SYNTHESIS OF SMALL MOLECULE PROBES FOR PROTEIN SULFENIC ACIDS

BY

RAJESWARI MUKHERJEE
A Dissertation Submitted to the Graduate Faculty of
WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES
in Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY
Chemistry
May, 2015
Winston-Salem, North Carolina

Approved By:
S. Bruce King, Ph.D., Advisor
Leslie B. Poole, Ph.D., Chair
Rebecca W. Alexander, Ph.D.
Paul B. Jones, Ph.D.
Mark E. Welker, Ph.D.

ACKNOWLEDGEMENTS

My first and foremost gratitude goes to Dr. S. Bruce King, my research advisor,
who made the five and a half year journey of research imbued with a joie de vivre imparting
upon me generously of his wisdom, support, kindness and humor. I owe special thanks to
him for inspiring me, helping me to learn with an open and positive mind and providing
insights into the vast field of organic chemistry. To say the least, he is the best mentor one
can have. I found my time in Wake Forest University fulfilling. It has helped me to grow
personally and professionally.
I would like to express the deepest appreciation for Dr. Leslie B. Poole, my coadvisor, for the opportunity to work in her laboratory and acquire knowledge of protein
biochemistry. I learned a lot from her insights. The monthly discussions/ meetings have
provided me with an opportunity to learn about a biologist’s perspective of an interdisciplinary research project like mine.
Thanks to my committee members Dr. Rebecca W. Alexander and Dr. Paul B.
Jones for their continued support, time and their valuable suggestions which played an
important role in my work. Big thanks go to Dr. Mark E. Welker for serving on my
dissertation committee and Dr. Marcus Wright whose technical expertise has been
invaluable in the development of my projects.
My experience at Wake Forest University would not be complete if I do not
mention the amount of support, exchange of ideas, fun and laughter I shared with my team
members, both past and present- Ranjan Banerjee, Erika Bechtold, Julie Reisz Haines,
ii

Jenna DuMond, Richard Macri, Mallinath Hadimani, Susan Mitroka, Craig Clodfelter,
Benjamin Wertz, Allison Faig, Kayla Duncan, Michael Gorczynski, Salwa Elkazaz and
Colin Douglas. They have been like a family to me and made me feel at home. Specially,
I want to thank Zhengrui Miao and Thomas Poole with whom I shared the major part of
my doctoral research and a good bond of friendship.
Heartfelt thanks to my high school chemistry teachers: Dr. Papri Chakraborty, Mr.
Tamal Jana, Ms. Jayita Sengupta and Dr. Tayod Baran Dutta of Nava Nalanda High School
and Gokhale Memorial Girls’ High School respectively who sparked my passion for
chemistry. They taught me to be a good individual, stay humble and value the simple things
in life.
I need to thank my dearest friends which includes all my childhood friends (a big
whole group of 50 people connected now by the bliss of technology through ‘what’s app’)
for their love and support in every spheres of my life. My dear friends Trambaki Banerjee
and Oindrila Das who kept me laughing, pushed me, kept me motivated and also provided
me with news about what’s going on in other fields of life of which graduate students tend
to loose contact.
None of these works would have been possible without the constant love and
support of my family. I am lucky to have the most wonderful parents in the world who
gave me wings to fly and values to keep in touch with my inner self. My father says,
climbing the Mt Everest is tough but, if there is anything that motivates the climber to go
on, it is the faith that you can do it. And this belief comes from knowing that you will do
all you can for the things you are passionate about. To my sister, who is my endless source

iii

of motivation and courage, my best friend and confidant. Lastly, I am thankful to Partha,
who has been a constant source of support through all these years, a person who plays a
prominent role in my personal and professional growth.

This dissertation is dedicated to my family, for their unconditional love, support and everything

iv

TABLE OF CONTENTS
LIST OF FIGURES

viii

LIST OF SCHEMES

xi

LIST OF ABBREVIATIONS

xiii

ABSTRACT

xix

CHAPTER 1

INTRODUCTION

1

1.1

ROS and Protein Oxidation

2

1.2

The Chemical Biology of Cysteine

2

1.3

Properties and Formation of Protein–SOH

3

1.4

Reactions of Protein-SOH Intermediates

5

1.4.1

7

1.5

Dual Chemical Reactivity of Sulfenic Acid

Synthesis of Sulfenic Acid – Chemical Perspective

10

1.5.1

10

Generation of Transient Sulfenic Acids in Small
Molecules

1.5.2

Generation of Stable Sulfenic Acids

12

1.6

Biological Significance of Protein–SOH

13

1.7

Detection of Protein Sulfenic Acids

14

1.7.1

15

Detection by Spectroscopic Methods

v

1.7.2

Enzyme Activity Assays

16

1.7.3

Genetically-Encoded Probes

18

1.7.4

Determination by TNB Assay

19

1.7.5

Electrophilic Probes

20

1.7.6

Detection by Dimedone (Nucleophilic probes)

21

1.7.7

Development of Proteomics-Friendly Approaches to 21
Detect Sulfenic Acids
1.7.7.1 Mass Spectrometric Approaches for

22

Analyzing Cysteine and Oxidized Cysteine
Proteomes
1.7.7.2 New Reagents for Labeling Proteins

24

Containing Sulfenic Acids
1.7.7.3 Approaches to Detect Chemically Trapped

28

Sulfenic Acids in Proteins
1.8
CHAPTER 2

Conclusions/ Research Plans

IMPROVING THE SYNTHETIC YIELD OF A CYSTEINE-SOH

30
33

SPECIFIC SULFENIC ACID PROBE DCP-BIO 1
2.1

Results and Discussion

vi

35

CHAPTER 3

CHAPTER 4

CHAPTER 6

Conclusions

37

2.3

Experimental Methods

38

SYNTHESIS OF AN ACID-CLEAVABLE PROTEIN SULFENIC ACID PROBE

44

3.1

Results and Discussion

48

3.2

Conclusions

61

3.3

Experimental Methods

61

SYNTHESIS OF TRIFUNCTIONALIZED AROMATIC AZIDES FOR
THE

CHAPTER 5

2.2

75

DETECTION OF PROTEIN SULFENIC ACID
4.1

Results and Discussion

78

4.2

Conclusions

92

4.3

Experimental Methods

93

FUTURE PLANS

126

5.1

Idea, Results and Discussion

129

5.2

Experimental Methods

137

RESEARCH SUMMARY/ CONCLUSIONS

139

REFERENCES

143

SCHOLASTIC VITA

159

vii

LIST OF FIGURES
Figure 1. Proposed (a) two-electron oxidation and (b) hydrolytic mechanism of protein-SOH

5

formation.
Figure 2. Common reactions of protein –SOH intermediate.

6

Figure 3. Electrophilic reactions of sulfenic acids.

8

Figure 4. Nucleophilic reactions of sulfenic acids.

9

Figure 5. Examples of stable sulfenic acids.

13

Figure 6. Effects of ROS induced protein oxidation in vivo.

14

Figure 7. The tag-switch approach to detect CySOH, S-nitrosothiol, and disulfide-containing 17
proteins using thiol-blocking and substrate-specific reduction.
Figure 8. Detection of in-cell protein sulfenylation with genetically encoded probe

18

Yap1-cCRD probe.
Figure 9. Reduction of DTNB to TNB and its reaction with Protein –SOH (e.g. HSA-SOH).

19

Figure 10. Reaction of Protein –SOH and –SH with NBD-Cl.

20

Figure 11. Protein –SOH reaction with dimedone.

21

Figure 12. ICAT reagents.

23

Figure 13. Quantification of protein sulfenylation using isotope-coded dimedone and

24

iododimedone (ICDID).

viii

Figure 14. Nucleophilic chemical probes for selective labeling of CySOH species.

26

A: Alkyne and azide-linked reagents for tag addition post-labeling using the click reaction.
B: Biotin-linked reagents for enrichment and/or Western blot detection.
Figure 15. Nucleophilic chemical probes of CySOH tagged with fluorescent dyes for imaging 27
application.
Figure 16. Strained cycloalkynes as new –SOH traps.

28

Figure 17. Workflow examples for detection and identification of CySOH.

29

Figure 18. Structure of Acid-Cleavable Linker Probes.

31

Figure 19. A Generalized Structure of Tri-handled Probe.

32

Figure 20. Nucleophilic addition of DCP-Bio1 to cysteine sulfenic acid.

34

Figure 21. Elements of a generic cleavable biotin probe.

45

Figure 22. Examples of cleavable biotin probes for labeling of biomolecules via azide

46

-alkyne cycloaddition.
Figure 23. Reaction of CySOH in proteins with Alk-β-KE (27).

47

Figure 24. Structures of acid cleavable biotin probes.

49

Figure 25. General strategy for protein-SOH detection using biotin- ACL-N3 Tag (33).

50

Figure 26. Retrosynthetic analysis of biotin-ACL-N3 probe.

52

Figure 27. The universally-conserved Prx active site.

55

ix

Figure 28. ESI-MS data from mutant protein (AhpC C165S).

56 - 57

Figure 29. NSI (nanospray ionization)-MS data (28 a) & NSI-MS2 data (28 b) of

58 - 59

trypsin-digested AhpC labeled with 34.
Figure 30. NSI (nanospray ionization)-MS2 data of TFA cleaved peptide (AhpC C165S).

60

Figure 31. A general structure of cleavable tri-functional tags.

75

Figure 32. Some previously reported tri-functional tags along with the alkynyl ligation cohorts.76
Figure 33. General scheme of protein –SOH detection using the tri-handled probes.

79

Figure 34. MALDI-TOF data of tri-handled biotin-N3 probe (76).

84

Figure 35. ESI-TOF data of AhpC C165S sulfenic acid labeling by 109.

92

Figure 36. Schematic representation of the dual-binding in-situ PLA technology.

128

Figure 37. Proposed PLA probe structure.

129

Figure 38. An outline of the TNB-DTNB Assay

133

Figure 39. TNB-DTNB assays for validation of compound 113 & 114.

x

134 - 135

LIST OF SCHEMES

Scheme 1. Generation of transient sulfenic acid – Nature’s perspective.

11

Scheme 2. Fundamental synthetic strategy.

12

Scheme 3. Mechanistic Interpretation of sulfenic acid reaction with dimedone.

25

Scheme 4. Synthetic Route for DCP-Bio1.

36

Scheme 5. The last step problem in DCP-Bio1.

37

Scheme 6. Mechanistic interpretation of the Boc cleavage site of 34.

51

Scheme 7. Synthesis of acid-cleavable (AC) biotin probes (biotin-ACL-N3, 33 and

53

biotin-ACL-DCP, 34).
Scheme 8. Synthesis of the control probes biotin-N3 (53) and biotin-DCP (54).

54

Scheme 9. Synthetic route to the di-glycine tri-handled probe (66).

80

Scheme 10. Synthesis of trihandled biotin probes (76 and 77).

81 - 82

Scheme 11. Another synthetic route to probe 77.

83

Scheme 12. Synthetic scheme of tri-handled cleavable biotin probe 88.

85

Scheme 13. Synthetic scheme of cyanine containing tri-handled probes 91 and 92.

86

Scheme 14. A different synthetic pathway for cyanine containing tri-handled probe 92.

87

Scheme 15. Synthesis of fluorescein containing tri-handled probes 95 and 96.

88

xi

Scheme 16. Synthesis of 92 using protected DCP-Alkyne (101).

90

Scheme 17. Synthesis of tri-handled biotin probes 107 and 109.

91

Scheme 18. Attempted synthesis of DCP-PLA probe 113.

130

Scheme 19. Synthetic scheme of PLA probes 114 and 116 for targeted protein and live cell

132

study.

xii

LIST OF ABBREVIATIONS

µL

microliter

2D-DIGE

2-D Fluorescence Difference Gel Electrophoresis

ACL

Acid Cleavable Linker

AhpC

Alkyl Hydroperoxide Reductase Component C

BCN

bicyclo[6.1.0]nonyne

BCP

Bacterioferritin comigratory protein

Biotin-NHS

(+)- Biotin N- hydroxysuccinimide ester

C165S

Mutant with Cysteine at position 165 converted to Serine

CAN

Cerium Ammonium Nitrate

Cys-SOH

Cysteine Sulfenic Acid

Da

Dalton

DADPS

Dialkoxydiphenylsilane

DCC

N,N′-Dicyclohexylcarbodiimide

DCP

1,3- dione cyclohexane propyl

DCP

Dioxocyclohexylpropyl

xiii

DIPEA

N,N-Diisopropylethylamine

DMAP

4-Dimethylaminopyridine

DMF

Dimethylformamide

DTNB

5,5′-dithio-bis-(2-nitrobenzoic acid) or Ellman’s Reagent

DTT

Dithiothreitol

E0/

Standard reduction potential

Ea

Activation Energy

EC

endothelial cell

EDCI

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

ER

Endoplasmic Reticulum

ERK

extracellular-signal-regulated kinases

ESI-MS

Electrospray Ionization Mass Spectrometry

ESI-TOF

Electrospray Ionization Time-of-flight Mass Spectrometry

EWG

Electron withdrawing group

FGI

Functional group interconversion

Fmoc-Cl

Fluorenylmethyloxycarbonyl chloride

GAPDH

Glyceraldehyde-3-phosphate dehydrogenase

xiv

Gpx

Glutathione peroxidase

Grx

Glutaredoxin

GSH

Glutathione (or reduced glutathione)

GSSG

Glutathione disulfide (or oxidized glutathione)

HMPA

Hexamethylphosphoramide

HOBt

Hydroxybenzotriazole

HPDP-biotin

N-[6-(Biotinamido)hexyl]-3'-(2'pyridyldithio) propionamide

IAM

Iodoacetamide

IQGAP

Ras GTPase-activating-like protein

iTRAQ

Isobaric tags for relative and absolute quantitation

LC-MS

Liquid chromatography-mass spectrometry

LC-MS-MS

Liquid chromatography-tandem mass spectrometry

m/z

Mass to charge ratio

MALDI-TOF

Matrix assisted laser desorption/ionization time-of-flight

MHz

Megahertz

mmol

millimole

MMTS

Methyl methanethiosulfonate

MS

Mass spectrometry

xv

NADPH

Nicotinamide Adenine Dinucleotide Phosphate

NBD-Cl

7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole

n-BuLi

n-Butyllithium

NEM

N-Ethyl maleimide

nm

nanometer

NMR

Nuclear Magnetic Resonance

OhrR

Organic hydroperoxide resistance protein reductase

OxyR

Oxidative stress response regulator

PDGF

Platelet-derived growth factor

pKa

Logarithmic Acid Dissociation Constant

PKG1α

Protein kinase G isoform 1α

PLA

Proximity ligation assay

ppm

parts per million

Prx

Peroxiredoxin(s)

PTP1B

Protein Tyrosine Phosphatase 1B

RNS

Reactive Nitrogen Species

ROS

Reactive Oxygen Species

RSNO

S-Nitrosothiol

xvi

RSO2H

Sulfinic Acid

RSO3H

Sulfonic Acid

RSOH

Sulfenic acid, in general

SDS-PAGE

Sodium dodecyl sulfate– polyacrylamide gel electrophoresis

t1/2

Half life

TBAF

Tetrabutyl Ammonium Fluoride

TBAF

Tetrabutylammoniumfluoride

TBDMS

tert-Butyldimethylsilyl ether

TCEP

Tris carboxyethyl phosphine

TEA

Triethylamine

TFA

Trifluoroaceticacid

THF

Tetrahydrofuran

TIS

Triisopropylsilane

TMT

Tandem mass tags

TNB

3-Thio-6-nitrobenzoate

Trx

Thioredoxin

V

Volt

xvii

VEGF

Vascular endothelial growth factor

ε

Molar extinction coefficient

xviii

ABSTRACT

Hydrogen peroxide (H2O2) and its metabolites participate in cellular redox
homeostasis and have become well documented in recent years as messengers in signal
transduction. One important mechanism by which redox-based signaling happens is
reversible oxidation of cysteine residues forming cysteine sulfenic acids (Cys-SOH) which
are thought to be one of the most prevalent cysteine modifications, and formation of these
species reversibly alters protein function. However, the subtle balance between oxidative
signaling and damage is still unclear because of a lack of sensitive, stable, readily
detectable traps for these intermediates.
We addressed this problem and improved the synthesis of a protein sulfenic acid
probe, 3-(2,4-dioxocyclohexyl) propyl 5-((3aS,4S,6aR) -2-oxohexahydro-1H-thieno[3,4-d]
imidazol-4-yl) pentanoate (DCP-Bio 1), widely used by our lab and collaborators.
Although DCP-Bio1 is a widely used sulfenic acid probe, it possesses drawbacks.
Biotin is necessary for enrichment (streptavidin beads) of peptides prior to liquid
chromatography tandem mass spectrometric (LCMS/MS) analysis, but cleavage of the
biotin-peptide bond gives good readable mass fragmentation pattern and subsequent
database searching. Novel sulfenic acid probes with an acid-cleavable carbamate derivative
were designed and synthesized as (i) pre-clicked and (ii) non-clicked forms that are
presently being evaluated in proteomic studies.
We also developed the idea, design and syntheses of tri-functional probes that
contain an aromatic azide to label alkyne-modified sulfenic acids, a glycine residue to
xix

provide further functionalization (isotope incorporation, cell-organelle directing peptides/
functional groups) and a biotin residue for affinity enrichment or a fluorophore for imaging.
An acid cleavable group between the biotin and tri-handled aromatic core allows biotin
group removal. Some of these compounds have been evaluated with bacterial
peroxiredoxin, alkyl hydroperoxide reductase subunit C (AhpC), which has been oxidized
to the respective sulfenic acids and trapped with a dimedone-containing alkyne. Clicking
the azido compounds to the alkyne labeled product yield mass spectrometrically
identifiable adducts. These initial results allow the use of these versatile reagents in other
systems of protein labeling and to monitor protein oxidation events in models of the
immune response, angiogenesis, and cancer signaling pathways and enhance our
understanding of the biological roles of Cys-SOH in signal transduction.
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CHAPTER 1

INTRODUCTION

About three billion years ago, biosphere pollution with molecular oxygen from
cyanobacteria was the first widespread ecological disaster on Earth, converting the early
reducing atmosphere to an oxidizing one and drastically changing the composition of life
forms on Earth by leading to near extinction of anaerobic prokaryotes and the subsequent
appearance of the aerobic eukaryotes and the biodiversity of flora and fauna.1 The
eukaryotes survived in an oxidizing world by successfully developing an operative energy
production system, oxidative phosphorylation, xenobiotic transformation, employing
cytochrome P450, monooxygenases etc. and defense mechanisms against incompletely
reduced oxygen (the reactive oxygen species or ROS) by making them as a protection
against bacteria (microbicidal phagocytes) and for inter- and intra-cellular signaling.2-5
As a flow of the same stream, herein we will discuss our research which supports
the view that protein oxidation, once believed to be toxic in nature, is indeed a sensibly
regulated affair required for cell growth and signaling. The work involved in this
dissertation will focus on our efforts to develop chemical probes to detect the first nascent
product of cysteine-based oxidation, Cys-SOH. We hope to better understand the
mechanism by which protein oxidation works as an important post-translational signaling
event.

