugal filtrate is added PTP1B and pNPP, and the activity of the enzyme is 

monitored at 410 nm. 
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quenching hydrogen peroxide was shown to be valid by fortifying a buffer blank with 1M 

H2O2.  This control, after processing it in way identical to other samples, showed minimal 

inactivation of PTP1B.  This, overall, was a significant step towards identifying 

peroxykinase activity and was, thus, a very exciting result. 

 

 

5.3 Use of PC-1 to Probe for Enzymatic Production of Peroxymonophosphate 

While it may initially appear desirable to utilize PTP1B activity to probe a wide 

variety of enzymes for peroxykinase activity, close examination of the technical details of 

the assay indicate otherwise.  The prototypical procedure for the assays, as shown in 

Scheme 5.1, includes a step dedicated to removal of the putative peroxykinase from the 

incubation volume with centrifugal filtration.  While this step is not technically 

challenging it does not lend itself to rapid analysis of multiple samples due to the length 

of time required for centrifugal filtration (~ 45 min.).  Furthermore, it adds significant 

Figure 5.1 Time-dependent inactivation of PTP1B by the product of a phosphatase enzymatic reaction in 
the presence of various concentrations of hydrogen peroxide.
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Figure 5.2 Deboronation rates of PC-1 by the product of reaction mixture of AcpA combined with 5’ 
adenosine monophosphate and hydrogen peroxide. 
 

5.4 Confirmation of Enzyme-produced Peroxymonophosphate With 31P 
NMR 

We recognized that while our data supported the notion of peroxykinase activity, 

direct evidence of enzyme-generated peroxymonophosphate was needed.  We 

accomplished this through the careful use of quantitative 31P NMR.  The limit of 

detection for peroxymonophosphate with the 250 mHz instrument to which we had 

access was determined to be at or around 2 mM with a ten minute quantitative scan.  To 

facilitate detection of peroxymonophosphate with 31P NMR we therefore decided to try to 

enhance its production by increasing the concentrations of both substrate and hydrogen 

peroxide from 10 mM/1-100mM to 100mM/1M, respectively. 
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Figure 5.3 31P NMR of a test for peroxykinase activity that contained AcpA, 1M H2O2 and 100 mM 5’-
AMP @ pH 7.0.  Peaks are assigned as follows:  peroxymonophosphate: 7.8 ppm; 5’-AMP: 3.4 ppm and 
inorganic phosphate at 1.9 ppm. 
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Figure 5.4 31P NMR of a control sample for peroxykinase activity that contained AcpA and 100 mM 5’-
AMP. Peaks are assigned as follows:  5’-AMP: 3.3 ppm; inorganic phosphate: 1.7 ppm. 
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Figure 5.5 31P NMR of a negative control for peroxykinase activity that contained 100 mM  5’-AMP in 
pH 7.0 buffer (3 ppm). 
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AcpA, in the presence of 5’-AMP and hydrogen peroxide was found to generate a 

product with a chemical shift similar to that of peroxymonophosphate (7.8 ppm, Figure 

5.3).  Addition of iodate to the sample destroyed this peak (data not shown).  Importantly, 

controls that lacked either hydrogen peroxide or AcpA failed to produce such a product 

(Figures 5.4 and 5.5). 

To further support our hypothesis that phosphoryl transfer to hydrogen peroxide 

can be accomplished by a variety of phosphohydrolases, we included alkaline 

phosphatase in our NMR studies.  Alkaline phosphatase is another phosphohydrolase that 

has been shown to exhibit phosphotransferase activity.4 

Observed chemical shifts are highly dependent on the solvent environment under 

which they are measured9 (pH, solvent dipole moment), therefore it was necessary to 

carefully prepare each sample with identical constituents.  A positive control for 

peroxymonophosphate would entail fortifying a sample with an authentic standard of 

known quantity.  Due to the fact that the preparation of peroxymonophosphate involves 

the use of perchloric acid, and that the authentic standard would therefore contain 

millimolar concentrations, it was necessary to fortify the test samples with an identical 

amount of the acid to maintain an equal solvent environment for NMR. 