1

1.1

ROS and Protein Oxidation

ROS are constantly generated from oxygen by capturing electrons during the
electron transport chain of respiration in mitochondria and elsewhere in the cell by xanthine
oxidase, NADPH oxidase, lipoxygenases, cyclooxygenases and cytochrome P450 in
response to inflammatory signal transduction and xenobiotics in the endoplasmic reticulum
(ER) stimuli.6-8 ROS also result from environmental stress like toxins, heavy metals,
ionizing and UV irradiation, heat shock, infection and inflammation and are mainly divided
into one-electron (O2.-, OH.) and two electron (peroxides, peroxynitrite, hypohalites)
oxidants.9 Although it is well-known that uncontrolled production of ROS inflicts etiology
and

progression

of

mutagenesis,

carcinogenesis,

neurodegenerative

diseases,

atherosclerosis and aging, ROS in lower concentration are appreciated for their role as
secondary messengers in pathways that lead to proliferation, differentiation and immune
responses and hence play both pro- and anti-cancer roles.10
Sulfur containing amino acids like cysteine and methionine act as physiological
oxidant ‘sensors’ owing to oxidative stress and environmental toxins by modulating the
protein structure and function and maintaining cellular homeostasis. Over-oxidation of
cysteine is the hallmark of stress-induced cellular damage.11

1.2

The chemical biology of cysteine

Sulfur is a large, electron-rich, polarizable atom with vacant d-orbitals and adopts
a wide range of oxidation states (-2 to +6) and low redox potential in proteins (E0/ -0.27 to
-0.125 V). Each “chemotype” has its unique pathways of formation, physical and reactivity

2

properties.12 Hence the sulfur of cysteine, regulates proteins from all major functional
categories (e.g. enzymes, contractile, structural, storage and transport) and can exist in a
wide range of reversible and regulatory as well as largely irreversible modifications such
as thiolates (-S-), disulfides (-S-S-), thiyl radicals (-S.), sulfenic (-SOH), sulfinic (-SO2H),
sulfonic acids (-SO3H), thiosulfinates (-S(O)SR) and S-nitrosothiols (-SNO).13,14 The
nucleophilicity of cysteine is enhanced in the thiolate form (low ionization constant (pKa)
cysteines) and can take part in a variety of reactions (pKa ~ 8, varies depending on the
microenvironment of different proteins); low pKa cysteines are often referred to as reactive
cysteines.15,16
On the other hand, as noted by Winterbourne and Hampton, besides low pKa, a preorganized protein environment to activate both peroxidatic cysteine and the peroxide
substrate (lower Ea) and to stabilize the transition state for the SN2 reaction is also a
determinant factor of oxidant sensitivity.17-20 Computational studies and chemical methods
are also used to identify low pKa cysteine residues in proteins.21,22 Weerapana et al.
employed a range of iodoacetamide (IAM) concentrations and differential isotopic labeling
to identify reactive cysteines which affords a list of proteins that are candidates of redoxmediated modifications.23

1.3

Properties and formation of Protein –SOH

A plethora of ROS (superoxide, hydrogen peroxide, organic hydroperoxides,
peroxynitrites, ozone) act on a vast range of thiol containing proteins (e.g. papain (cysteine
protease), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), albumin, cytochrome c,
3

creatine kinase) and converts them to the sulfenic acid, the simplest organo-sulfur oxyacid,
which may confer a great deal of physiological and pathological significance. For example,
recent studies demonstrate that distinct gradients of O2.- and H2O2 differentially regulate
plant cell differentiation and wound healing in eukaryotes.24-26
Though biologically significant, sulfenic acids are generally unstable and highly
reactive (they exhibit both electrophilic and nucleophilic properties). The stabilization of a
sulfenic acid requires: 1) limited solvent access to prevent the reverse reaction with
reductants, 2) the presence of a hydrogen bonding interaction with neighboring amino acid
side chains favoring ionization to the relatively stable sulfenate ion (RSO-) and 3) the
absence of any cysteine thiols in the proximity to prevent disulfide formation.27 Since the
pKa for the sulfenyl group of Cys-SOH is between 6 and 10 in a wide range of enzymes
(like AhpC (alkyl hydroperoxide reductase), a bacterial 2-cysteine peroxiredoxin (Prx)),
the sulfenic acids will be in their sulfenate form (RSO-) under physiological conditions for
low pKa protein thiols (pH~7.4). A model study of protein-bound cysteine sulfenic acid on
9-triptycenyl sulfenic acid showed that this -SOH has a very low bond dissociation energy
(BDE of –O-H = 71.3-72.2 kcal/mol) and relatively high oxidation potential (E0 = 0.74V
vs. NHE for RSO./RSO-couple) providing valuable information in biological systems.28
Under prolonged or severe oxidative stress, protein –SOH may form hyperoxidation
products (sulfinic and sulfonic acids), which are more stable and usually irreversible
(except Prx-SO2H, which is reduced to thiol by an ATP dependent sulfiredoxin-catalyzed
reaction, Figure 2).29 Formation of these species in biological systems indicates oxidative
damage rather than regulatory processes since the recovery of native protein needs
degradation of the modified species and new protein translation.
4

Figure 1 depicts proposed ways of protein –SOH formation at physiological pH.
Panel (a) shows how the potent oxidants peroxynitrite (both in protonated and deprotonated form), hydrogen peroxide and organic hydroperoxides oxidize (two electron)
protein thiolates to protein –SOH. Panel (b) portrays the reaction of protein disulfides,
sulfenyl chlorides (RSCl), S-nitrosothiols (RSNO) and sulfenic esters (RSCO2R') to form
protein -SOH via hydrolytic pathways.

Figure 1. Proposed (a) two-electron oxidation and (b) hydrolytic mechanism of protein –
SOH formation.

1.4

Reactions of Protein-SOH intermediates
Since protein –SOH are transient intermediates in pathways leading to the

formation of more stable thiol oxidation products, the reactivity of this functional group,
both as an electrophile and nucleophile, gives rise to a range of possible products (Figure
2). Although protein -SOH may undergo self-condensation leading to the formation of
RS(O)SR in a homogeneous mixture of small SOH compounds, such a reaction is unlikely
5

in complex biological systems because of both the relative abundance of –SOH close to
one another and the sterics of the protein microenvironment.30 The most abundant reaction
of protein –SOH is disulfide formation; which may be 1) intraprotein, 2) interprotein or 3)
mixed disulfides on reaction with a low molecular weight thiol (Figure 2). These
conversions are reversible in Nature and can be reduced back to their native thiol state by
thioredoxin (Trx), glutaredoxin (Grx) and glutathione (GSH) systems. Sulfenyl-amide
products are obtained via nucleophilic attack of the nitrogen atom of an amide or amine on
the electrophilic sulfur of –SOH (Figure 2) and can result in a large conformational change
in proteins; this modification is also reversible by small thiol molecules.31,32

Figure 2. Common reactions of protein –SOH intermediate.
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1.4.1

Dual chemical reactivity of sulfenic acid

The formal oxidation state of sulfur in a sulfenic acid is 0 which results in its
distinctive ability to act both as an electrophile and a nucleophile as illustrated in Allium
chemistry (Section 1.5.1), which is propagated mainly by the formation of a hydrogenbonded sulfenic acid dimer.33
The condensation of two sulfenic acids results in the formation of thiosulfinates
(Figure 3, reaction 1), while the more prevalent electrophilic reaction of a sulfenic acid
with a nucleophilic thiol forms a disulfide (Figure 3, reaction 2).34 Other electrophilic
reactions of sulfenic acids include selective reaction with active methylene compounds
(1,3-diketones) like 5,5-dimethyl-1,3-cyclohexanedione (dimedone) under physiological
conditions to give the corresponding thioether derivative (Figure 3, reaction 4),35 reaction
of an amine or a backbone amide to give sulfenamide or cyclic sulfenamide respectively
(Figure 3, reaction 5).36-38 Lastly, several inorganic and organic molecules (sodium
arsenite, triphenylphosphine, hydrazine, alkyl hydrazine, sodium azide) reduce RSOH
back to the thiol (Figure 3, reactions 3 and 6).39,40 All of these reactions can be categorized
and attributed to the electrophilic character of the sulfur atom in sulfenic acids.

7

Figure 3. Electrophilic reactions of sulfenic acid.

Sulfenic acids are unstable functional groups en route to more stable higher
oxidation states – hyperoxidation of sulfenic acids to sulfinic acids require nucleophilic
attack of hydrogen peroxide (Figure 4, reaction 1). The concerted addition of sulfenic acids
(RSOH) to alkenes (Figure 4, reaction 2) and alkynes (Figure 4, reaction 3) give the
corresponding sulfoxides (usually following Markovnikov’s rule).41 As a nucleophile,
sulfenic acids can undergo nucleophilic substitution with activated halogenated
compounds, such as 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) (Figure 4,
reaction 4) and other activated alkyl halides (Figure 4, reaction 5),42-44 the former being
8

used as a method to discriminate between thiols and sulfenic acids based on distinct
spectral properties of the respective products.45 A number of factors are likely to regulate
these reactions (Figure 3 and 4) including the sulfenic acid stability, nucleophilicity and
oxidant concentration.46 As mentioned earlier, Figure 4, reaction 6 is an example of selfcondensation between two sulfenic acids.

Figure 4. Nucleophilic reactions of sulfenic acid.

9

1.5

Synthesis of sulfenic acid – chemical perspective
Due to their high reactivity, the majority of small molecule sulfenic acids cannot

be isolated under normal laboratory conditions (t1/2 < 1 min) but undergo self-condensation
giving thiosulfinates. For a long time researchers devoted much time in the quest of the
synthesis of stable sulfenic acids to serve as model systems to elucidate the complex role
of the transient species like RSOH in the biological system.47

1.5.1

Generation of transient sulfenic acids in small molecules

Nature displays the most common pathways of generation of sulfenic acid (CysSOH) from Cys-SH under oxidative stress (Scheme 1). Upon cutting garlic, S-allyl cysteine
(1) is at first oxidized to alliin (2) and then converted to 2-propenesulfenic acid (3) by
allinase along with ammonium pyruvate (6). The transient sulfenic acid (3) undergoes selfcondensation to form diallyl thiosulfinate allicin (5), which is responsible for the odor,
flavor and antioxidant activity of garlic. Similarly, the lachrymatory effect of onion is due
to the oxidation of S-1-propen-1-yl-L-Cysteine (7) to isoalliin (8), enzymatic conversion
of isoalliin (8) into 1-propenesulfenic acid (9), followed by its rearrangement to propanthial
S-oxide (10). In both cases, the sulfoxide precursors bear a migrant hydrogen beta- to the
sulfur atom.33
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Scheme 1. Generation of transient sulfenic acid – Nature’s perspective.

Taking inspiration from Nature, organic chemists designed molecules to transiently
generate sulfenic acids by syn-elimination of sulfoxide precursors through thermolysis or
ionic stepwise β-elimination (Scheme 2). The reaction mechanism is driven by the presence
of acidic hydrogen atoms beta- to the sulfur due to the proximal presence of an electronwithdrawing group. Several applications of the idea have been reported by Jones et al.,48
Aversa et al.49 and Gates.50 The last group showed a 3-isothiazolidinone system
synthesized (following Scheme 2) as a chemical model to better understand the redoxregulation of protein tyrosine phosphatase 1B (PTP1B) activity.

11

Scheme 2. Fundamental synthetic strategy.

1.5.2

Generation of stable sulfenic acids

The first stable sulfenic acid was reported by Fries in 1912 – an anthraquinonebased sulfenic acid (11), the stability being imparted by an intramolecular hydrogen
bonding interaction with the neighbouring carbonyl group.51 Stable pyrimidine sulfenic
acids (12) and lumazinesulfenates (13) were prepared by Cohn et al. and Heckel et al.
respectively.52,53 In order to explore steric factors stabilizing sulfenic acids, Yoshimura and
coworkers synthesized the trans-decalin-9-sulfenic acid (14) with the rationale that the four
axial protons would provide sufficient steric crowding to protect the sulfenic acid
functional group.54,55 Tripolt et al. reported unexpected stability of 4,6-dimethoxy-1,3,5triazine-2-sulfenic acid (15).56 A stable azitidinone sulfenic acid (16) was reported by
Baldwin et al. attributing the reason of stability to both steric bulk of the azitidinone moiety
and the thermodynamic instability of the substrate.57
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Figure 5. Examples of stable sulfenic acids.

1.6

Biological Significance of Protein –SOH

Sulfenic acid modification of proteins has emerged as a post-translational
modification of immense importance and plays a pivotal role in regulating protein function
under physiological, oxidative stress and pathological conditions.58-61 Protein modification
has been extensively studied over the past few years and identified as a main contributor
in biological catalysis, detoxification of xenobiotics and binding of regulatory or reactive
metals like zinc and iron. Thus, protein –SH groups can act as reversible (-SOH to –SS-/SH) or irreversible (hyperoxidation to –SO2H or –SO3H) switches altering protein
functions.62-64 Cys–SOH formation may activate proteins (matrix metalloproteinases),
block their functions (protein tyrosine phosphatases and cysteine proteases) or change
catalytic properties (oxidized GAPDH conversion to acylphosphatase).63 These subtle
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changes in the sulfur redox states can be used to: 1) send messages through conformational
changes in transcriptional regulators or through stabilized signaling complexes (e.g. OxyR
and protein kinase G isoform 1α),65 2) influence the activity of enzymes directly (GAPDH)
or indirectly (protein kinase A), 66 or 3) be functionally silent.67 Figure 6 illustrates a variety
of different functions carried out by such modified proteins.

Figure 6. Effects of ROS induced protein oxidation in vivo.

1.7

Detection of protein sulfenic acids

The discovery of oxidant mediated cell signaling, its impact on etiology and migration of
various human diseases, wound healing and coordinated responses involved in
angiogenesis have led to significant interest in methods to detect protein sulfenic acid
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modifications. This section provides a comprehensive survey of indirect and direct
methods of protein sulfenic acid detection.68,69

1.7.1

Detection by spectroscopic methods

X-ray crystallography, NMR and mass spectrometry (MS) approaches have offered
significant insight into the structure and local environment of protein –SOH. A limited
number of direct detection methods of protein –SOH are available including the electron
density map collection via X-ray crystallography and
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C NMR chemical shift data. For

example, X-ray crystallography to characterize the Cys 42 redox center in the flavoprotein
NADH peroxidase involves reduced exposure of the crystal to ambient oxygen and low
temperature data collection to illustrate the catalytic role of the Cys 42 sulfenic acid redox
center.70-72 The existence of Cys 42-SOH was supported by 13C NMR indicating a chemical
shift of 13Cβ (-SH/-SOH bearing carbon) to be 30.8 ppm (for Cys42-SH) and 41.3 ppm (for
Cys42-SOH), values being compared to predicted values.73,74 In addition, protein –SOH
formation can be detected by mass spectrometry as the m/z shift equivalent to the addition
of one oxygen atom (+16Da),61 as detected in transcription factor OhrR,75 methionine
sulfoxide reductase (MsrA) 61 and aldose reductase in the ischemic heart.76 Generally, these
direct methods are limited to in vitro analysis of purified proteins. No characteristic UVvisible spectral absorbance of sulfenic acids exists, unlike S-nitrosothiols (which
characteristically absorb at 336 nm and 545 nm and are usually bright green, red or pink in
color).77
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1.7.2

Enzyme Activity Assays

The enzyme activity assay is based on the reversibility of the thiol modification and
recovery of the active site –SH by mild reducing agents like sodium arsenite (NaAsO2, for
-SOH) and ascorbate (for –SNO). GAPDH inactivated by o-iodosobenzene or iodine
monochloride is reactivated by arsenite treatment indicating intermediate –SOH
formation.78
The three basic steps for the tag-switch assay are: 1) blocking free thiols by
incubation with a thiol-specific alkylating agent like maleimide/iodoacetamide, 2)
removing excess maleimide (to avoid false readings) and selective reduction of the protein
sulfenic acid to thiol by arsenite and protein S-nitrosothiol to thiol by ascorbate, or for a
comprehensive estimate of thiol oxoforms (disulfides, sulfenic acids and S-nitrosothiol) by
either DTT or TCEP, and 3) tagging the nascent thiols with a sulfhydryl specific
biotinylating agent like biotin-maleimide/ HPDP-biotin, fluorescent dyes, His-tag and
others depending on the downstream detection method (Western blot, enrichment/ mass
spectrometry, two dimensional differential gel electrophoresis (2D-DIGE), etc., Figure
7).79-83
Recently, our group and collaborators showed the promiscuity of several thiol
blocking reagents (iodoacetamide, N-ethyl maleimide and methyl methanethiosulfonate)
with the sulfenic acid of a peroxiredoxin at concentrations pertinent to the biotin-switch
technique (BST) and other biochemical methods generating covalent adducts that are
partly or fully susceptible to reduction and regeneration of thiols.84 So a modification of
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the protocol is underway for selective detection of labile signaling species like –SOH/ SNO.38,85

Figure 7. The tag-switch approach to detect CySOH, S-nitrosothiol, and disulfidecontaining proteins using thiol-blocking and substrate-specific reduction.
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1.7.3

Genetically-encoded probes

Wood et al. reported a genetically-encoded sulfenic acid probe in E.coli exposed to
H2O2. They exploited the susceptibility of a cysteine residue (Cys598) in the
Saccharomyces cerevisiae transcription factor, Yap1 (His-tagged) to form mixed disulfides
by condensing with the sulfenic acid intermediates on treatment with H2O2.86,87 Copurification of proteins forming mixed disulfides with the probe on a Ni+ affinity column,
elution with DTT, separation by SDS-PAGE, tryptic digestion and analysis by LC-MS/MS
resulted in the identification of 32 proteins that may form sulfenic acids (Figure 8).
Limitations of such protein-based Yap1-cCRD probes are that they must be expressed in
host cells and may exhibit substrate bias when compared to chemical-based probes.86,87

Figure 8. Detection of in-cell protein sulfenylation with genetically encoded Yap1-cCRD
probe.
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1.7.4

Determination by TNB Assay

Sulfenic acids can also be identified by their propensity to generate disulfide bonds
with thiol groups. Using a nucleophilic thionitrobenzoate (TNB) that forms a mixed
disulfide with the modified thiol form results in a loss of absorbance at 412 nm (ε = 14,150
M-1cm-1) that can be visualized (yellow to colorless) and quantified using UV/visible
spectroscopy. Poole and coworkers devised this spectrophotometric assay that finds
application in characterizing the formation and properties of protein –SOH in large multidomain proteins, such as human serum albumin (HSA-SOH), on the basis of its reaction
with the chromophoric thiol TNB.71,88

Figure 9. Reduction of DTNB to TNB and its reaction with Protein –SOH (e.g. HSASOH).
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1.7.5

Electrophilic probes

The electrophilic reagent, 7-chloro-4-nitrobenz-2-oxa-1, 3-diazole (NBD-Cl),
reacts with cysteinyl residues at neutral pH, though it also reacts with tyrosyl and amino
groups, at basic pH. NBD-Cl reacts with both thiols and –SOH and these adducts can be
clearly distinguished by their characteristic spectroscopic/fluorescent properties and
masses (Figure 10). The product (R-S(O)-NBD) formed by reaction of each tautomer of a
sulfenic acid with NBD-Cl yields either a sulfoxide or a sulfenate ester that has a unique
absorbance maximum at 347 nm in contrast to the thioether (R-S-NBD) obtained by the
reaction of a thiol with NBD-Cl, which absorbs maximally at 420 nm and possesses
fluorescent properties (Figure 10).19,45,89,90 The absorbance peak shift or lack of absorbance
has been used extensively in many studies to confirm the presence or absence of the –SOH
post translational modification in various isolated proteins. Also, the protein –SOH product
upon reaction with NBD-Cl can be differentiated from a similar reaction of thiol-NBD-Cl
reaction products by mass spectrometry.91

Figure 10. Reaction of Protein –SOH and –SH with NBD-Cl.
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1.7.6

Detection by Dimedone (Nucleophilic probes)

The nucleophilic reaction of dicoordinated sulfur compounds, such as sulfenyl
halides, was first identified by Foss in 1947.92 The most extensively used method for the
detection of protein-SOH relies on the reactivity of –SOH/ sulfenyl halides towards
nucleophiles

with

active

methylenes

(like

dimedone

(5,

5-dimethyl-1,

3-

cyclohexanedione)), reported in a seminal article by Allison et al. in 1974.35 Dimedone is
a versatile trapping reagent that reacts with sulfenic acids (Figure 11) but not with the
parent thiol and the product can be distinguished by mass analysis (140 Da m/z shift per
molecule of dimedone incorporated).

Figure 11. Protein –SOH reaction with dimedone.

1.7.7

Development of proteomics-friendly approaches to detect sulfenic acids

The methods mentioned in the previous sections work well with purified proteins
for detection and quantitation of sulfenic acid formation, but for more complex and broader
samples of interest, proteomics-level analyses are desired. For example, NBD chloride
reacts with both thiol and sulfenic acid groups requiring either differential mass
spectrometric or spectroscopic analyses for product identification, which is increasingly
challenging with increasing numbers of cysteine residues. Also, both TNB and NBD
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adducts are labile in the presence of reductants or can migrate to different locations when
attached by other residues either intra- or intermolecularly. Dimedone is better as it forms
stable alkylated species but it offers no useful chemical handle or detectable group to
facilitate proteomic-level analyses. By far the most important tool in proteomics-level
analysis is mass spectrometry and the following sections give a summary of the utility of
this technology as well as the different types of dimedone-based chemical probes currently
available for analyzing the sulfenic acid proteome.

1.7.7.1

Mass spectrometric approaches for analyzing cysteine and

oxidized cysteine proteomes
Mass spectrometry has emerged as a critical tool in the analysis of biological
systems, although its application for monitoring protein oxidation was recognized in the
early proteomics workflow.93 The first isotope-coded affinity tags (ICAT) developed by
Aebersold’s group had a thiol reactive group (e.g., an iodoacetyl group), a linker with
‘heavy’ (contains eight deuteriums) and ‘light’ (contains no deuteriums) isotopes to
distinguish between two samples under different oxidative stress conditions (OxICAT) and
an affinity tag for enrichment of labeled peptides (Figure 12, 17).94,95 This early strategy
was modified over the years; some adaptations are to include cleavable linkers (Figure 12,
18),96 and conduct activity based protein profiling (ABPP) for targeted enzymatic or
binding activity readout.97 A number of dimedone-based reagents with incorporated
detectable or affinity tags for better targeting the sulfenome are discussed in the next
section.
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Figure 12. ICAT reagents.

Isotope-coded dimedone and 2-iododimedone (Figure 13) is a strategy devised to
label Cys-SOH and free thiols at the same cysteine sites in different molecules of a target
protein (glyceraldehyde 3-phosphate dehydrogenase (GAPDH) vs.

yeast glutathione

peroxidase (Gpx3) proteins), or to label Cys-SOH proteins at different concentrations of
H2O2. The labeled proteins were then combined, trypsinated and subjected to LC-MS
quantitative analysis.98,99
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Figure 13. Quantification of protein sulfenylation using isotope-coded dimedone and
iododimedone (ICDID).

1.7.7.2

New Reagents for Labeling Proteins Containing Sulfenic Acids

The newer, more direct method of Cys-SOH protein identification is based on
chemoselective labeling and enrichment followed by Western blot analysis (e.g., to
monitor Cys-SOH status in known proteins) or MS (in discovery or targeted types of
analyses). The first readily detectable fluorescent group containing (methylcoumarin or
isatoic acid) sulfenic acid detection probes linked to 1,3-cyclohexadione confirmed the
selectivity towards Cys-SOH through various studies.91,100
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Consequently, new reagents with rhodamine or fluorescein or biotin as detectable
groups attached via a linker to 1,3-cyclohexadione or dimedone for affinity enrichment of
tagged proteins or peptides (Figure 14 and 15) were developed.29,101 Reagents with azideand alkyne-functionalized 1,3-cyclohexadione allows incorporation of a detectable group,
or potentially avoiding bias102-104 of larger chemical traps (Figure 14).12,29,105,106
Mechanistically, the dimedone reaction with Cys-SOH has been proposed to proceed
through 1,4-addition (Scheme 3 (a)) or a direct substitution (Scheme 3 (b)). The reported
pKa for the carbon between keto groups for dimedone is 4.3 and dimedone was reported
to exist exclusively in the enol state at physiological pH. These studies suggest that key
features to consider for the reaction mechanism of this class of probes with –SOH are: (a)
tautomerism of 1,3-dicarbonyls, (b) equilibrium between the –SOH and HS=O tautomers
and (c) the pKa at the reactive ethylene carbon in relation to the pH of reaction mixture.106

Scheme 3. Mechanistic interpretation of sulfenic acid reaction with dimedone: 3a is a 1,4
addition of sulfenic acid to enol form of 1, 3-cyclohexanone, 3b is direct nucleophilic
attack of 1, 3-cyclohexanone to electrophilic sulfur of sulfenic acid, route 3b is most
likely to occur at pH 7.4.
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The addition of affinity tag subsequent to the labeling step using Click chemistry
or Staudinger ligation approaches addresses some of the issues like cell permeability and
substrate nucleophilic substitution which validates novel 1,3-diketone compounds as
potential probes for Cys-SOH (Scheme 3) .12 Subsequently, ethylthio-1,3-cyclopentanedione and its biotin derivative BP1 (Figure 14)107 and linear alkyne 1,3-β-ketoester, Alkβ-KE (Figure 14) and its derivative (Figure 15) were synthesized to make the probe
synthetic schemes shorter with high yield.108
The labeling strategies described so far in this section exploit the electrophilic
property of protein sulfenic acids and rely upon the addition of activated carbon
nucleophiles to give thioether adducts.

Figure 14. Nucleophilic chemical probes for selective labeling of Cys-SOH species.93
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Figure 15. Nucleophilic chemical probes of Cys-SOH tagged with fluorescent dyes for
imaging application.93

As a mechanistic alternative, a recent study described highly strained
bicyclo[6.1.0]nonyne (BCN) derivatives (Figure 16) as concerted traps of sulfenic acids
yielding alkenyl sulfoxide products at rates more than 100X greater than 1,3 –dicarbonyl
compounds.109
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Figure 16. Strained cycloalkyne as new –SOH traps.

1.7.7.3

Approaches to Detect Chemically Trapped Sulfenic Acids in

Proteins
A detectable group (fluorophore, biotin, or alkyne or azide ‘handle’) is attached to
the chemoselective Cys-SOH probe onto the reactive sites of interest for further analysis.
Downsteam analysis techniques vary according to the type of the detection tag present
and the research question to be addressed (protocol designed on the basis of analysis of
pure or mixed proteins, cellular samples and both targeted and global analysis of CysSOH) (Figure 17).63,91,110-112
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Figure 17. Workflow examples for detection and identification of CySOH.

The labeling approach mainly consists of incubation of Cys-SOH-targeted probes
(added along with or after the addition of an oxidant or cell signaling molecule) with
individual or a mixture of proteins or intact cells or tissues (reagents added to lysis buffer
in this case, with preventive measures for adventitious oxidation). Free probes are removed
by IP (immunoprecipitation), gel filtration, precipitation by organic solvents or other
methods. For biotinylated probes, affinity capture procedures by avidin or streptavidin
beads can be used for enrichment of labeled proteins followed by elution in a manner
compatible with the next steps in the analysis. The enriched material can be subjected to
Western blots to identify oxidized protein in the sample to get time course data of the extent
of oxidation of specific proteins of interest. Imaging analyses can be done to identify the
sites of protein oxidation in treated or untreated cells with fluorophore containing probes.
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New oxidant sensitive proteins/peptides can be identified using tandem MS/MS analyses
followed by a database search for the identification of the protein.

1.8

Conclusions/ Research Plans

Reactive oxygen species-mediated cysteine sulfenic acid modification has emerged
as an important regulatory mechanism in cell signaling. The stability of sulfenic acids in
proteins is dictated by the local microenvironment and accessibility of the resolving
cysteine and antioxidants. A comprehensive survey of the available detection techniques
has been mentioned in this chapter, some of them along with their advantages and
limitations. With time, ever increasing roles for protein sulfenic acids have been uncovered
in physiology and pathology. A more complete understanding of sulfenic acid-mediated
regulatory mechanisms will continue to require new and rigorous chemical insights.
DCP-Bio1 is a widely used probe for both targeted (specific protein modification
site) and global (live cell) proteomic approaches discussed in detail in Chapter 2. The userfriendly attributes of DCP-Bio1 includes its reasonable cell permeability, the scope of
enrichment of tagged proteins (Streptavidin pull down) and a variety of analytical methods
(e.g. LCMS-MS, Western blot using either streptavidin-HRP conjugate or an anti-biotin
antibody). Chapter 2 contains the details regarding the improved synthetic yield of DCPBio1.
The investigations described in Chapter 3 expand the utility of the affinity probe
DCP-Bio1 by placement of an acid cleavable carbamate linker in between the 1, 3dicarbonyl ‘war-head’ and the biotin ‘detection tag’, to remove the biotin after enrichment
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of the protein but before tandem mass spectrometry, to get good readable peptide
fragmentation data to be compared to identify new oxidant sensitive proteins from the
database. Both ‘non-clicked’ and ‘pre-clicked’ versions of the probe have been synthesized
(Figure 18) and have yielded promising protein data.

Figure 18. Structure of Acid-Cleavable Linker Probes.

Chapter 4 details the design and syntheses of tri-handled probes that contain an
aromatic azide to label alkyne-modified sulfenic acids along with a glycine residue for
providing a potential site of other various modifications or isotope incorporation and a
biotin residue for affinity enrichment/ fluorophore for imaging. These compounds were
evaluated in targeted protein study with BCP and AhpC and give favorable results. These
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initial results will allow the use of these versatile reagents in other systems of protein
labeling as well as encourage further functionalization.

Figure 19. A Generalized Structure of Tri-handled Probe.

Lastly, the development of new oligonucleotide-tagged reagents to investigate the
application of the Proximity Ligation Assay (PLA) technology for visualization of selective
protein –SOH modification in situ is ongoing. Chapter 5 details the preparation of two
potential PLA probes aimed at in situ quantification and visualization of the Cys-SOH
modifications and some favorable data obtained in the standardization of the method.
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CHAPTER 2

IMPROVING THE SYNTHETIC YIELD OF A CYSTEINE-SOH SPECIFIC SULFENIC
ACID PROBE DCP-BIO1

Figure 14B (Section1.7.7.2) shows 3-(2,4-dioxocyclohexyl)propyl 5-((3aR, 4R,
6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazole-4-yl)pentanoate

(DCP-Bio1)

as

a

recently developed reagent for direct trapping of protein sulfenic acids in vivo and in
vitro.58,113 This reagent is designed to enable enrichment and sensitive detection of proteins
or peptides bearing sulfenic acid modifications.101,114,115 Though sulfenic acids are dynamic
and transient oxidation products of thiol proteins, their unique chemistry allows them to be
captured by 1, 3-cyclohexadione (active methylene) based chemical probes before
proceeding to an array of disulfide-bonded or hyperoxidized products.
The covalent attachment of DCP-Bio1 to various protein–SOHs has been
confirmed by both MALDI-TOF and ESI-TOF MS analyses. The reaction is believed to
follow a nucleophilic pathway as shown in Figure 20.
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Figure 20. Nucleophilic addition of DCP-Bio1 to cysteine sulfenic acid.

Even rapid trapping of the nascent protein sulfenic acids result in substoichiometric
amounts of label incorporation into proteins due to the transient nature of the species.
Consistent quantification based on the level of probe incorporation is likely to be difficult
to achieve, although a reasonable time-dependent oxidation response is sometimes
obtained in cell-derived samples within the same experimental set.89 Despite these
challenges, the probe provides a powerful tool for affinity enrichment of oxidized proteins
in vivo and in vitro in response to a particular stimulant and has been widely used by our
group and others with a well-characterized protocol for targeted mixtures of proteins and
monitoring global changes in cellular cysteine sulfenic acid formation.91
For example, the work of Wani et al. on inhibition of a serine/threonine protein
kinase B 2 (PKB2/ Akt2) oxidation at Cys124 in mouse embryonic fibroblasts (NIH3T3)
cell line stimulated with platelet-derived growth factor (PDGF) was observed; the biotin
incorporation in cellular proteins occured within 5 mins of PDGF stimulation.115 A number
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of DCP-Bio1 labeled proteins were identified by MS (like phospholipase C gamma 1
(PLCγ1) and Akt2).
Other pioneering work by Ushio-Fukai and colleagues highlighted the importance
of localized Cys-SOH formation in isoleucine glutamine motif containing GTPase
activating protein (IQGAP), a vascular endothelial growth factor (VEGF) receptor
(VEGF2) binding scaffold protein involved in ROS-dependent endothelial cell (EC)
migration and post-ischemic angiogenesis, by imaging of cells and Western blotting of
oxidized proteins after labeling with DCP-Bio1.113
The requirement for reversible cysteine sulfenic acid formation for T cell activation
and function, extracellular signal regulated kinase 1/2 (ERK1/2) phosphorylation, calcium
flux and cell growth was shown by Poole and coworkers using DCP-Bio1.58 Klomsiri et al
demonstrated the lysophosphatidic acid (LPA)-mediated cell signaling stimulating H2O2
production, which is essential for growth. Subsequent H2O2 and NADPH oxidasedependent oxidation of Akt2 and PTP1B were detected using DCP-Bio1.116,114 These new
methodologies therefore permit detection of active, H2O2-dependent protein oxidation
linked to cell signaling pathways.

2.1

Results and Discussion

From a synthetic point of view, starting from a readily available, economical
starting material like 3-chloropropan-1-ol, the first five reaction steps give satisfactory
yields except the last deprotection of the enol ether to keto form to get the 1, 3cyclohexadione sulfenic acid reactive core, where the maximum yield was only 11%.101
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The synthetic difficulties faced were 1) the inability to use ceric ammonium nitrate
(CAN) for deprotection of the enol ether of 24 as it oxidizes the sulfur of biotin, and 2) the
aqueous solubility of 25, complicates the usual aqueous work up to remove residual HCl.
As the chromatographic purification uses 10% methanol in dichloromethane, the methyl
enol ether (26, Scheme 4) forms due to acidic impurities from the reaction or the silica gel
from normal phase chromatography and limits the yield to 9-11%.

Scheme 4. Synthetic Route for DCP-Bio1.
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To improve the yield of 25, reverse phase flash chromatography (C18 column)
(acetonitrile: water) was performed on crude 25 (DCP-Bio1), which gave 25 in 33% yield
on several consecutive batches using Biotage automation column chromatography. The
structure of 25 was confirmed by 1H and 13C NMR and LC-MS.

Scheme 5. The last step problem in DCP-Bio1.