Figure 5.6 shows the results of 31P NMR analysis of a sample containing alkaline 

phosphatase, 5’ adenosine monophosphate and hydrogen peroxide, an identical sample 

fortified with authentic peroxymonophosphate standard and an associated negative 

control.  The presence of a peroxymonophosphate peak at 5.2 ppm is clear in both the test 

and positive control samples.  This data provides direct evidence that supports our 
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hydrolase class, there exist other similar classes of enzyme that could possess 

peroxykinase activity including phosphoric diester (EC 3.1.4), diphosphoric monoester 

(EC 3.1.7), and phosphoric triester hydrolases (EC 3.1.8).  Furthermore, classes of 

enzyme seemingly disparate from the phosphohydrolases such as non-heme and 

vanadium variants of chloroperoxidase (EC 1.11.1; oxidoreductases that act on peroxide 

as an acceptor) have been identified that exhibit phosphatase activity.10, 11 This is not 

entirely surprising, because several investigators have noted similarities in active site 

architecture between these peroxidases and phosphatase class enzymes.12, 13 These 

chloroperoxidase enzymes are particularly intriguing due to the fact that they have 

intrinsic affinity for and utilize hydrogen peroxide during their catalytic cycle.  In fact, 

these enzymes have been found to transfer hydrogen peroxide to an acylated enzyme 

intermediate to produce peroxyacetic acid (Scheme 5.4). It seems reasonable, then, to 

hypothesize that production of peroxymonophosphate could occur from a 

phosphorylenzyme intermediate that was formed during phosphatase activity.  The lack 

of commercial availability of these enzymes, however, precluded their inclusion in the 

studies presented here due to time constraints.  Perhaps in the near future the Gates Lab 

will be able to clone the genes that encode these enzymes and express them for testing. 
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Scheme 5.4 Generation of peroxyacetic acid from the catalytic cycle of non-heme bacterial 
chloroperoxidase involves the use of hydrogen peroxide as an acyl acceptor. 
 

We envision future studies that take advantage of both the selectivity of PC-1 

towards peroxymonophosphate, and the resistance of peroxymonophosphate to 

decomposition by catalase to screen a wide array of enzymes for peroxykinase activity.  

For example, a native 2D proteomic gel could be screened for peroxykinase activity by 

bathing the gel in universal phosphatase substrate and hydrogen peroxide.  Excess 

hydrogen peroxide would then be quenched with catalase, followed by bathing of the gel 

in a solution of PC-1.  Analysis of the gel with fluorescence imaging could then identify 

discreet proteins that “light up” PC-1. 

5.6 Experimental Procedures 

Methods and Materials 

Reagents were purchased from the following suppliers:  Buffers, salts, p-

nitrophenylphosphate (pNPP) (# N4645), 5’ adenosine monophosphate (5’AMP, # 

A1752), hydrogen peroxide (# H325), bovine catalase (# C3155), human alkaline 

phosphatase (#P3895), bovine alkaline phosphatase (#P7923), purple acid phosphatase 

(#), were obtained from Sigma-Aldrich (St. Louis, MO). Zeba mini and micro centrifugal 
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buffer exchange columns (#89882) were purchased from Pierce Biotechnology 

(Rockford, IL).  Amicon Centricon 30,000 MWCO centrifugal filter devices (# 4208) 

were purchased from Millipore (Milford, MA).  PTP1B was prepared as described in 

Chapter 3.  PC-1 was prepared as described in Chapter 4. 