2.2

Conclusions

The percent yield of the widely-used protein sulfenic acid probe DCP-Bio 1 was
successfully increased from 10 % to 33 % by changing the method of column purification
from normal phase chromatography to reverse phase chromatography. The use of reverse
phase column chromatography paves the way for its more varied applications in tracking
the role of sulfenic acid in cell signaling, epigenetics and pathology, that is, a wider
spectrum of research in the field.
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2.3

Experimental Methods

GENERAL
All reactions were performed using distilled solvents. Reagents were obtained from
commercial sources and used without additional purification. Extraction and silica gel
chromatography solvents were technical grade. ESI-MS solvent was HPLC grade.
Analytical TLC was performed on silica gel plates (normal phase) and visualization was
accomplished with UV light. Reverse phase column chromatography was performed on
Biotage single column system using C-18 column.
1

MHz.
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H NMR spectra were recorded on Bruker Avance DPX-300 instrument at 300.13

C NMR spectra was recorded on the described instrument at 75.48 MHz. NMR

spectra were obtained using Bruker 5 mm Broadband Observe (BBO) probe held at 25° C.
All chemical shifts are reported in parts per million (ppm). Low resolution mass spectra
were obtained using an Agilent Technologies 1100 LC/MSD ion trap mass spectrometer
equipped with atmospheric pressure electrospray ionization source and operating in
positive ion mode.

SYNTHETIC PROCEDURES
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Tert-butyl(3-chloropropoxy) dimethylsilane (20). Imidazole (4.32 g, 63.5 mmol)
was added to a solution of 3-chloro-propan-1-ol (3.54 mL, 42.3 mmol) in CH2Cl2 (100 mL).
After 5 min, the solution was cooled to 0 °C and a solution of tert-butyldimethylsilyl
chloride (9.57 g, 63.5 mmol) in CH2Cl2 (60 mL) added dropwise over 10 min. The reaction
was warmed to rt and stirred for an additional 16 h after which the reaction was diluted
with diethyl ether (100 mL) and washed with sat. NH4Cl (50 mL). The aqueous phase was
further washed with diethyl ether (3 x 50 mL), the organic phases combined and washed
with brine (100 mL), dried over anhydrous MgSO4 and concentrated. The resultant syrup
was purified by flash column chromatography to yield a clear liquid (7.6 g, 86 %). Rf 0.38
(petroleum ether/CH2Cl2 9/1); 1H NMR (300 MHz, CDCl3) δ 3.76 (t, J = 5.7 Hz, 2H), 3.65
(t, J = 6.4 Hz, 2H), 2.01 – 1.91 (m, 2H), 0.92 (s, 9H), 0.08 (s, 6H);
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C NMR (75 MHz,

CDCl3) δ 59.37, 41.71, 35.43, 25.88, 18.27, -5.44.

Tert-butyl(3-iodopropoxy) dimethylsilane (21). A solution of 3-chloro-1-tertbutyldimethylsiloxypropane (7.6 g, 36.4 mmol) and NaI (33 g, 218 mmol) in acetone (184
mL) was refluxed for 18 h. Upon cooling, the reaction mixture was diluted with diethyl
ether (180 mL), washed with a thiosulfate solution (137 mL) and brine (137 mL). The
organic layer was dried over anhydrous MgSO4 and concentrated. The resultant syrup was
used for the next step without further purification (9.05 g, 83 %). 1H NMR (300 MHz,
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CDCl3) δ 3.65 (t, J = 5.7 Hz, 2H), 3.25 (t, J = 6.7 Hz, 2H), 2.01 – 1.93 (m, 2H), 0.88(s,
9H), 0.05 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 62.33, 36.16, 25.91, 18.28, 3.64, -5.31.

3-Ethoxy-6-(3-tert-butyldimethylsiloxypropyl)

-cyclohex-2-enone

(22).

A

solution of 3-ethoxy-2-cyclohexen-1-one (3.54 g, 25.3 mmol) in THF (9 mL) was added
dropwise over 30 min to a 2M LDA solution (14 mL, 27.8 mmol) in THF (17 mL) at 78 °C. After stirring for an additional hour at -78 °C, HMPA (4.5 g, 25.3 mmol) was added
followed by the dropwise addition of 3-iodo-1-tert-butyldimethylsiloxypropane (7.6 g,
25.3 mmol) in THF (7.6 mL). The resultant mixture was allowed to warm to rt, stirred for
18 h, and then quenched by the addition of water (14 mL) and dissolved in CH2Cl2 (140
mL). The CH2Cl2 layer was washed with sat. NH4Cl (64 mL) and the aqueous phase was
extracted with CH2Cl2 (2 x 50 mL). The organic phases were combined and washed with
brine (64 mL), dried over anhydrous MgSO4 and concentrated and purified by flash column
chromatography to give the product as a yellow oil (3.6 g, 46 %). Rf 0.2 (petroleum
ether/EtOAc 4/1); 1H NMR (300 MHz, CDCl3) δ 5.26 (s, 1H), 3.84 (q, J = 7.0 Hz, 2H),
3.59 (td, J = 6.4, 2.5 Hz, 2H), 2.43 – 2.34 (m, 2H), 2.22 – 2.11 (m, 1H), 2.10 – 1.99 (m,
1H), 1.89 – 1.78 (m, 1H), 1.79 – 1.63 (m, 1H), 1.54 (d, J = 6.2 Hz, 3H), 1.31 (t, J = 7.0 Hz,
3H), 0.84 (s, 9H), 0.00 (s, 6H);

C NMR (75 MHz, CDCl3) δ 201.40, 176.54, 102.07,

13

64.02, 63.17, 44.84, 30.26, 27.85, 26.21,25.86, 25.82, 18.22, 14.05, -5.38.
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3-Ethoxy-6-(3-hydroxylpropyl) -cyclohex-2-enone (23). TBAF (30 mL of a 1.0
M solution in THF, 30 mmol) and Et3N (4.2 mL, 30 mmol) was added to a solution of 22
(3.8 g, 12.1 mmol) in THF (26 mL). After 1 h at rt, the reaction was quenched with water
(158 mL) and extracted with CH2Cl2 (3 x 200 mL). The combined organic phases were
dried over anhydrous MgSO4 and concentrated. The resultant oil was purified by flash
column chromatography on a short pad of silica to yield the product as pale yellow oil (2
g, 83 %). Rf 0.2 (EtOAc);

1

H NMR (300 MHz, CDCl3) δ 5.25 (s, 1H), 3.84 (q, J = 7.1 Hz,

2H), 3.57 (t, J = 6.2 Hz, 2H), 2.83 (d, J = 0.9 Hz, 1H), 2.38 (dd, J = 7.1, 5.4 Hz, 2H), 2.24
– 2.10 (m, 1H), 2.08 – 1.94 (m, 1H), 1.86 – 1.62 (m, 2H), 1.61 – 1.38 (m, 3H), 1.30 (t, J =
7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 201.89, 177.05, 101.96, 64.13, 62.15, 44.61,
29.96, 27.97, 26.36, 25.52, 13.99.

3-(4-Ethoxy-2-oxocyclohex-3-en-1-yl)

propyl5-((3aR,4R,6aS)

-2-

oxohexahydro-1H-thieno[3,4-d] imidazole-6-yl) pentanoate (24). D-(+)-Biotin (2.27 g,
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9.27 mmol) and hydroxybenzotriazole (HOBt, 125.3 mg, 0.93 mmol) were suspended in
anhydrous DMF (12 mL) with 4Å molecular sieves and heated until a clear solution was
obtained. When the mixture was cooled, a solution of dicyclohexylcarbodiimide (DCC) in
CH2Cl2 (10.2 mL of a 1.0 M solution in CH2Cl2, 10.2 mmol) was added dropwise and the
mixture stirred at room temperature for 3 h (solution goes cloudy). 3-Ethoxy-6-(3hydroxypropyl) cyclohex-2-enone (2.21 g, 11.13 mmol) and N,N-dimethylaminopyridine
(DMAP, 113.3 mg, 0.93 mmol) were added, and the mixture was stirred at 60 °C for 4 h
and then at room temperature for 24 h. The mixture was filtered and washed with
CH2Cl2/MeOH (1/1 v/v, 76 mL), and the filtrate was reduced to dryness and purified by
column chromatography (6:3:1 EtOAc/petroleum ether/MeOH). The pure product was
obtained as a white foam (4.21 g, 89 %). Rf 0.1 (EtOAc/petroleum ether/MeOH 6:3:1); 1H
NMR (300 MHz, CDCl3) δ 6.34 (s, 1H), 5.94 (s, 1H), 5.29 (s, 1H), 4.47 (dd, J = 7.9, 4.8
Hz, 1H), 4.31 – 4.24 (m, 1H), 4.04 (t, J = 6.5 Hz, 2H), 3.91 – 3.80 (m, 2H), 3.12 (ddd, J =
8.4, 6.4, 4.5 Hz, 1H), 2.87 (dd, J = 12.8, 4.9 Hz, 1H), 2.70 (d, J = 12.8 Hz, 1H), 2.39 (dd,
J = 7.1, 4.5 Hz, 2H), 2.28 (t, J = 7.4 Hz, 2H), 2.15 (dtd, J = 12.1, 6.0, 2.5 Hz, 1H), 2.09 –
1.98 (m, 2H), 1.85 (dddt, J = 14.6, 7.1, 5.2, 2.1 Hz, 1H), 1.68 (ddd, J = 16.4, 8.6, 6.1 Hz,
8H), 1.47 – 1.36 (m, 3H), 1.32 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 201.09,
176.86, 173.67, 163.80, 102.13, 64.31, 64.22, 61.92, 60.12, 55.39, 44.62, 40.48, 36.64,
33.91, 33.84, 28.31, 28.16, 28.11, 26.33, 26.14, 25.96, 24.88, 24.74, 24.65, 14.09; ESI MS
m/z 425 (M + H)+.
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3-(2,4-Dioxocyclohexyl)

propyl5-((3aR,6S,6aS)

-hexahydro-2-oxo-1H-

thieno[3,4-d] imidazole-6-yl) pentanoate (DCP-Bio1, 25). A solution of 3-(4-Ethoxy-2oxocyclohex-3-enyl)propyl

5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-

d]imidazole-6-yl)pentanoate (24) (4.21 g, 9.92 mmol) in acetone/CH2Cl2 (3/1 v/v, 175 mL)
was treated with 4M HCl in 1,4-dioxane (14 mL). The mixture was stirred at room
temperature for 5 h and then carefully neutralized by the addition of solid Na2CO3. The
inorganic solids were filtered and washed with 10 % MeOH in CH2Cl2, and the combined
filtrates were reduced to dryness. The crude yellow oil was purified by C18 reverse phase
column chromatography (gradient elution 100 % water to 40 % acetonitrile in water) to
yield 25 as a white powder ( 1.3 g , 33 %); Rf = 0.3 (acetonitrile/water 2:3); 1H NMR (300
MHz, MeOH-d4) δ 4.49 (dd, J = 8.2, 4.5 Hz, 1H), 4.31 (dd, J = 7.9, 4.5 Hz, 1H), 4.11 (t, J
= 6.3 Hz, 2H), 3.27 – 3.15 (m, 1H), 2.93 (dd, J = 12.7, 5.0 Hz, 1H), 2.71 (d, J = 12.7 Hz,
1H), 2.45 – 2.27 (m, 5H), 2.17 – 2.06 (m, 1H), 1.64 (m, 12H); 13C NMR (75 MHz, MeOD)
δ 200.73, 196.49, 175.41, 172.80, 165.93, 155.74, 103.39, 65.77, 63.33, 61.54, 56.92, 55.14,
51.71, 49.85, 49.57, 49.28, 49.00, 48.72, 48.43, 48.15, 44.22, 41.06, 34.87, 33.12, 31.92,
29.70, 29.43, 28.25, 27.77, 27.42, 26.94, 26.45, 25.97; ESI MS m/z 397, 419 (M + H)+, (M
+ Na)+.
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CHAPTER 3

SYNTHESIS OF AN ACID-CLEAVABLE PROTEIN SULFENIC ACID PROBE

The recently reported utilization of β-ketoesters (Alk-β-KE, 27) as cleavable
sulfenic acid probes by Furdui et al. was mentioned in 1.7.7.2. Chapter 2 describes the
improvement in the synthesis of the affinity-based sulfenic acid trap, DCP-Bio1, which
relies on a biotin tag for enrichment and purification of tagged protein sulfenic acids prior
to downstream analysis. However it is important to mention that biotin can complicate MS2
analysis as it ionizes poorly (so biotinylated peptides ionize less efficiently than unlabeled
peptides) making new protein, especially smaller protein recognition challenging.117,118
Thus, it is ideal to remove the biotin tag after enrichment and before MS analysis of
proteins/peptides. The stringent elution protocol for avidin bead bound biotinylated
proteins increases sample contamination by releasing non-specifically bound proteins,
resin-based peptides and naturally biotinylated proteins.
Ideally, a probe introduces a small modification on the protein that does not
complicate the MS analysis. Along these lines, a variety of cleavable linkers have been
reported to facilitate proteomic analysis.96,119-123 A cleavable biotin probe often consists of
five parts: (i) the reactive handle, (ii) a spacer between the reactive handle and the cleavable
moiety, (iii) the cleavable moiety, (iv) a spacer between the cleavable moiety and biotin,
and (v) the biotin (Figure 21).
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Cleavable moiety
Biotin ___ Spacer __ X__ Y __ Spacer __ N3 /1, 3-dicarbonyl
Reactive part
Figure 21. Elements of a generic cleavable biotin probe.

Figure 22 shows a variety of cleavable biotin probes. In case of Alk-β-KE (27),
azido biotin tags can be ‘clicked’ and then removed using hydroxylamine to yield a 3methyl-5-isoxazolone tag (Figure 23) which was shown to improve the fragmentation
pattern of labeled peptides by Furdui and coworkers.108
A photocleavable biotin probe (28) has been reported to be cleaved by irradiation
at 365 nm.124,125 Likewise a diazobenzene motif containing biotin probe (29) cleavable via
reduction with sodium dithionite (Na2S2O4) was made and characterized.126 The acid and
fluoride sensitivities of the silicon-oxygen bond commonly found in cleavable protecting
groups in organic synthesis was tuned to design a 10% HCO2H cleavable
dialkoxydiphenylsilane (DADPS) biotin probe (30).127 The probe was designed to impart
resistance to premature cleavage by placing two phenyl substituents on silicon and a
tertiary alkoxy group on the biotin side. Probe performances were evaluated using a green
fluorescent protein, engineered to contain a single methionine site and replacing it with an
alkyne (for click reaction with probes 28 – 31).125,123 The disulfide biotin probe (31) was
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Figure 22. Examples of cleavable biotin probes for labeling of biomolecules via azidealkyne cycloaddition.
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Figure 23. Reaction of CySOH in proteins with Alk-β-KE (27).

reported to have selectivity issues which are likely due to disulfide exchange with other
cysteine residues on proteins. The cleavage efficiency was found to be the least in
diazobenzene probe (29) (about 20 times less than 28, 30 and 31). 119,125
Carroll and coworkers98 reported a biotin linker (32) consisting of three parts: i) a
biotin moiety, ii) a Boc-derivative cleavable by TFA, and iii) an alkyne for bioorthogonal
ligation with azide-functionalized sulfenic acid probes. The orthogonality of the reagent
with 4-(3-azidopropyl) cyclohexane-1,3-dione, DCP-N3 (DAz-2) was shown using
recombinant glutathione peroxidase 3 (Gpx3). In an enrichment experiment, streptavidincoated magnetic beads were used to separate biotinylated Gpx3 from untagged proteins
after on-resin digestion with trypsin, biotinylated peptides were eluted with 8M guanidine/
HCl in water, and subsequently the biotin moiety was cleaved using 95% TFA. The MS2
data of the TFA-cleaved peptide showed unambiguous mapping of the expected product.
With their acid-cleavable biotin probe, Carroll et al. not only showed complete mapping of
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specific sites of cysteine oxidation but also used this strategy to monitor relative changes
in protein oxidation.98

3.1

Results and Discussion

Taking a cue from the approaches discussed above, acid cleavable protein sulfenic
acid probes have been developed in (i) biotin-acid cleavable linker (ACL)-N3 and (ii)
biotin-ACL-DCP forms to compare the probe incorporation in protein studies. While the
non-clicked probe may provide better detection of the protein sulfenylation site(s) owing
to its smaller size and cell membrane permeability in case of in vivo studies, a pre-clicked
probe may be a better option for cases where in-situ clicking after protein labeling is
difficult. A study of protein sulfenylation during growth factor signaling by Carroll and coworkers led to the rationale for the development of alkynyl-chemical reporters in
combination with azido-detection tags since it was demonstrated to offer superior
sensitivity relative to the reverse combination of azido-chemical reporter and alkynyl
detection tags.128,129 Moreover, evidence of reactions of inorganic azide with sulfenic acids
(of GAPDH) has been reported, adding a degree of uncertainty as to whether or not organic
azides (for example, DCP-N3) are actually inert towards CysSOH.40 Thus these probes
were envisioned to give better sensitivity in protein sulfenic acid detection.
Taking into account of all these factors, the biotin-ACL-N3 probe (33) consists of
three parts: (i) a biotin moiety, (ii) a Boc-derivative cleavable by TFA, and (iii) an azido
group for bioorthogonal ligation with an alkyne-functionalized sulfenic acid probe (DCPAlkyne, 100), whereas the biotin-ACL-DCP (34) consists of (i) a biotin moiety, (ii) a Boc48

derivative cleavable by TFA, and (iii) a 1,3-dicarbonyl protein sulfenic acid reactive
‘warhead’ (Figure 24). Also, two other compounds (controls for protein experiments,
having similar structures but lacking the acid cleavable group) were synthesized with (i) a
biotin moiety and (ii) an azido group for ‘click reactions’ with 4-(pent-4-yn-1yl)cyclohexane-1,3-dione (DCP-Alkyne) (53) and/ or with (i) a biotin moiety and (ii) a 1,3dicarbonyl (DCP) protein sulfenic acid reactive ‘warhead’ (54) (Synthetic scheme shown
in Scheme 8).

Biotin

Acid-cleavable linker

Reactive ‘war-head’

Figure 24. Structures of acid cleavable biotin probes.

The general strategy of in vitro protein sulfenic acid detection using biotin-ACLazide tag 33 is shown in Figure 25. A test peroxiredoxin protein with the resolving cysteine
mutated to serine or alanine and with one peroxidatic cysteine (35) and subjected to ROS49

induced oxidative stress (H2O2) to get the corresponding protein sulfenic acid (36) which
is then labeled with 100 to get the labeled protein (37) which in turn is coupled to 33 via
click chemistry and detected using LC-MS. Biotinylated proteins (38) are enriched using
streptavidin beads and exposed to on-bead trypsin digestion to generate peptide fragment
(39) and detected by LC-MS. Subsequently, the enriched peptide is subjected to TFA
cleavage to release the biotin moiety and detected by LC-MS/MS analysis.

Figure 25. General strategy for protein-SOH detection using biotin-ACL-N3 tag (33).
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Scheme 6 shows the mechanism of the BOC cleavage by TFA. First the carbonyl
of the carbamate group is protonated by TFA facilitating the formation of the cleaved
carbocation, which is then quenched by the triisopropyl silane (carbocation scavenger).
The release of CO2 leaves a portion of the probe 33 (m/z 292.38) along with the tagged
protein.

Scheme 6. Mechanistic interpretation of the Boc cleavage site of 34.
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Figure 26 shows the retrosynthetic analysis of the non-clicked acid cleavable biotin
probe (33). The target molecule (TM) is first cleaved at the C-N amide bond followed by
a series of functional group interconversions (FGIs) and ‘1,1’ C-C disconnection to give 3bromopropionic acid as an inexpensive starting material (SM).

Figure 26. Retrosynthetic analysis of biotin-ACL-N3 probe.

The synthesis of 33 and 34 are shown in Scheme 7. The first step is the methylation
of 3-bromopropionic acid (41) to 42 followed by the Grignard reaction to provide the
tertiary alcohol (43).130,131 The bromo-alcohol (43) is converted to azido-alcohol (44)
followed by the reduction of the azide to amine (45).131 The amine is protected by FmocCl to get Fmoc-protected amine (46).98,132 Alcohol (46) is converted to carbonate (47),
which in turn is transformed to the carbamate (51) by 4-azidobutan-1-amine (50, formed
in two steps from 1,4-dibromobutane, 48).133,134 De-protection of the Fmoc-protected
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amine affords free amine 52 which is coupled to biotin-NHS to give the non-clicked acidcleavable biotin probe 33. Lastly, a click reaction of 33 with 100 yields the pre-clicked
variety of acid-cleavable biotin probe 34.101 The yields of each of the steps are shown as
percentages.

Scheme 7. Synthesis of acid-cleavable (AC) biotin probes (biotin-ACL-N3, 33 and
biotin-ACL-DCP, 34).
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Scheme 8 shows the synthetic route to control probes 53 and 54 (that is, probes
without the acid cleavable linkage). A 4-azidobutan-1-amine (50) is coupled to biotin-NHS
to yield 53 which in turn is clicked to 100 to obtain 54.101 All products were characterized
by 1H and 13C NMR spectroscopy and ESI-MS (direct infusion).

Scheme 8. Synthesis of the control probes biotin-N3 (53) and biotin-DCP (54).

Probe 34 was evaluated in Dr. Leslie Poole and Dr. Cristina Furdui’s lab and the
work was mainly done by Dr. Julie Haines. The C165S mutant of bacterial peroxiredoxin
(Prx), recombinant AhpC (alkyl hydroperoxide reductase subunit C from Salmonella
typhimurium, St AhpC), was chosen as the model protein for subsequent studies. A study
of cysteine pKa values for St AhpC shows that the peroxidatic cysteine (CP, C46, pKa 5.94
± 0.10) is present in the first turn of a fully folded α-helix protruding to a highly conserved
active site pocket and is stabilized by conserved Arg and Thr residues that likely serve to
enhance its nucleophilicity.85 The catalytic cysteine (Cys46) is oxidized to a sulfenic acid
in the presence of ROS and is stable to further oxidation due to its deep-seated disposition.
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Also, the CR (C165) is in the C-terminal end of the protein and is ∼14 Å apart from and
pointing away from the CP. The Michaelis complex of a H2O2-bound Prx (Aeropyrum
pernix thioredoxin peroxidase, ApTpx, Protein Databank Identifier code 3A2V) is shown
in Figure 27. The four conserved residues of the active site motif are highlighted in pale
yellow and key active site hydrogen bonds are shown in dashed lines. The interaction
between Cp and the H2O2 where the bond is formed is noted with dots.135

Figure 27. The universally-conserved Prx active site.

The mass of reduced, unmodified intact C165S AhpC as 20600.4Da was confirmed
by ESI-TOF MS (Figure 28 (a)). MS was used to characterize AhpC labeled by DCPAlkyne, DCP-Bio 1 and 34 in three parallel experiments. The mutant protein was reacted
with H2O2 and the oxidized peroxidatic cysteine (Cys46) labeled with DCP-Alkyne, DCP-
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Bio1 and 34. Intact ESI-TOF MS analysis confirmed that oxidized AhpC was
successfully labeled by DCP-Alkyne, DCP-Bio 1 and 34 as shown by corresponding

(a)
No addition

(b)

(c)
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(d)

Figure 28. ESI-MS data from mutant protein (AhpC C165S): Figure 28 a: mass of AhpC
C165S mutant, Figure 28 b, c and d: AhpC 165S in KPi buffer (anaerobic), converted to
–SOH with 1.1 eq H2O2 (≥ 80% -SOH by TNB reactivity) + DCP reagents, 5 mM, 25
mM KPi, pH 7, 1 mM EDTA, rt 18 h, P6 spin columns into 20 mM NH4HCO3 buffer

masses 20776.6 Da, 20994.9 Da and 21246.3 Da (Figure 28b-d). Oxidation of Cys46 to
sulfinic acid (20632.4 Da) was also observed, as reported earlier.101 Interestingly, a signal
of low abundance at 20566.4 Da (Figure 28(d)) was observed upon labeling AhpC-SOH
with the pre-clicked acid cleavable biotin probe consistent with the conversion of cysteine
to dehydroalanine.
Validation of the site of labeling by 34 was performed. Mutant AhpC labeled with
34 and characterized by intact mass analysis (Figure 28(d)) was subjected to trypsin
digestion to generate a 31-residue peptide. A nano LC-MS analysis shows the mass of the
peptide with intact biotin (Figure 29(a)). Compound 34 –labeled peptide (m/z 1331.5, +3
charge, m/z 1996.5, +2 charge) was isolated for further fragmentation. An unknown degree
of cleavage of the acid sensitive site of the covalent adduct with 34 was also observed
during nano LC-MS/MS (Figure 29(b)) analysis as peptides were separated using a
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gradient of buffer A (0.1% formic acid/ 2% acetonitrile/ 98% water) and buffer B (0.1%
formic acid/ 20% water/ 80% acetonitrile) over 60 minutes (2 to 85% B). The undesired
phenomenon needs to be addressed by changing the buffer solutions/ additives used in the
LC-MS/MS analysis. Low molecular weight, volatile organic acids (formic acid, acetic
acid, propionic acid, TFA) are used as additives to improve ionization (sensitivity) and
resolution of a wide range of molecules like peptides and glycosides. Alternatively, for
acid sensitive analytes, volatile salts like ammonium acetate/ formate can be used but they
have solubility issues in organic solvent like acetonitrile and are prone to changing the pH
on running the gradient.

1331.5
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1996.5

90
90

C165S AhpC-SOH + 34
Trypsin digested, no cleavage
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(b)

C165S AhpC-SOH + 34
Trypsin digested, observed cleavage after
chromatography

Figure 29. NSI (nanospray ionization)-MS data (29 a) & NSI-MS2 data (29 b) of trypsindigested AhpC labeled with 34, 29 (a): Trypsin Digestion Condition: pH 7.5-8.0 using
Trypsin Gold (Promega) overnight at 37 °C, 29 (b) Undesired cleavage of the cleavable
site observed when the trypsin digested protein was subjected to liquid chromatography
(Gradient: Buffer A 0.1% formic acid/ 2% acetonitrile/ 98% water) and buffer B (0.1%
formic acid/ 20% water/ 80% acetonitrile) over 60 minutes (2 to 85% B)).

In order to locate the specific site of protein oxidation and the validity of the acid cleavable
linker probe, the trypsin-digested peptide with intact probe (Figure 29 a) was treated with
a cleavage cocktail of 95% trifluoroacetic acid (TFA) and 2% triisopropyl silane (TIS) for
1 h at 37 oC. The separation of peptides was done by nanoscale liquid chromatography
(nanoLC) and infused via nano ESI into an Orbitrap Velos Pro. Cleavage of the amide bond
resulted in N-terminal amide fragments designated as “b” and C-terminal amide fragments
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b12 b15 b18
y19

y16

y13

Figure 30. NSI (nanospray ionization)-MS2 data of TFA cleaved peptide (AhpC C165S),
the parent peptide from 29 a was isolated and treated with a cleavage solution of 95 %
TFA, 2 % TIS and injected in NSI –mass spectrometer where parent ions were
quarantined and fragmented by collision induced dissociation (CID) complete mapping of
the peptide sequence and confirmation of biotin cleavage data was obtained.

designated as “y” and Figure 30 shows peptide mapping between b12 - b18 and y16 - y20.
Valuable information of successful cleavage of biotin part of 34 was obtained along with
the intact covalent adduct of the cysteine with residual part of 34. MS1 and MS2 data was
collected and searched against the S. typhimurium proteome (UniProtKB) using Proteome
Discoverer v 1.4 (Thermo) and the SEQUEST search engine.
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3.2

Conclusions

Novel acid cleavable biotin probes for protein sulfenic acid detection (non-clicked
33 and pre-clicked 34 forms) have been synthesized in moderate yield from an inexpensive
starting material, 3-bromopropionic acid, in 11 (33) or 12 (34) steps. The first data for 34
(Section 3.1) show the pre-clicked cleavable biotin probe’s promising potential to address
the long standing problem in proteomic studies due to intact affinity tag (biotin), that is,
mainly to identify unknown, new, especially small protein or peptides by the corresponding
relevant downstream analysis. The new probe 34 was validated by targeted protein studies
as described in Section 3.1. These acid cleavable probes provide a platform for relative
quantification of protein sulfenic acid modification, including global profiling of sulfenic
acid formation in H2O2-mediated signaling pathways for normal maintenance of
physiological processes and diseased state associated with oxidative stress.

3.3

Experimental Methods

GENERAL
All reactions were performed using distilled solvents. Reagents were obtained from
commercial sources and used without additional purification. Extraction and silica gel
chromatography solvents were technical grade. All mass spectrometry solvents were
Optima grade. Analytical TLC was performed on silica gel plates (normal phase), C-18W
silica TLC plates (reverse phase) and visualization was accomplished with UV light,
KMnO4, ninhydrin stains.
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1

MHz.

13

H NMR spectra were recorded on Bruker Avance DPX-300 instrument at 300.13

C NMR spectra was recorded on the described instrument at 75.48 MHz. NMR

spectra were obtained using Bruker 5 mm BBO probe held at 25 °C. All chemical shifts
are reported in parts per million (ppm). All reverse phase column chromatography was
performed on Biotage SP1 HPFC system using C-18 column. Low resolution mass spectra
of small molecules were obtained using an Agilent Technologies 1100 LC/MSD ion trap
mass spectrometer equipped with atmospheric pressure electrospray ionization source and
operating in positive ion mode. High resolution mass spectra were obtained using an
Agilent Technologies (Santa Clara, CA) 6210A LC-ToF mass spectrometer with a 1200
series LC system as the auto-injector. The mass spectrometer has a dual ESI source for coinjection of sample and reference solution (supplied by Agilent; Part No. G196985000). So for accurate mass measurements, both external and real time internal mass
calibration were done. The Agilent MassHunter Qualitative Analysis B.04.00 software
was used to process the data. The high resolution mass spectra were performed by Dr.
Sohrab Habibi (Northwestern University, Chicago,IL).

SYNTHETIC PROCEDURES

Methyl 3-bromopropanoate (42). Chlorotrimethylsilane (TMS-Cl, 0.43 g,
3.92mmol) was added to a solution of 3-bromopropionic acid (41, 6 g, 39.2 mmol) in [4:1]
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2,2ˊ-dimethoxypropane/MeOH. The reaction was stirred 18 h at rt and concentrated to
yield the crude product as a dark amber oil (5.54 g, 85 %). 1H NMR (300MHz, CDCl3) δ
3.64 (s, 3H), 3.50 (t, J = 6.8 Hz, 2H), 2.85 (t, J = 6.8 Hz, 2H); 13C NMR (75 MHz, CDCl3)
δ 170.65, 51.73, 37.27, 25.68.

4-Bromo-2-methylbutan-2-ol (43). Methyl magnesium bromide (55 mL of a 3M
solution in Et2O) was added to a solution of 42 (11.1g, 20.2 mmol) in Et2O (167 mL) at 0
°C. The reaction was given 30 min, quenched with ammonium chloride (57 mL), and
allowed to reach rt. The product was extracted with Et2O (2 x 57 mL) and the Et2O layers
were combined, washed with H2O (35 mL), dried over MgSO4, and concentrated to yield
the crude product as a dark amber colored oil (8.2g, 74%). 1H NMR (300 MHz, CDCl3) δ
3.48 – 3.39 (m, 2H, t), 2.34 (s, 1H), 2.08 – 1.99 (m, 2H), 1.20 (s, 6H); 13C NMR (75 MHz,
CDCl3) δ 70.96, 46.64, 29.10, 28.16.

4-Azido-2-methylbutan-2-ol (44). Sodium azide (12.1 g, 186.58 mmol) was added
to a solution of 43 (5.2 g, 31.1 mmol) in DMF (35mL) and the reaction was heated to 90
°C. After 18 h the reaction was cooled to rt, combined in Et2O (165mL), washed with H2O
(100mL) and brine (100mL), then dried over MgSO4 and concentrated to yield the final
crude product as a dark brown oil (3.46 g, 86 %). 1H NMR (300 MHz, CDCl3) δ 3.44 –
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3.31 (m, 2H), 2.39 (s, 1H), 1.76 – 1.65 (m, 2H), 1.18 (d, J = 1.3 Hz, 6H); 13C NMR (75MHz,
CDCl3) δ 69.55, 47.35, 41.29, 29.26.

4-Amino-2-methylbutan-2-ol (45). A solution of 44 (2.9 g, 22.2 mmol) in MeOH
was slowly added to solid platinum on carbon (5 wt% , 0.8 g) in a round bottom flask. This
reaction mixture was subjected to hydrogenation using a hydrogen balloon for 10 h. The
reaction mixture was then filtered over a celite pad and concentrated to yield the crude
product as a brown oil (2.07 g, 90.6 %). 1H NMR (300 MHz, MeOD) δ 2.84 – 2.71 (m,
2H), 1.70 – 1.62 (m, 2H), 1.22 (s, 6H); 13C NMR (75MHz, MeOD) δ 71.04, 46.84, 38.48,
29.6.

(9H-Fluoren-9-yl) methyl (3-hydroxy-3-methylbutyl) carbamate (46). A
solution of 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl, 5.72 g, 22.12 mmol) in 1,4dioxane (13 mL) was added dropwise to a solution of 45 (2.07 g, 20.11 mmol) in 1,4dioxane and sodium carbonate (49.5 mL + 37 mL) at 0 °C. The reaction was allowed to
reach rt and stirred for of 4 h. The product was extracted with CH2Cl2 (3 x 82 mL) and
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washed with HCl (1 N, 82 mL) and brine (82 mL), dried over MgSO4, and concentrated to
give an oil which was purified using flash column chromatography to give the product as
a white solid (3.05 g, 47 %). Rf 0.1 (CH2Cl2/EtOAc 9/1); 1H NMR (300 MHz, CDCl3) δ
7.76 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4
Hz, 2H), 5.36 (s, 1H), 4.39 (d, J = 6.7 Hz, 2H), 4.22 (t, J = 6.8, 1H), 3.37 (d, J = 5.8 Hz,
2H), 1.70 (t, J = 6.5 Hz, 2H), 1.59 (s, 1H), 1.27 (s, 6H);

13

C NMR (75 MHz, CDCl3) δ

156.53, 143.90, 141.15, 127.53, 126.91, 124.95, 119.82, 70.40, 66.47, 47.18, 42.11, 37.25,
29.47.

(9H-fluoren-9-yl)

methyl-3-(((4-nitrophenoxy)

carbonyl)

oxy)

butyl)

carbamate (47). A solution of 4-nitrophenyl chloroformate (3.8 g, 18.75 mmol) in CH2Cl2
(37 mL) was added to a solution of 46 (3.05 g, 9.37 mmol), pyridine (17 mL) in CH2Cl2
(94 mL) at 0 °C. The reaction was allowed to reach rt, stirred for an additional 2h, and a
solution of cold HCl (0.5 M, 280 mL) was added. The mixture was extracted with CH2Cl2
(3 x 130 mL), washed with brine (130 mL), dried over MgSO4, and concentrated to afford
a yellow oil that was purified using flash column chromatography to afford the pure
product as a white solid (2.59 g, 56 %). Rf 0.11 (petroleum ether/ EtOAc 4/1); 1H NMR
(300 MHz, CDCl3) δ 8.22 (d, J = 9.1 Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.4 Hz,
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2H), 7.39 (t, J = 7.4 Hz, 2H), 7.35 – 7.26 (m, 4H), 5.04 (s, 1H), 4.41 (d, J = 6.8 Hz, 2H),
4.20 (t, J = 6.7 Hz, 1H), 3.48 – 3.28 (m, 2H), 2.13 – 2.00 (m, 2H), 1.59 (s, 6H); 13C NMR
(75 MHz, CDCl3) δ 156.21, 155.39, 150.25, 145.03, 143.75, 141.16, 127.56, 126.89,
125.04, 124.83, 121.75, 119.85, 85.44, 66.48, 47.13, 40.13, 36.44, 25.46.

1,4-Diazidobutane (49). Sodium azide (4 g, 61.13 mmol) was added to a solution
of 1,4-dibromobutane (6 g, 27.8 mmol) in DMF/H2O (3/1, 280 mL) and the reaction was
heated to 80 °C for 10 h. After cooling to rt, the reaction mixture was extracted with Et 2O
(3 x 140 mL), washed with brine (100 mL), dried over MgSO4, and concentrated to afford
the product as a yellow liquid (3.45 g, 89 %). 1H NMR (300 MHz, CDCl3) δ 3.29 (t, J =
6.1 Hz, 4H), 1.72 – 1.58 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 50.75, 25.99.