Utilizing PTP1B to Detect Peroxykinase Activity.  To support our hypothesis that 

peroxyphosphate could be generated through enzymatic phosphoryl transfer, we utilized 

PTP1B as a probe.  In the generation phase of this assay, AcpA (30 ng/ml), substrate (5’-

adenosine monophosphate, 10 mM) and hydrogen peroxide (1, 10 and 100 mM) were 

combined in 1.0 mL of assay buffer (100 mM Bis-tris, pH 7.0) and allowed to incubate 

for 10 minutes at 37oC.  Excess hydrogen peroxide was then removed by adding ~1000 

units of catalase and the resulting mixture was allowed to stand for five minutes at room 

temperature.  AcpA was removed from the reaction volume with centrifugal filtration 

(Centricon, 30,000 MWCO, 30 minutes @ 5000 x g), and the resulting filtrate was tested 

for the presence of peroxymonophosphate with a PTP1B-based continuous enzymatic 

assay.  In this assay, to 0.5 mL of filtrate was added 0.5 mL of a 20 mM solution of p-

nitrophenyl phosphate dissolved in assay buffer, and 5 μL of thiol-free PTP1B that was 

prepared as described in Chapter 3 (~2 μg/mL, or 75 nM, final concentration). The 

apparent rate of time-dependent PTP1B inactivation was then determined by fitting the 

data to the equations described in chapter 3.  Control incubations were performed with 

AcpA that lacked one of the following:  hydrogen peroxide, substrate, or 

phosphotransferase with and without added catalase. In addition, substrate was combined 

with hydrogen peroxide and assayed for inactivation of PTP1B. 
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Detection of Peroxykinase activity with PC-1.  The protocol to test for generation of 

peroxymonophosphate by phosphohydrolase-class enzymes was divided into three 

phases:  generation, work-up, and observation.  In the generation phase, enzyme (0.1 

mg/ml), hydrogen peroxide (100 mM) and substrate (p-nitrophenylphosphate, or 5’ 

adenosine monophosphate, 10 mM) were combined in 1.0 mL of assay buffer (100 mM 

Bis-tris, 120 mM NaCl, 1 mM MgCl2) and incubated at room temperature for 30 minutes.  

Following the incubation, a work-up was performed in which 100 units of catalase was 

added to remove excess hydrogen peroxide in a five minute incubation at room 

temperature.  We probed for the presence of peroxymonophosphate by adding 10 μL of a 

100 μM solution of PC-1 in acetonitrile to the reaction volume in a fluorescence cuvette 

and measuring the increase in PC-1 fluorescence intensity every 5 seconds for one minute 

(Ex: 550 (4) nm; Em: 585 (4) nm).  The apparent rate of PC-1 fluorescence increase was 

derived from plotting relative fluorescence intensity versus time and finding the slope of 

the resulting line by fitting the data to a linear equation. 

Direct observation of enzyme-generated peroxymonophosphate with 31P NMR.  

Confirmation of enzyme-generated peroxymonophosphate was accomplished via direct 

observation with 31P NMR.  Three reaction aliquots (1.0 mL final volume) of assay buffer 

(100 mM Bis-tris, pH 7.0) containing either AcpA or alkaline phosphatase and substrate, 

5’ adenosine monophosphate was prepared both with (1 aliquot) and without (2 aliquots) 

hydrogen peroxide and incubated as previously described.  A sample lacking hydrogen 

peroxide was then fortified with peroxymonophosphate from quantified authentic 

standard to a final concentration of 10 mM.  To maintain an equivalent NMR 

environment in the test sample that had contained hydrogen peroxide, it was fortified 



Chapter 5 – Enzymatic Production of Peroxymonophosphate 

122 
 

with perchloric acid to a final concentration of 83 mM.  Finally, another sample lacking 

hydrogen peroxide was unaltered for analysis as a negative control.  The three samples 

were quickly analyzed with quantitative 31P NMR (within 10 minutes of quenching 

hydrogen peroxide) as described in chapter 2 to minimize loss of peroxymonophosphate 

through degradation. 
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Chapter 6  

A Tryptophan-based Fluorescence Assay for Measuring PTP1B 
Inactivation Kinetics 

 

6.1 Introduction and Objectives 

Measurement of the kinetics of enzymatic time-dependent inactivation is typically 

accomplished with either a continuous or discontinuous assay.  A continuous assay is 

performed by combining an enzyme of interest with an appropriate substrate (typically 

chromogenic or fluorescent) and various concentrations of inactivator.1, 2 Time-dependent 

loss of enzymatic activity is observed with the proper instrumentation; such as A UV/vis 

for chromogenic substrates, or a spectrofluorimeter for fluorescent substrates (Figure 

6.1). The apparent rates of enzyme inactivation are then determined by fitting the 

resulting data for each concentration of inactivator to an exponential decay equation.  An 

apparent second order rate of enzyme inactivation is then derived from these apparent 

pseudo-first order rates (see chapter three for a more detailed description of this type of 

data analysis). 
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A discontinuous assay, in contrast, is performed by combining an enzyme with 

various concentrations of inactivator, then removing aliquots at specific times and testing 

them for enzyme activity with an appropriate substrate.3 This data is then plotted on a 

semi-log plot and the apparent rates of inactivation for each concentration of inactivator 

are determined by fitting the data to an equation that depicts a straight line (Figure 6.2).  

The apparent second order rate of inactivation is then derived from these rates. 

 

Figure 6.1 An example of time-dependent enzyme inactivation data generated with a continuous assay.  
This particular set of data was generated with PTP1B and the oxidative inactivator peroxymonophosphate. 
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Figure 6.2 An example of time-dependent enzyme inactivation data generated with a discontinuous assay. 
This particular set of data was generated with PTP1B and the oxidative inactivator hydrogen peroxide. 
 

There are advantages and disadvantages associated with each type of assay.  An 

advantage of the continuous assay, for example, is the technical ease and speed at which 

it can be done.  Specifically, a continuous assay for inactivation of PTP1B by 

peroxymonophosphate could be performed with five concentrations of H2O2 in triplicate 

in a few hours.  Conversely, a discontinuous assay is cumbersome in comparison, taking 

approximately one full day of work (or more) to generate a similar set of data.  

Furthermore, this assay requires deft hand/eye coordination, situational awareness and 

very good organization on the part of the scientist due to the fact that one must keep track 

of several variables at once.  Small errors in time, volume or concentration are amplified 

in the resulting data. 

A general advantage of the discontinuous assay is that, in contrast to the 

continuous assay, there is no kinetic interference of substrate with the chemistry 

occurring at the enzyme active site.  This provides for “clean” and direct analysis of the 

resulting data.  Analysis of data from a discontinuous active site-directed assay requires 
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correcting for the presence of substrate during enzyme inactivation.  The kinetics of 

oxidative inactivation of PTP1B by hydrogen peroxide and peroxymonophosphate have 

been determined using both of these techniques and are described in Chapter 3 of this 

dissertation. 

The PTP1B catalytic subunit that we express and purify contains six tryptophan 

residues (Scheme 1), which is an unusually high number for a 322 amino acid protein. Of 

these six residues, Trp179 exists in the general space of the active site pocket as part of 

the so-called “WPD loop”.4  Oxidation of the catalytic cysteine thiolate (Cys215) to the 

sulfenic oxidation state leads to significant changes in the active site pockets secondary 

structure.5, 6 In addition to these structural changes, there is an apparent increase in 

flexibility of the active site area due to neutralization of the cysteine thiolate negative 

charge and subsequent loss of its ionic interactions with positive charges.7 

 

 

 

 

 

 

 

Scheme 6.1 The amino acid tryptophan 
 

It is known that the fluorescence quantum yield of tryptophans is very sensitive to 

the environment in which the indole side chain resides.8, 9 We entered this line of 

experimentation with the following hypothesis:  Due to the proximity of Trp179 to the 
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Our objective in these initial studies was to determine the optimum spectrofluorimeter 

excitation and emission settings to observe the kinetics of PTP1B active site oxidation.   

To begin, thiol-free PTP1B was prepared, and then oxidized with hydrogen 

peroxide.  We chose a concentration of 0.5 mM H2O2 because we had previously 

determined it would completely inactivate PTP1B within five minutes (see chapter 3).  