4-Azidobutan-1-amine (50). Triphenyl phosphine (5.32 g, 20.3 mmol) was added
in small portions over 1 h to a solution of 49 (2.9 g, 20.7 mmol) in Et2O/EtOAc (1/1, 24
mL) and 5 % HCl (20.5 mL). The reaction was warmed to rt and stirred vigorously for 10
h. The layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL).
The aqueous layer was made basic and extracted with CH2Cl2 (3 x 50 mL). The combined
organic layers were dried over MgSO4, and concentrated to afford the product as a yellow
oil (1.84 g, 78%). 1H NMR (300 MHz, MeOD) δ 3.70 (s, 2H), 2.66 (t, J = 6.6 Hz, 2H),
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2.00 (t, J = 6.9 Hz, 2H), 1.05 – 0.79 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 52.45, 42.33,
31.21, 27.44.

(9H-Fluoren-9-yl) methyl (3-(((4-azidobutyl) carbamoyl) oxy) -3-methylbutyl)
carbamate (51). Compound 47 (2.59 g, 5.27 mmol) was added to a solution of 50 (0.60 g,
5.27 mmol) in THF/CH2Cl2 (1/1, 26 mL) and the reaction was stirred for 12 h at rt and
concentrated. The crude yellow oil was purified using flash column chromatography to
afford the pure product as a white solid (1.79 g, 73.1 %). Rf 0.21 (CHCl3/EtOAc/ Pet ether
3/1/1); 1H NMR (300 MHz, CDCl3) δ 7.76 (d, J = 7.4 Hz, 2H), 7.59 (d, J = 7.3 Hz, 2H),
7.40 (t, J = 7.4 Hz, 2H), 7.34 – 7.28 (m, 2H), 4.90 – 4.74 (m, 1H), 4.69 – 4.53 (m, 1H),
4.39 (d, J = 6.9 Hz, 2H), 4.22 (d, J = 6.7 Hz, 1H), 3.28 (t, J = 6.3 Hz, 4H), 3.13 (d, J = 5.9
Hz, 2H), 2.05 – 1.93 (m, 2H), 1.57 (s, 6H), 1.46 (s, 4H);

13

C NMR (75 MHz, CDCl3) δ

156.21, 155.56, 143.74, 141.06, 127.47, 126.81, 124.82, 119.76, 79.80, 66.36, 50.79, 47.05,
40.49, 39.79, 36.60, 27.06, 26.34, 25.87.
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4-Amino-2-methylbutan-2-yl(4-azidobutyl) carbamate (52). Piperidine (1.16
mL) was added to a solution of 51 (0.53 g, 1.14 mmol) in DMF (5 mL) at 0 °C. The reaction
was allowed to reach rt and stirred for 1 h. The reaction was concentrated to get a yellow
solid that was purified using flash column chromatography to afford the pure product as an
amber colored oil (0.17 g, 61 %). 1H NMR (300 MHz, MeOD) δ 3.07 (t, J = 6.5 Hz, 2H),
2.92 – 2.80 (m, 2H), 2.09 – 1.95 (m, 2H), 1.67 – 1.50 (m, 4H), 1.46 (s, 6H); 13C NMR (75
MHz, MeOD) δ 158.16, 80.68, 52.20, 42.67, 40.87, 37.38, 28.24, 27.23, 26.87.

2-Methyl-4-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazole-4-yl)
pentanamido) butan-2-yl(4-azidobutyl) carbamate (33). A solution of (+)-biotin Nhydroxysuccinimide ester (0.08 g, 0.25 mmol) and 1-hydroxybenzotriazole (0.08 g, 0.62
mmol) in DMF (1 mL) was warmed 80 °C to ensure complete dissolution and a solution
of compound 52 (0.05 g, 0.21 mmol) in DMF (1 mL) and DIPEA (0.11 mL, 0.62 mmol)
was added. The reaction was heated to 80 °C for 4 h and cooled to rt and stirred for another
10 h. The reaction was concentrated to get an orange solid. The crude solid was purified
using Biotage SP1 HPFC C-18 column chromatography to afford a glassy white solid
(0.034 g, 35 %). Rf 0.2 (acetonitrile/water 1/3); 1H NMR (300 MHz, MeOD) δ 4.51 (ddd,
J = 7.9, 5.0, 1.0 Hz, 1H), 4.32 (dd, J = 7.9, 4.4 Hz, 1H), 3.37 – 3.17 (m, 6H), 3.08 (t, J =
6.4 Hz, 2H), 2.94 (dd, J = 12.7, 4.9 Hz, 1H), 2.72 (d, J = 13.7 Hz, 1H), 2.20 (t, J = 7.4 Hz,
2H), 1.98 (dt, J = 10.5, 7.0 Hz, 2H), 1.81 – 1.52 (m, 9H), 1.46 (s, 6H); 13C NMR (75 MHz,
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MeOD) δ 175.84, 166.09, 158.24, 80.84, 63.37, 61.63, 56.98, 52.16, 49.85, 49.57, 49.28,
49.00, 48.72, 48.43, 48.15, 41.50, 41.03, 40.80, 36.83, 36.14, 29.78, 29.49, 28.20, 27.19,
26.84. ESI-HRMS calculated for C20H35N7O4S [M+1]+ 470.2549 m/z, found 470.2545 m/z.

2-Methyl-4-(5-((3aS,4S,6aR) -2-oxohexahydro-1H-thieno[3,4-d] imidazol-4-yl)
pentanamido) butan-2-yl(4-(4-(3-(2,4-dioxocyclohexyl) propyl) -1H-1,2,3-triazol-1-yl)
butyl) carbamate (34). Sodium ascorbate (0.012 g, 0.06 mmol) and an aqueous copper
sulfate solution (0.15 mL, 0.1 M, 0.3 mmol) was added to a solution of 33 (0.14 g, 0.3
mmol) and 100 (0.11 g, 0.6 mmol) in acetone/EtOH/water (0.5 mL, 1/2/2). The reaction
was stirred at rt for 16 h and concentrated to a light yellow solid. The crude product was
purified by Biotage C-18 column chromatography to give a white solid (0.094 g, 43%). Rf
0.19 (MeOH/EtOAc 1/3); 1H NMR (300 MHz, MeOD) δ 4.49 (ddd, J = 7.9, 4.9, 1.0 Hz,
1H), 4.38 (t, J = 7.0 Hz, 2H), 4.30 (dd, J = 7.9, 4.4 Hz, 1H), 3.30 – 3.16 (m, 4H), 3.07 (t, J
= 6.8 Hz, 2H), 2.74 – 2.67 (m, 4H), 2.53 – 2.24 (m, 3H), 2.19 (t, J = 7.3 Hz, 2H), 2.13 –
1.48 (m, 18H), 1.45 (s, 6H); 13C NMR (75 MHz, MeOD) δ 175.83, 169.24, 166.09, 158.23,
123.37, 80.80, 63.37, 61.63, 56.98, 50.98, 41.47, 40.55, 40.06, 36.84, 36.13, 35.40, 30.73,
29.78, 29.50, 28.55, 28.13, 27.89, 26.34, 26.03. ESI-HRMS calculated for C31H50N7O6S
[M+1]+ 648.3543 m/z, found 648.3546 m/z.
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N-(4-Azidobutyl)

-5-((3aS,4S,6aR)

-2-oxohexahydro-1H-thieno[3,4-d]

imidazol-4-yl) pentanamide (53). A solution of (+)-biotin N-hydroxysuccinimide ester
(0.18 g, 0.53 mmol) and 1-hydroxybenzotriazole (0.18 g, 1.32 mmol) in DMF (2.2 mL)
was warmed 80 °C to ensure complete dissolution and a solution of 52 (0.05 g, 0.21 mmol)
in DMF (2.2 mL) and DIPEA (0.23 mL, 1.32 mmol) was added. The reaction was heated
to 80 °C for 4 h and cooled to rt and stirred for another 12 h. The reaction was concentrated
to get a brown solid that was purified using Biotage C-18 column chromatography to afford
a glassy white solid (0.076 g, 51 %). Rf 0.2 (acetonitrile/water 1/4); 1H NMR (300 MHz,
MeOD) δ 7.98 (s, 1H), 4.76 (s, 1H), 4.51 (dd, J = 7.9, 4.8 Hz, 1H), 4.32 (dd, J = 7.9, 4.5
Hz, 1H), 3.22 (dt, J = 7.6, 5.0 Hz, 3H), 2.95 (dd, J = 12.7, 5.0 Hz, 1H), 2.72 (d, J = 12.7
Hz, 1H), 2.22 (t, J = 7.3 Hz, 2H), 1.85 – 1.53 (m, 8H), 1.46 (p, J = 7.6 Hz, 2H); 13C NMR
(75 MHz, MeOD) δ 176.03, 166.10, 63.39, 61.64, 56.99, 52.15, 49.85, 49.57, 49.28, 49.00,
48.72, 48.43, 48.15, 41.03, 39.75, 36.82, 29.78, 29.50, 27.73, 27.33, 26.89. ESI-HRMS
calculated for C14H24N6O2S [M+1]+ 341.1759 m/z, found 341.1754 m/z.
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N-(4-(4-(3-(2,4-Dioxocyclohexyl) propyl) -1H-1,2,3-triazol-1-yl) butyl) -5((3aS,4S,6aR) -2-oxohexahydro-1H-thieno[3,4-d] imidazol-4-yl) pentanamide (54).
Sodium ascorbate (0.004 g, 0.02 mmol) and a solution of copper sulfate (44 µL of a 0.1 M
solution in H2O) was added to a solution of compound 53 (0.03 g, 0.09 mmol) and 100
(0.017 g, 0.096 mmol) in acetone/EtOH/water (1 mL, 1/2/2). The reaction was stirred at rt
for 16 h and concentrated to a light yellow solid that was purified by Biotage C-18 column
chromatography to give a white solid (0.02 g, 44%). Rf 0.19 (MeOH/EtOAc 1/3); 1H NMR
(500 MHz, MeOD) δ 7.76 (s, 1H), 4.49 (dd, J = 7.4, 4.8 Hz, 1H), 4.39 (t, J = 7.0 Hz, 2H),
4.30 (dd, J = 7.8, 4.5 Hz, 1H), 3.21 (t, J = 6.8 Hz, 4H), 2.95 – 2.90 (m, 1H), 2.76 – 2.66
(m, 4H), 2.46 – 2.30 (m, 2H), 2.19 (t, J = 7.3 Hz, 2H), 2.06 (ddd, J = 20.4, 13.9, 7.2 Hz,
1H), 1.91 (p, J = 7.1 Hz, 2H), 1.82 – 1.57 (m, 9H), 1.46 (dq, J = 22.8, 7.8 Hz, 5H); 13C
NMR (75 MHz, MeOD) δ 13C NMR (126 MHz, MeOD) δ 202.13, 176.26, 171.94, 166.30,
123.56, 63.59, 61.83, 57.21, 52.33, 51.03, 41.25, 39.69, 36.99, 30.97, 30.83, 29.98, 29.70,
28.88, 28.38, 28.29, 27.92, 27.64, 27.53, 27.36, 27.07, 26.56, 26.50, 19.35.ESI-HRMS
calculated for C31H50N7O6S [M+1]+ 519.2753 m/z, found 519.2757 m/z.

GENERATION OF AhpC-SOH
The C165S mutant of Salmonella typhimurium AhpC was overexpressed and
purified from E. coli.136,137 Mutant AhpC was pre-reduced with DTT (10 mM) for 30 min
at ambient temperature and the excess of the small molecule was removed by passing
through a Bio-Gel P6 spin column equilibrated with ammonium bicarbonate (50 mM).
Protein concentration was determined using the solution absorbance at 280 nm (ε = 24,300
M-1 cm-1).136
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The sulfenic acid species was generated via treatment with 1.1 equivalent of
hydrogen peroxide in 4 aliquots added with 5 min intervals (anaerobically) at room
temperature (pH 7-7.5 buffer) and the reaction flask was kept closed under ice.142
Formation of the oxidized species was confirmed by ESI-TOF MS. Sulfenic acid content
was measured by decreased A412 when a solution of TNB added, approximately 80 % for
C165S and 55 % for C165A.

REACTIVITY OF THE C165S AhpC-SOH WITH 34

C165A AhpC-SOH (15 nM) in 25 mM KPi, pH 7, with 1 mM EDTA was freshly
prepared as detailed above and incubated with 5 mM 34, (final volume = 150 µL, final
composition 2 – 5 % DMSO, 25 mM potassium phosphate, pH 7, with 1 mM EDTA, final
concentration 100 µM protein and 5 mM compound), for 18 h at r.t. The resulting mixture
was passed through a BioGel P6 spin columns to remove 34 (proteins transferred into 20
mM NH4HCO3) and analyzed by ESI-TOF MS.

ELECTROSPRAY IONIZATION TIME-OF-FLIGHT MASS SPECTROMETRY

ESI-TOF MS analyses were accomplished on an Agilent 6120 MSD-TOF system
operating in positive ion mode with the settings as follows: capillary voltage of 3500 V,
nebulizer gas pressure of 30 psi, drying gas flow of 5 L/min, fragmentor voltage of 175 V,
skimmer voltage of 65 V, and gas temperature of 325 oC. Samples were introduced via
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direct infusion at a flow rate of 20 µL/ min using a syringe pump (KD Scientific). Mass
spectra were averaged and deconvoluted by the Agilent MassHunter Workstation software
v B.02.00.

NANO LC-MS/MS ANALYSIS

Digestions were done at pH 7.5-8.0 using Trypsin Gold (Promega) overnight at 37
°C. The resulting peptides were examined on a Dionex UltiMate3000 splitless nanoLC
system coupled to a Thermo Orbitrap Velos Pro high-resolution mass spectrometer.
Peptides were separated using a gradient of buffer A (0.1% formic acid/2%
acetonitrile/98% water) and buffer B (0.1% formic acid/20% water/80% acetonitrile) over
60 minutes (2 to 85% B) at a flow rate of 300 nL/min with the column held at 35 °C. Eluant
was introduced to the mass spectrometer by the use of positive nanospray ESI with the
following settings: capillary temperature 200 oC, spray voltage 1.8 kV, spray current 100
mA. The mass spectrometer was run in data-dependent acquisition mode using Xcalibur v.
2.1 (Thermo). After a full scan (150-2000 m/z range) at high resolution (60,000), the top
15 most intense precursor ions were quarantined and fragmented via collision induced
dissociation (CID). Dynamic exclusion was enabled with a repeat duration of 30 seconds
and exclusion duration of 9.5 seconds. The normalized collision energy was set at 35%,
activation Q at 0.25, and activation time at 10 ms. Acquired raw data were processed using
Proteome Discoverer v 1.4 (Thermo).
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CHAPTER 4

SYNTHESIS OF TRIFUNCTIONALIZED AROMATIC AZIDES FOR THE
DETECTION OF PROTEIN SULFENIC ACID

In recent years, trifunctional probes for elucidating enzyme activity or
glycoproteomic analysis have surged in popularity in proteomics by virtue of multiple
applications. A generalized trifunctional tag incorporating a ligation handle (-N3), a biotin
and a fluorophore is shown in Figure 31 which can be applied for both visualization and
affinity purification.

Figure 31. A general structure of cleavable tri-functional tags.

Trifunctional biotin reagents with cleavable linkers have been reported and
evaluated by the work of Verhelst et. al.138 The trifunctional tag consists of a ligation handle
(azide for Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC)), a biotin for affinity
enrichment of tagged proteins and a fluorophore (Rhodamine) for visualization of the
eluted protein bands by Western blot. The advantages of cleavable linkers has already been
74

discussed in the previous chapter. The Verhelst et al. paper showed a new linker based on
the 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) protecting group in
chemical proteomics applications. They used alkyne-E-64 (57), an activity-based probe for
cathepsin proteases (Lysosomal proteases which catalyze the hydrolysis of a variety of
protein substrates and are involved in a wide range of physiological processes. Among
others, cysteine (thiol) proteinases are considered to play an important role in intracellular
protein turnover and possibly in post-translational processing of some biologically
important protein precursors such as endorphin and insulin.139 Furthermore, they are
suggested to be involved in several pathological processes such as tumour metastasis,
muscular dystrophy, emphysema and arthritis)140 in macrophage cell lines and then
attached the cleavable trifunctional tag (55) by Cu (I)-catalyzed click chemistry. The
streptavidin pull-down efficiency was slightly lower possibly due to premature cleavage
and steric hindrance around the biotin (See structure of 55, Figure 32). The protein targets
were released and visualized almost quantitatively (92 %) using fluorescent gel band
densitometry.138
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Figure 32. Some previously reported tri-functional tags along with the alkynyl ligation
cohorts.
Click-activated fluorogenic probes have been used to nullify the background
signals commonly observed in many fluorophores. Wong and coworkers141 showed an
interesting example of trifunctional probe 56 with three major components: an azido (for
CuAAC), click-activated fluorescent (coumarin) and biotin moieties (Figure 32). 56 was
evaluated in target detection via reaction of 3-azido-7-aminocoumarin with Nacetylmannosamine alkynyl sugar (58, metabolic oligosaccharide engineering (MOE) has
been employed to insert sugar analogue appended with bioorthogonal alkynyl group in
place of the native sugar), for testing its applications in protein glycosylation as it is an
important post-translational modification that has profound effects on protein structure and
function. The enrichment of glycoproteins was subsequently done by biotin and fluorescent
detection of the enriched protein by 2D gel electrophoresis. The elution yield of the
enriched glycoproteins was increased by cleaving the disulfide bond with reducing agents
like dithiothreitol (DTT) or tris-(2-carboxyethyl) phosphine (TCEP).141
This chapter describes some tri-handled sulfenic acid probes to better understand
cellular processes, to study oxidative stress induced signaling processes and to identify
novel targets for new therapeutic and diagnostic agents for diseases modulated by these
signaling pathways. As such, general and versatile tags for thiol oxidation have been
prepared that contain detection tags like biotin for affinity enrichment or fluorophores for
in situ and in vivo visualization and glycine chemical handles to provide isotopic labels for
ratiometric quantification of post-translational modifications of protein -SOH.67,142,143 The
azide group gives the option of performing ‘click reactions’ with DCP-alkyne, iodo-DCP76

alkyne for quantification (or extent of modification) of protein sulfenic acids over
unmodified protein thiols (isotope-coded dimedone and iododimedone (ICDID) rationale)
for cell signaling studies.144,145 The first tri-functional compound (69) synthesized contains
two glycine groups and an azide for bioorthogonal ligation. A series of trifunctional probes
synthesized along these lines includes the azido di-glycine (66), azido biotin containing
tags 76 (with glycine), 107 (with carboxylic acid), DCP-biotin tag 109, azido cyanine (91)
and fluorescein (95) tags. The attempted syntheses include DCP-biotin tag with glycine
(77), acid cleavable linker containing biotin tag (88), DCP- cyanine (92) and fluorescein
containing probes (96). The azido and DCP- probes were synthesized to support alternative
approaches of probe incorporation in targeted protein studies.