The SLM-Aminco spectrofluorimeter excitation monochrometer was set to 285 nm, 

which is at or around the known UV absorption maximum for tyrosine residues and 

provides good tryptophan fluorescence emission intensity.10 Utilizing this excitation 

wavelength native PTP1B showed an emission spectrum with a broad maximum that 

ranged from approximately 315 to 340 nm (Figure 6.4).  When this sample was treated 

with 0.5 mM H2O2 for five minutes, the fluorescence quantum yield was reduced 

approximately 25%, and the emission maximum became more defined at 335 nm.  

Tryptophan quantum yield (or relative fluorescence intensity) could therefore be used to 

measure the oxidation state of the PTP1B catalytic cysteine thiolate.  Interestingly, when 

the enzyme was allowed to stand for 15 minutes with 0.5 mM H2O2, which most certainly 

caused “overoxidation” of the active site cysteine, there was little additional change in the 

emission spectrum.  A difference spectrum between native and oxidized PTP1B showed 

that the optimal excitation wavelength to observe the kinetics of PTP1B oxidative 

inactivation was 320 nm. 
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Figure 6.4 Fluorescence emission spectrum of PTP1B prior to (native) and after (oxidized) treatment with 
0.5 mM hydrogen peroxide.  Excitation monochrometer was set at 285 nm, with a 2 nm slit-width.  
Emission monochrometer was scanned from 300 to 400 nm with a 4 nm slit-width. 

6.3 Optimal Spectrofluorimeter Settings for Observation of PTP1B 
Inactivation Kinetics 

Initial experiments to measure the time-dependent inactivation of PTP1B by 

hydrogen peroxide were not successful due to irregularities in the data. Observation of 

PTP1B fluorescence when treated with 0.5 mM hydrogen peroxide showed what we 

thought was smooth single-phase exponential loss of fluorescence (Figure 6.5). When 

PTP1B was treated with hydrogen peroxide at or above concentrations of 1 mM, 

however, a biphasic decay of fluorescence was revealed (Figure 6.6).  Upon further 

experimentation with buffer controls that contained only PTP1B, it was determined that 

several variables were dramatically affecting its fluorescence intensity.  These 

uncontrolled variables, which will be discussed in the next few paragraphs, were the 

cause of the two decay phases observed at higher H2O2 concentrations.  The apparent 

single phase exponential decay observed at lower concentrations was actually a 

combination of two rates.  
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6.4 Utilizing Fluorescence to Measure the Rate of PTP1B Oxidative 
Inactivation by H2O2 

When combined with various concentrations of hydrogen peroxide under pseudo-

first order conditions ([H2O2] > 10x [PTP1B]), the fluorescent yield of PTP1B decays in 

a time-dependent manner (Figure 6.8).  The fluorescence decay appears to follow a single 

exponential rate, for when the data is plotted on a semi-log scale a straight line is 

obtained (Figure 6.9).  This data was then fitted to the equation: 

 

     (1)  

 

The resulting slope of each line represented the apparent pseudo-first-order rate of 

fluorescence decay, kΨ in units of s-1 (kΨ = m* 2.303).  When these rates are then plotted 

as a function of hydrogen peroxide concentration, and the data again fitted to equation 1, 

the slope of the resulting line gave the apparent second order rate of PTP1B inactivation 

as 14.96 +/- 0.92 M-1s-1.  This is in close agreement with data generated from both the 

discontinuous and continuous assays that yielded apparent second order inactivation rates 

with hydrogen peroxide of ~ 18 and 27 M-1s-1, respectively (see Chapter 3). 

y =mx+b
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Figure 6.9 Data showing hydrogen peroxide mediated time-dependent loss of PTP1B fluorescence on a 
semi-log plot. 

Figure 6.8 PTP1B, when treated with various concentrations of hydrogen peroxide, shows 
time dependent decay of fluorescence intensity.
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Figure 6.10 Replot of the apparent rate of PTP1B fluorescence decay as a function of H2O2 concentration. 
 