4.1

Results and Discussion

Figure 33 shows the general protocol of in vitro protein sulfenic acid detection
using the tri-handled series of probes. The AhpC protein with the resolving cysteine
mutated to serine or alanine and with one peroxidatic cysteine is exposed to H2O2 to give
the protein sulfenic acid, which is labeled with 100 to give labeled protein (37), which in
turn is added to 59 (generalized structure, Figure 31) by Cu(I)-catalyzed Azide-Alkyne
[3+2] Cycloaddition (CuAAC) to give the protein-probe adduct (60). The product of each
of the steps can be detected using MALDI-TOF (in case of pure proteins). Depending on
the type of questions to be answered, downstream analysis can be either protease digestion
followed by tandem mass spectrometric analysis to identify new proteins/ peptides or
Western blotting to visualize the oxidation in biotinylated proteins (B). For a tri-handled
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acid cleavable biotin probe, the biotinylated labeled samples (C) are enriched using
streptavidin beads and exposed to on-bead trypsin digestion to generate peptide fragments
followed by LC-MS detection.

Figure 33. General scheme of protein –SOH detection using the tri-handled probes.

Subsequently, the enriched peptide is subjected to TFA cleavage to release the biotin
moiety and detected by LC-MS/MS analysis (C). For the fluorophore-containing trihandled probe, the sites of protein modifications can be visualized via imaging (D).
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Compound 66 represents the di-glycine tri-handled probe and is prepared from 5–
nitroisophthalic acid (Scheme 9).131,146-149 Conversion of 5-nitroisophthalic acid to the
diglycine t- butyl ester (63) is done by coupling of 61 with glycine t-butyl ester (62),
reduction of 63 gives the amino derivative (64) and diazotization

150,151

followed by

treatment with sodium azide gives the azide (65). Deprotection yields 66, a potentially
desired compound.

Scheme 9. Synthetic route to the di-glycine tri-handled probe (66).

A particularly attractive feature of this route is that it allows the preparation of six
isotopically different versions of 66 (3! = 3 x 2 = 6, differing in molecular weight by units
of 1 amu,) by using commercially available isotopically labeled glycine (for two 13C and
one 15N labelled glycine pairs). In addition, glycine does not add further stereochemistry
and the two carboxylic acids may improve water solubility. Cellular organelle (for
example, mitochondria) directing peptides (Summary/ last section) can be coupled to the
glycine side chains to elucidate the role of a specific cell organelle in normal physiological
cell signaling as well as that of the diseased state.
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Scheme 10 shows the synthetic route to the biotinylated tri-handled containing
protein –SOH tagging agents (76 (azido tag) and 77 (DCP tag)) from monomethyl-5nitroisophthalate (70). Condensation of 67 with t-butyl glycine ester (62) yields 68.
Reduction of 68 gives 69, which undergoes diazotization followed by treatment with
sodium azide to give the azide (70). Selective hydrolysis of the methyl ester of 70 by 1M
LiOH provides 71, 149 which gives the biotinylated product (75) on coupling with 74.152,153
Deprotection of the t-butyl ester group of 75 yields 76. The free carboxylic acid of glycine
was made for the possibility of better solubility in aqueous buffer during protein studies.
When 76 is subjected to Huisgen [3 + 2] cycloaddition (click chemistry) with DCP-Alkyne
the desired pre-clicked probe 77 is not obtained. 154
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Scheme 10. Synthesis of trihandled biotin probes (76 and 77).

Alternatively, 78 of Scheme 11 has been coupled to 74 to give 79, which is subjected to
CuAAC with DCP-Alkyne to yield 80. Hydrolysis of the methyl ester compound 80 with
1M LiOH should give 77, with the desired free carboxylic acid of glycine presumably with
better solubility under protein reaction conditions. Basic hydrolysis of 5 mgs of 80 gave a
white residue which mainly consists of lithium chloride which results in inadequate
characterization of the product (Scheme 11). Previous targeted protein studies with methyl
ester 80 for its evaluation encountered solubility problems, that is, it was observed to
precipitate out in water. So an attempt to hydrolyze the methyl ester 80 to 77 was done in
an attempt to solve the problem. Later (Scheme 17) shows the successful synthesis of
trihandled biotin probes 107 and 109 with free carboxylic acid.
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Scheme 11. Another synthetic route to probe 77.

Figure 34 shows some targeted protein studies with the azido tri-handled probe
(76).142 AhpC C165S was treated with H2O2 and DCP-alkyne (Panel A MALDI-TOF data,
m/z = 20,633.5 is the mass of hyperoxidized protein sulfinic acid and m/z = 20,776.8 is the
mass of the AhpC-DCP-alkyne adduct). The CuAAC reaction with the tri-handled biotin
probe (76) gave rise to the correct product (Panel B MALDI-TOF data collected after 75
mins of reaction, m/z ~ 21,338.3, compared with 20600 for the unlabeled protein) which
makes these multi-functional probes promising for use.
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Figure 34. MALDI-TOF data of tri-handled biotin-N3 probe (76) Panel (A): Control: 1)
100 nM AhpC-SH + 1.1 eqv H2O2, 2) 15 nM AhpC-SOH + 5mM DCP-Alkyne (25 mM
KPi, pH 7, 1mM EDTA, rt, 18 h, 3) P6 spin column, exchange to 20 mM NH4HCO3,
Panel (B): Cu(I) alkyne-azide cycloaddition: 1) 50mM Triethanolamine (+ AcOH), pH
7.5, 1% SDS (+ 100 µM 76), 1 mM TCEP, 100 µM TBTA (ligand), 1 mM CuSO4), 75
min, rt, 2) Spin column to exchange to 20 mM NH4HCO3.

With the biotin-azido tag (76) in hand, the next step was to incorporate an acid
cleavable biotin (carbamate linker, Chapter 3) as one of the chemical handles of the trifunctional probes. Scheme 12 shows a route to an acid-cleavable biotin containing trihandled probe 88. The first step involves t-butyl esterification of monomethyl-5nitroisophthalate (67) using N,N-dimethylformamide di-tert-butyl acetal to give 81 which
is treated with 1N LiOH to provide 82 which in turn is coupled to glycine methyl ester to
give 83.155,156
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Scheme 12. Synthetic scheme of tri-handled cleavable biotin probe 88.

Reduction of 83 with Pd-C in methanol yields 84, which is diazotized and converted
to azide 85. Selective de-protection of t-butyl ester of 85 with 4N HCl in dioxane gave 78.
Reduction of 51 by Pt-C does not give 86. The reaction was repeated in the presence of 6N
methanolic HCl to protonate the amine of 86 as soon as it was formed, preventing it from
poisoning the Pt catalyst (by coordinating with Pt) but with the same result.
To extend the utility of tri-functional probes for detection of tagged proteins by
imaging, synthesis of a cyanine dye containing tri-handled probe was attempted (Scheme
13). For the purpose we chose Cy5.5 NHS ester as the fluorophore for the trihandled probe.
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Cyanine5.5 NHS ester is a commercially available dye for the labeling of amino-groups in
peptides, proteins, and oligonucleotides with a wide spectrum of application.157-159 It has a
quantum yield (Ø) of 0.2 and is ideal for fluorescence measurements where background
fluorescence is a concern. The azide (91) and DCP (92) chemical handle-containing probes
were synthesized to use them on targeted protein studies with a view for further
implementation on complex systems.

Scheme 13. Synthetic scheme of cyanine-containing tri-handled probes 91 and 92.

85

Compound 78 was coupled to tert-butyl (4-aminobutyl) carbamate (72) to give 89
which is hydrolyzed with 4N HCl in dioxane to 90. Compound 90 was condensed with
cyanine 5.5 fluorophore-based N-hydroxysuccinimide ester (Cy 5.5 NHS ester) to yield 91.
The CuAAC reaction of 91 with DCP-alkyne failed to yield 92.
Trial of a different route to 92 is shown in Scheme 14. The azido group of 89 was
added to DCP-Alkyne via CuAAC to provide 93 in 54 % yield. Subsequent deprotection
of 93 yields 94 in 99 % yield but coupling 94 to Cy 5.5 NHS ester failed to yield 92. TLC
and mass spectrometry suggest fragmentation of the cyanine dye.

Scheme 14. A different synthetic pathway for cyanine containing tri-handled probe 92.
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Next a different fluorophore (Fluorescein) was tested (Scheme 15). The presence
of charge along with conjugated double bonds in the structure of cyanine makes it more
challenging to get the desired CuAAC product with active methylene compound DCPAlkyne.

Scheme 15. Synthesis of fluorescein containing tri-handled probes 95 and 96.

First the fluorescein-NHS ester is coupled to 90 to give 95 but the CuAAC reaction
with DCP-Alkyne to give 96 failed. From direct injection- mass spectrometry (DI-MS) it
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can be hypothesized that ring opening and formation of the free carboxylic acid of
fluorescein occurs followed by addition of a second DCP-Alkyne to the desired product.
The next logical step is to use the protected enol ether of DCP-Alkyne to
circumvent the possibility of undesired side reactons by active methylene site of the DCPcore (Scheme 16).99 A Finkelstein reaction with (5-chloropent-1-yn-1-yl) trimethylsilane
(97) yields the iodo compound (98), which is alkylated with 3-ethoxycyclohex-2-en-1-one
to 99. The TMS group is removed by TBAF to yield 101 (a substituent for 100 in Scheme
13), which successfully gives the CuAAC reaction product (102) with Cy 5.5 NHS ester.
The deprotection of the enol ether to active DCP core by 4N HCl in dioxane also however
shows a trail of blue spots via TLC indicating pure 92 is not achieved following this route
either.

Scheme 16. Synthesis of 92 using protected DCP-Alkyne (101).
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Scheme 17 shows the synthetic route to biotin containing tri-handled probes (107)
and (109). The only difference between probes (107)/ (109) and (76)/ (77) probes is the
presence of a free carboxylic acid instead of a glycine. The first step of the route involves
t-butyl

esterification

of

monomethyl-5-nitroisophthalate

(70)

using

N,N-

dimethylformamide di-tert-butyl acetal to give 81 which is reduced with Pd-C in methanol
to amine 103, which in turn is diazotized and converted to azido compound 104. Hydrolysis
of 104 with 1N LiOH provides 105 which is coupled to biotin-amine linker 74 to give 106.
Treatment of 106 with 4N HCl in dioxane for 12 hours gives the desired azido tag (107).
On the other hand, CuAAC reaction between compounds 106 and protected DCP-Alkyne
(101) yields 108. Deprotection of both the t-butyl ester and the enol ether was accomplished
when 108 was treated with 4N HCl in dioxane for 12 hours at room temperature to give
109. Compound 109 is being evaluated by targeted protein study. This work is primarily
done by Dr. Nelmi Devarie Baez of Dr. Cristina Furdui’s lab.
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Scheme 17. Synthesis of tri-handled biotin probes 107 and 109.

The oxidized protein (-SOH) was produced using similar methods described in the
previous chapter and mixed with excess 109 (≥1: 50 molar ratio based on AhpC-SOH/SN)
at room temperature, and the progress of the reaction was monitored by ESI-TOF MS. An
aliquot was drawn at 1 hr and the probe was removed using a BioGel P6 spin column
equilibrated in 0.1% formic acid. The product peak at m/z 21282.8 shows successful
capturing of protein sulfenic acid by 109. As expected, 109 also shows better solubility
than 80.
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Figure 35. ESI-TOF data of AhpC C165S sulfenic acid labeling by 109. Conditions for
Protein Labeling: Stoichiometry: AhpC165S-SOH/probe(1:~50), Solvent: 50 mM
NH4HCO3, Reaction time: 1 hr, Reaction quenching: 0.1% formic acid spin column.

4.2

Conclusions

A series of novel tri-handled probes for the protein sulfenic acid (66, 76, 91, 95,
107, 109), have been synthesized in good to moderate yield from cheap starting materials
(5–nitroisophthalic acid and monomethyl-5-nitroisophthalic acid). The ESI-TOF data for
azido biotin tri-handled probe (76) shows its potentiality as a multifunctional sulfenic acid
probe. Our versatile tri-handled reagent with isotope labeling will provide for the
ratiometric comparison of Cys–SOH formation between two cell lines under different
levels of oxidative stress for the sensitive labeling and quantification of endogenously
generated protein sulfenic acids. Recently, the biochemical significance of signaling
cascades following a surge of endogenous ROS mediated PTMs of proteins, especially
protein –SOH, have become a highly studied area. Our research suggests that the
challenging discovery and application of sophisticated tools/reagents to ‘tag’ transiently
oxidized proteins and identify the roles they play in cellular biology may ultimately lead
to substantial physiological outcomes.
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4.3

Experimental Methods

GENERAL
All reactions were performed using distilled solvents. Reagents were obtained from
commercial sources and used without additional purification. Extraction and silica gel
chromatography solvents were technical grade. ESI-MS solvent was HPLC grade.
Analytical TLC was performed on silica gel plates (normal phase), C-18W silica TLC
plates (reverse phase) and visualization was accomplished with UV light, KMnO4,
ninhydrin stains.
1

MHz.

13

H NMR spectra were recorded on Bruker Avance DPX-300 instrument at 300.13

C NMR spectra was recorded on the described instrument at 75.48 MHz. NMR

spectra were obtained using Bruker 5 mm multinuclear broadband observe (BBO) probe
held at 25° C. All chemical shifts are reported in parts per million (ppm). All reverse phase
column chromatography were performed on a Biotage single column system using a C-18
column. Low resolution mass spectra were obtained using an Agilent Technologies 1100
LC/MSD ion trap mass spectrometer equipped with atmospheric pressure electrospray
ionization source and operating in positive ion mode. High resolution mass spectra were
obtained using an Agilent Technologies (Santa Clara, CA) 6210A LC-ToF mass
spectrometer with a 1200 series LC system as the auto-injector. The mass spectrometer
has a dual ESI source for co-injection of sample and reference solution. For accurate mass
measurements, both external and real time internal mass calibration were done. The
Agilent MassHunter Qualitative Analysis B.04.00 software was used to process the data.
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The high resolution mass spectra of small molecules were collected by Dr. Sohrab Habibi,
(Northwestern University, Chicago,IL).

SYNTHETIC PROCEDURES

Di-tert-butyl 2,2/-((5-nitroisophthaloyl) bis(azanediyl)) diacetate (63). Glycine
tert-butyl ester hydrochloride (0.37 g, 2.22 mmol) and triethylamine (0.31 mL, 2.22 mmol)
were added to a solution of 5-nitroisophthalic acid (0.2 g, 0.95 mmol) in DMF (2 mL)
followed by HOBt (0.38 g, 2.84 mmol), EDCI (0.35 g, 2.27 mmol) and 2,6-lutidine (1.1
mL, 9.5 mmol). The reaction mixture was agitated on a platform shaker for 60 h at rt and
diluted with EtOAc (32 mL) and washed with 0.1M HCl (2 x 32 mL). The aqueous acid
layer was extracted with EtOAc (4 x 32 mL). The combined organic layers were washed
with saturated NaHCO3 (32 mL), dried over MgSO4 and concentrated in vacuo to get a
yellow solid which was purified by flash column chromatography to afford the product as
a white solid (0.51 g, 82 %). Rf 0.46 (EtOAc/Pet ether 1/1); 1H NMR (300 MHz, ) δ 8.68
(d, J = 1.5 Hz, 2H), 8.46 (s, 1H), 7.62 (t, J = 5.3 Hz, 2H), 4.13 (d, J = 5.4 Hz, 4H), 1.49 (s,
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18H); 13C NMR (75 MHz, CDCl3) δ 169.25, 164.30, 148.26, 135.61, 130.78, 124.89, 82.89,
42.59, 27.99.

Di-tert-butyl 2,2/-((5-aminoisophthaloyl) bis(azanediyl)) diacetate (64). To a
solution of 63 (0.2 g, 0.45 mmol) in MeOH (20 mL) was added 5% palladium –carbon
(0.15 g). The reaction flask was kept under vacuum and hydrogen gas was introduced via
a balloon. The reaction was allowed to stir at rt for 12 h. The product was filtered through
Celite and the solution concentrated. The crude amber colored solid was purified by flash
column chromatography to afford the product as a white solid (0.11 g, 61 %). Rf 0.31
(EtOAc); 1H NMR (300 MHz, CDCl3) δ 7.49 (t, J = 5.5 Hz, 2H), 7.33 (s, 1H), 7.03 (s, 2H),
4.02 (d, J = 5.5 Hz, 4H), 1.46 (s, 18H);

13

C NMR (75 MHz, CDCl3) δ 169.62, 167.70,

147.44, 134.79, 116.45, 114.29, 82.10, 42.43, 27.99.

Di-tert-butyl 2,2/-((5-azidoisophthaloyl) bis(azanediyl)) diacetate (65). A
solution of sodium nitrite (0.02 g, 0.31 mmol) in water (0.1 mL) was added dropwise to a
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solution of 64 (0.11 g, 0.26 mmol) in 2N HCl (0.4 mL) at -5 °C. After 5 min, urea (0.002
g) was added to quench any excess nitrous acid. This diazonium salt solution was added
dropwise over 5 min to a well-stirred ice-cold solution of sodium azide (0.03 g, 0.52 mmol)
and sodium acetate (0.06 g, 0.8 mmol) in water (0.4 mL). The solution was stirred at 0 °C
for 2 h. The dark solution was extracted into Et2O (2 x 5 mL), washed with water (2 x 5
mL), dried over MgSO4 and concentrated in vacuo to give a crude product which was
purified by flash column chromatography to afford a white glassy solid (0.08 g, 74 %). Rf
0.39 (EtOAc/Pet ether 1/1); 1H NMR (300 MHz, CDCl3) δ 7.78 (s, 1H), 7.59 (t, J = 5.4 Hz,
2H), 7.45 (d, J = 1.0 Hz, 2H), 4.06 (d, J = 5.5 Hz, 4H), 1.46 (s, 18H); 13C NMR (75 MHz,
CDCl3) δ 169.59, 165.78, 141.28, 135.43, 120.84, 82.47, 42.40, 27.95.