6.5 Conclusions 

We have developed a method for measuring the time-dependent oxidative 

inactivation of PTP1B by observing changes in the fluorescence intensity of its 

tryptophan residues.  This method is, essentially, a hybrid of the well-known “gold 

standard” substrate-based discontinuous and continuous assays that are typically used to 

determine rates of time-dependent enzyme inactivation.  Specifically, the fluorescent 

method allows for facile continuous monitoring of the enzyme active site oxidation state 

in the absence of substrate.  The measurement of the second order rate of PTP1B 

inactivation (oxidation) by hydrogen peroxide that were obtained with this method are in 

agreement with those derived from the discontinuous and continuous methods (15 versus 

18 and 27 M-1s-1, respectively). 
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investigator to selectively observe their fluorescence intensity in the presence of proteins 

and peptides that contain natural Trp.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6.2 Structure of the non-natural amino acid 7-azatryptophan. 

Scheme 6.3 Structure of the non-natural amino acid 5-hydroxytryptophan. 
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Finally, this assay may also be useful to monitor the oxidation state of the active 

site cysteine thiolates in other so-called “classical” protein tyrosine phosphatases.  Due to 

the highly conserved nature of their active sites, most PTPs, such as PTP1B, the yersinia 

phosphatase YOP, T-cell protein tyrosine phosphatase (TCPTP) and SHP-2 possess the 

WPD motif.4, 16-18 This motif contains the tryptophan residue (W) that we believe is 

responsible for the change in fluorescence observed with PTP1B after treatment with 

oxidizing agent.  SHP-2, in fact, demonstrates a response similar to that of PTP1B when 

it is treated with hydrogen peroxide (Figure 6.13). 

Figure 6.13 Fluorescence emission intensity of SHP-2 (Ex: 285 (4) nm, Em: 330 (4) nm) when treated with
either buffer or 5 mM hydrogen peroxide (arrow indicates point of buffer or H2O2 addition @120s).
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Of particular interest to the scientific community are the effects of intracellular 

signaling agents on the oxidative state of proteins such as PTP1B.  To date, a majority of 

the data gathered on this topic has lacked a temporal aspect.  An assay, such as this, that 

allows for direct observation of the active site oxidation state of PTPs could bring a new 

dimension of knowledge to the field of redox regulation. 

6.6 Experimental Procedures 

Materials and Methods 

All fluorescence spectra were measured with an SLM-Aminco model 8100 

spectrofluorimeter (Milton Roy/Spectronic Instruments, no longer in production) using 

1.0 mL quartz fluorimeter cuvettes.  Sodium acetate (# 241245), Bis-tris (# B9754), Tris 

(#T1378), diethylenetriaminepentaacetic acid (DTPA, Fluka # 32318) were obtained 

from Sigma-Aldrich Inc. (St. Louis, MO).  30% Hydrogen peroxide (# H325-500) was 

obtained from Fisher Scientific (Fairlawn, NJ).  Crystal structures of PTP1B were 

visualized with the academic version of PyMol.  PTP1B was expressed and purified as 

described in Chapter 3 of this dissertation.  SHP-2 was expressed and purified in the 

Gates Lab by Derrick R. Seiner. 

Determining Optimum Excitation and Emission Parameters for Observing 

Fluorescence in Native and Oxidized PTP1B.  To determine the optimum parameters 

for observing changes in PTP1B tyrosine fluorescence, we first prepared thiol-free 

enzyme as described in chapter 3 with one major change to the exchange buffer 

constituents.  Due to the large UV absorbance of NP-40 detergent, this was omitted from 

the exchange buffer used for removing thiols from the enzyme stock solution.  While this 
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did reduce the overall recovery of enzyme from the buffer exchange step, maximum 

enzyme recovery was not important to achieve the goals of the experiment. 

Native PTP1B samples were prepared by combining 50 μL of thiol-free enzyme 

(~ 0.5 mg/ml stock) with 0.45 mL of three-component assay buffer (100 mM sodium 

acetate, 50 mM Bis-tris, 50 mM Tris, 10 mM DTPA, pH 7.0).  To observe oxidized 

PTP1B tyrosine fluorescence, 50 μL of thiol-free enzyme was combined with 0.45 mL of 

three-component assay buffer fortified with 0.5 mM H2O2 and allowed to stand at room 

temperature for five minutes.  An identical sample was allowed to stand at room 

temperature for fifteen minutes.  To observe PTP1B tyrosine fluorescence in all three 

samples, we utilized an excitation wavelength of 285 nm (2 nm slit width) and scanned 

the emission wavelength (4 nm slit width) every nm from 300 to 400 nm.  The optimum 

emission wavelength for observing oxidation kinetics of PTP1B was determined by 

subtracting the spectrum of oxidized enzyme from the spectrum of native enzyme. 

Optimizing Spectrofluorimeter Settings for Observation of PTP1B Inactivation 

Kinetics.  Thiol-free enzyme was prepared and diluted with assay buffer to XX mg/ml.  

To a 1.0 mL of this solution (final volume) in a 1.0 mL quartz fluorescence cuvette was 

added hydrogen peroxide from 1.0 or 0.1 M stock solutions prepared in H2O.  

Immediately after addition of hydrogen peroxide, the cuvette was stoppered, inverted 

three times to mix and the fluorescence intensity was measured every 10 s for 10 min.  

The cuvette temperature was maintained at 25oC, 22oC, or ramped from 25 to 15 to 30oC.  

When the temperature was held at 22oC, the excitation monochrometer shutter was closed 

in between fluorescence intensity readings to minimize exposure of PTP1B to UV light.  

The shutter remained open for the duration of the other experiments. 
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Measurement of the rate of PTP1B Oxidative Inactivation by H2O2 with 

Fluorescence.  To measure rates of oxidative inactivation, thiol free enzyme was 

prepared as previously described.  To a quartz fluorescence cuvette was added 0.95 mL 

of thiol-free PTP1B solution (XX mg/ml/XX nM). Hydrogen peroxide from a 1 M stock 

solution in H2O was then added to final concentrations of 1, 2, 3, 4 and 5 mM (1, 2, 3, 4, 

5 μL in 1.0 mL total volume).  These concentrations were sufficient for pseudo-first order 

kinetic analysis.  Immediately following addition of H2O2, the cuvette was stoppered, 

rapidly inverted three times to mix and the fluorescence intensity measured as described 

previously (Ex: 285 (2) nm; Em: 320 (4) nm).  Fluorescence measurements were 

recorded every 30 s for 4.5 min, with each measurement being an average of twenty 

scans.  In between measurements, the instrument was instructed to close the excitation 

shutter to minimize exposure of PTP1B to UV light.  The log values of the resulting data 

were plotted for analysis as a function of time and fit to an equation describing a straight 

line. The second order rate of reaction between PTP1B and hydrogen peroxide was then 

derived by plotting the resulting apparent pseudo-first order rates of inactivation (kΨ, 

slopes of lines) as a function of inactivator concentration (in units of Molarity) and fitting 

the resulting data to a straight line.  The slope of the line gave the rate in M-1s-1. 

 

Observation of the Effects of Hydrogen Peroxide on SHP-2 Fluorescence 

To a 0.95 mL aliquot of assay/exchange buffer (100 mM Na-Acetate, 50 mM Bis-Tris, 50 

mM Tris-HCl, 10 mM DTPA, pH 7.0) in a quartz fluorescence cuvette was added 50 μL 

of thiol-free SHP-2 (~ 3 in μM exchange buffer, ~150 nM final concentration).  

Fluorescence emission intensity was monitored every 20 s. for 300 s. (Ex: 285 (4) nm, 
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Em: 330 (4) nm) with minimal exposure of the sample to UV light.  Each data point was 

an average of 20 individual fluorescence emission scans.  At 120 s., the acquisition was 

paused, and a one microliter aliquot of either exchange buffer or 1M H2O2 was added.  

The cuvette was stoppered, inverted three times to mix, and the acquisition immediately 

resumed. 
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