2,2/-((5-Azidoisophthaloyl) bis(azanediyl)) diacetic acid (66). 4M HCl in
dioxane (1 mL) was added to a solution of 65 (0.08 g, 0.20 mmol) in CH2Cl2/acetone (1/1,
1 mL/1 mL) and stirred at rt for 10 h. The solvent was concentrated, azeotroped with
toluene (4 x 5 mL) and vacuum dried for 8 h to give a beige white solid (0.06 g, 97 %). 1H
NMR (300 MHz, CDCl3) δ 8.10 (s, 1H), 7.68 (s, 2H), 4.93 (s, 4H), 4.11 (s, 4H); 13C NMR
(75 MHz, CDCl3) δ 173.00, 168.59, 142.77, 137.38, 123.79, 121.96, 42.40.
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Methyl 3-((2-(tert-butoxy) -2-oxoethyl) carbamoyl) -5-nitrobenzoate (68).
Glycine tert-butyl ester hydrochloride (0.09 g, 0.52 mmol) and triethylamine (0.07 mL,
0.52 mmol) was added to a solution of monomethyl-5-nitroisophthalate (67, 0.1 g, 0.44
mmol) in DMF (1 mL) followed by HOBt (0.09 g, 0.67 mmol), EDCI (0.08 g, 0.53 mmol)
and 2,6-lutidine (0.26 mL, 2.22 mmol). The reaction mixture was agitated on a platform
shaker for 36 h at rt and diluted with EtOAc (15 mL) and washed with 0.1M HCl (2 x 15
mL). The aqueous acid layer was extracted with EtOAc (4 x 15 mL). The combined organic
layers were washed with saturated NaHCO3 (15 mL), dried over MgSO4 and concentrated
in vacuo to give a yellow solid which was purified by flash column chromatography to
afford a white crystalline solid (0.12 g, 78 %). Rf 0.23 (EtOAc/Pet ether 3/7); 1H NMR
(300 MHz, CDCl3) δ 8.83 – 8.81 (m, 1H), 8.76 (t, J = 1.9 Hz, 1H), 8.63 (t, J = 1.5 Hz, 1H),
7.59 (t, J = 5.1 Hz, 1H), 4.12 (d, J = 5.3 Hz, 2H), 3.92 (s, 3H), 1.44 (s, 9H); 13C NMR (75
MHz, CDCl3) δ 169.00, 164.03, 163.87, 148.17, 135.68, 133.20, 132.10, 126.68, 125.92,
82.72, 52.85, 42.42, 27.84.
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Methyl 3-amino-5-((2-(tert-butoxy) -2-oxoethyl) carbamoyl) benzoate (69). To
a solution of 68 (1.0 g, 2.96 mmol) in MeOH (100 mL) was added 5% palladium – carbon
(1.0 g). The reaction flask was kept under vacuum and hydrogen gas was introduced via a
balloon. The reaction was allowed to stir at rt for 12 h. The product was filtered through
Celite and the solution concentrated. The crude solid was purified by flash column
chromatography to afford a glassy solid (0.73 g, 80 %). Rf 0.22 (EtOAc/Pet ether 1/1); 1H
NMR (300 MHz, CDCl3) δ 7.70 (t, J = 1.4 Hz, 1H), 7.41 (dd, J = 2.4, 1.4 Hz, 1H), 7.35 –
7.32 (m, 1H), 6.86 (t, J = 4.5 Hz, 1H), 4.10 (d, J = 5.1 Hz, 2H), 4.03 (s, 2H), 3.87 (s, 3H),
1.48 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 169.15, 166.73, 166.49, 147.14, 135.12, 131.30,
118.51, 118.03, 117.07, 82.47, 52.18, 42.49, 28.01.

Methyl 3-azido-5-((2-(tert-butoxy) -2-oxoethyl) carbamoyl) benzoate (70). A
solution of sodium nitrite (0.06 g, 0.92 mmol) in water (0.2 mL) was added dropwise to a
solution of 69 (0.24 g, 0.76 mmol) in 2N HCl (1.1 mL) at -5 °C. After 5 min urea (0.006
g) was added to quench any excess nitrous acid. This diazonium salt solution was added
dropwise over 5 min to a well-stirred ice-cold solution of sodium azide (0.1 g, 1.53 mmol)
and sodium acetate (0.20 g, 2.30 mmol) in water (1.1 mL). The solution was stirred at 0 °C
for 2 h and the dark oily product was extracted into Et2O (2 x 15 mL), washed with water
(2 x 15 mL), dried over MgSO4 and concentrated in vacuo to get a white gelatinous crude
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product which was purified by flash column chromatography to afford a glassy solid (0.20
g, 79 %). Rf 0.51 (EtOAc/pet ether 1/1); 1H NMR (300 MHz, CDCl3) δ 8.08 – 8.05 (m,
1H), 7.71 – 7.67 (m, 1H), 7.64 – 7.60 (m, 1H), 7.17 (s, 1H), 4.12 – 4.06 (m, 2H), 3.88 (d,
J = 1.2 Hz, 3H), 1.46 (d, J = 0.9 Hz, 9H);

13

C NMR (75 MHz, CDCl3) δ 169.08, 165.24,

165.21, 141.25, 135.72, 131.97, 123.69, 122.59, 122.19, 82.52, 52.44, 42.38, 27.91.

3-Azido-5- ((2-(tert-butoxy)-2-oxoethyl) carbamoyl) benzoic acid (71). A
solution of LiOH (1N, 1.6 mL) was added to a solution of 70 (0.3 g, 0.88 mmol) in THF
(1.6 mL) and the reaction was stirred at rt for 4 h. The solution was poured into CH2Cl2 (10
mL) and washed with 1N HCl (10 mL). The organic layer was dried over MgSO4 and
concentrated to a solid which was purified by flash column chromatography to afford a
white solid (0.05 g, 17 %). Rf 0.32 (EtOAc/pet ether 3/2); 1H NMR (300 MHz, MeOD) δ
8.26 (s, 1H), 7.81 (s, 1H), 7.68 (s, 1H), 4.01 (s, 2H), 1.48 (s, 9H);
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C NMR (75 MHz,

MeOD) δ 170.50, 168.82, 142.42, 137.17, 125.89, 123.88, 122.35, 83.03, 43.43, 28.35.

Tert-butyl(4-aminobutyl) carbamate (72). A solution of di-tert-butyl dicarbonate
(2.8 g, 12.7 mmol) in CH2Cl2 (50 mL) was added dropwise to a solution of 1,498

diaminobutane (11.2 g, 127 mmol) in CH2Cl2 (170 mL) at 0 °C. The reaction was stirred
at 0 °C for 2 h and warmed to rt and stirred for another 16 h. The product was washed with
water (100 mL) followed by brine (100 mL), dried over MgSO4 and concentrated in vacuo.
The crude product was purified using flash chromatography to afford a pale yellow liquid
(1.73 g, 72 %). Rf 0.16 (CH2Cl2/MeOH/Et3N 9/1/0.1); 1H NMR (300 MHz, CDCl3) δ 4.84
(s, 1H), 3.03 (d, J = 5.6 Hz, 2H), 2.63 (t, J = 6.1 Hz, 2H), 1.45 (s, 2H), 1.44 – 1.37 (m, 4H),
1.35 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 155.89, 78.74, 41.58, 40.24, 30.59, 28.26, 27.31.

Tert-butyl (4- (5- ((3aS,4S,6aR) -2-oxohexahydro-1H-thieno [3,4-d] imidazole4-yl) pentanamido) butyl) carbamate (73). HOBt (0.42 g, 3.07 mmol), EDCI (0.38 g,
2.46 mmol) and 2,6-lutidine (1.19 mL, 10.23 mmol) were added to a solution of D (+)
biotin (0.5 g, 2.05 mmol) and 72 (0.45 g, 2.40 mmol) in DMF (5.1 mL). The reaction
mixture was agitated on a platform shaker for 60 h at rt and concentrated in vacuo to the
crude product which was purified by flash column chromatography to afford a beige solid
(0.81 g, 95.5 %). Rf 0.33 (MeOH/CHCl3 1/10); 1H NMR (300 MHz, MeOD) δ 4.50 (dd, J
= 7.8, 4.3 Hz, 1H), 4.31 (dd, J = 7.9, 4.5 Hz, 1H), 3.26 – 3.14 (m, 3H), 3.09 – 3.01 (m, 2H),
2.94 (dd, J = 12.7, 5.0 Hz, 1H), 2.71 (d, J = 12.7 Hz, 1H), 2.20 (t, J = 7.3 Hz, 2H), 1.83 –
1.55 (m, 4H), 1.55 – 1.45 (m, 6H), 1.44 (s, 9H); 13C NMR (75 MHz, MeOD) δ 176.02,
166.13, 158.57, 79.90, 63.41, 61.66, 57.02, 41.08, 40.09, 36.86, 29.81, 29.52, 28.84, 28.45,
28.43, 27.75, 26.93.
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N-(4-aminobutyl)

-5-((3aS,4S,6aR)

-2-oxohexahydro-1H-thieno[3,4-

d]imidazole-4-yl) pentanamide (74). 4M HCl in dioxane (4.4 mL) was added to a solution
of 73 (0.81 g, 1.95 mmol) in EtOAc (33 mL) and stirred at rt for 1.5 h. The solvent was
concentrated, azeotroped with toluene (4 x 20 mL) and vacuum dried for 8 h to get the
product as a white crystalline solid (0.60 g, 97.6 %). 1H NMR (300 MHz, MeOD) δ 4.64
(dd, J = 7.6, 4.8 Hz, 1H), 4.45 (dd, J = 7.8, 4.3 Hz, 1H), 3.36 – 3.22 (m, 3H), 3.04 – 2.93
(m, 3H), 2.78 (d, J = 12.9 Hz, 1H), 2.28 (t, J = 7.3 Hz, 2H), 1.83 – 1.55 (m, 11H), 1.51 –
1.42 (m, 2H);

13

C NMR (75 MHz, MeOD) δ 176.57, 166.01, 64.32, 62.73, 56.86, 40.75,

40.40, 39.81, 36.51, 29.75, 29.39, 27.27, 26.85, 25.90.

Tert-butyl(3-azido-5-((4-(5-((3aS,4S,6aR)

-2-oxohexahydro-1H-thieno[3,4-

d]imidazole-4-yl) pentanamido) butyl) carbamoyl) benzoyl) glycinate (75). Compound
74 (0.05 g, 0.17 mmol) and triethylamine (0.02 mL, 0.17 mmol) was added to a solution
of 71 (0.05 g, 0.15 mmol) in DMF (0.5 mL) followed by HOBt (0.03 g, 0.22 mmol), EDCI
(0.03 g, 0.18 mmol) and 2,6-lutidine (0.08 mL, 0.73 mmol). The reaction mixture was
agitated on a platform shaker for 60 h at rt and concentrated in vacuo to get a brown solid
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which was purified by flash column chromatography to afford a white solid (0.08 g, 88 %).
Rf 0.20 (MeOH/CHCl3 1/10); 1H NMR (300 MHz, MeOD) δ 8.08 (s, 1H), 7.69 – 7.64 (m,
2H), 4.51 – 4.42 (m, 1H), 4.28 (dd, J = 7.9, 4.5 Hz, 1H), 4.03 (s, 2H), 3.41 (t, J = 6.6 Hz,
2H), 3.26 – 3.14 (m, 3H), 2.90 (dd, J = 12.7, 4.9 Hz, 1H), 2.68 (d, J = 12.7 Hz, 1H), 2.20
(t, J = 7.3 Hz, 2H), 1.80 – 1.53 (m, 10H), 1.49 (s, 9H), 1.43 (d, J = 7.2 Hz, 2H); 13C NMR
(75 MHz, MeOD) δ 176.08, 170.54, 168.66, 168.26, 142.73, 138.14, 137.39, 123.73,
121.87, 121.60, 83.10, 63.39, 61.66, 56.97, 43.43, 41.06, 40.85, 40.05, 36.85, 29.74, 29.48,
28.37, 27.94, 27.80, 26.87.

(3-azido-5-

((4-

(5-

((3aS,4S,6aR)

-2-oxohexahydro-1H-thieno[3,4-d]

imidazole-4-yl) pentanamido) butyl) carbamoyl) benzoyl) glycine (76). 4M HCl in
dioxane (2 mL) was added to a solution of 75 (0.08 g, 0.13 mmol) in
CH2Cl2/acetonitrile/acetone/dioxane (2/1/1/1,10 mL) and stirred at rt for 12 h. The solvent
was concentrated, azeotroped with toluene (4 x 20 mL) and vacuum dried to yield an amber
solid (0.07 g, 97.7 %). 1H NMR (300 MHz, MeOD) δ 8.11 (s, 1H), 7.68 (dd, J = 3.5, 1.6
Hz, 2H), 7.39 (s, 1H), 7.21 (d, J = 6.6 Hz, 1H), 4.48 (dd, J = 7.7, 4.8 Hz, 1H), 4.30 (dd, J
= 7.8, 4.5 Hz, 1H), 4.14 (d, J = 8.4 Hz, 2H), 3.41 (t, J = 6.3 Hz, 2H), 3.26 – 3.15 (m, 3H),
2.95 – 2.86 (m, 1H), 2.73 – 2.64 (m, 1H), 2.21 (t, J = 7.2 Hz, 2H), 1.70 – 1.55 (m, 8H),
1.46 – 1.38 (m, 2H); 13C NMR (75 MHz, MeOD) δ 176.19, 173.09, 171.94, 168.70, 168.67,
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168.27, 142.76, 142.74, 138.08, 138.05, 137.27, 137.11, 123.69, 121.99, 121.93, 121.70,
63.40, 61.66, 56.94, 42.52, 42.45, 41.06, 40.84, 40.18, 40.03, 39.91, 39.63, 39.34, 36.84,
30.68, 29.69, 29.44, 27.87, 27.73, 26.87. ESI-HRMS calculated for C24H32N8O6S [M+1]+
561.2238 m/z, found 561.2242 m/z.

1-(Tert-butyl) 3-methyl 5-nitroisophthalate (81). N,N- Dimethylformamide ditert-butyl acetal (1.6 mL, 6.66 mmol) was added dropwise over 20 min to a suspension of
monomethyl-5-nitroisophthalate (0.5 g, 2.22 mmol) in toluene (9 mL). The reaction
mixture was stirred for 40 min at 80 oC when the reaction turned to a clear solution. The
reaction mixture was cooled to room temperature, the toluene was rotovapped to give a
solid which was purified by flash column chromatography to afford a white crystalline
solid (0.56 g, 90 %). Rf 0.5 (EtOAc/pet ether 1/4); 1H NMR (300 MHz, CDCl3) δ 8.82 –
8.80 (m, 1H), 8.79 (t, J = 1.7 Hz, 1H), 8.75 (t, J = 1.3 Hz, 1H), 3.92 (s, 3H), 1.55 (s, 9H);
C NMR (75 MHz, CDCl3) δ 164.01, 162.37, 148.10, 135.29, 134.14, 132.22, 131.97,

13

127.65, 127.61, 127.34, 82.97, 53.04, 52.73, 52.42, 27.81.
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3-(Tert-butoxycarbonyl)-5-nitrobenzoic acid (82). A solution of LiOH (1N, 11.7
mL) was added to 81 (1.88 g, 6.69 mmol) in THF (11.7 mL) and the reaction was stirred
at rt for 1.5 h. The solution was poured into CH2Cl2 (28 mL) and washed with 1N HCl (28
mL). The organic layer was dried over MgSO4 and concentrated to a solid which was
purified by flash column chromatography to afford a white solid (0.99 g, 56 %). Rf 0.31
(EtOAc/Pet ether 2/3); 1H NMR (300 MHz, MeOD) δ 8.86 (dd, J = 2.3, 1.5 Hz, 1H), 8.80
(dd, J = 2.3, 1.5 Hz, 1H), 8.77 (t, J = 1.6 Hz, 1H), 1.64 (s, 9H); 13C NMR (75 MHz, MeOD)
δ 166.42, 164.10, 149.74, 136.21, 135.34, 134.46, 128.59, 128.30, 84.18, 30.67, 28.28,
24.19.

Tert-butyl 3-((2-methoxy-2-oxoethyl) carbamoyl) -5-nitrobenzoate (83).
Glycine methyl ester hydrochloride (0.096 g, 0.77 mmol) and triethylamine (0.11 mL, 0.77
mmol) were added to a solution of 82 (0.175 g, 0.66 mmol) in DMF (1.6 mL) followed by
HOBt (0.13 g, 0.98 mmol), EDCI (0.12 g, 0.79 mmol) and 2,6-lutidine (0.4 mL, 3.28
mmol). The reaction mixture was agitated on a platform shaker for 36 h at rt and
concentrated in vacuo to a solid which was purified by flash column chromatography to
give a white solid (0.132 g, 60 %). Rf 0.4 (EtOAc/pet ether 2/3); 1H NMR (300 MHz,
CDCl3) δ 8.77 (t, J = 1.9 Hz, 1H), 8.72 (t, J = 2.0 Hz, 1H), 8.61 (d, J = 1.7 Hz, 1H), 7.36
(t, J = 5.5 Hz, 1H), 4.21 (d, J = 5.3 Hz, 2H), 3.73 (s, 3H), 1.54 (s, 9H); 13C NMR (75 MHz,
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CDCl3) δ 170.21, 164.50, 162.74, 148.30, 135.47, 134.32, 133.26, 126.84, 125.65, 83.34,
52.60, 41.83, 28.02.

Tert-butyl 3-amino-5-((2-methoxy-2-oxoethyl) carbamoyl) benzoate (84). To a
solution of 83 (0.13 g, 0.49 mmol) in MeOH (14 mL) was added 5% palladium –carbon
(0.16 g). The reaction flask was evaluated under vacuum and hydrogen gas was introduced
via a balloon. The reaction was allowed to stir at rt for 12 h. The crude solid was purified
by flash column chromatography to give a white glassy solid (0.114 g, 95 %). Rf 0.34
(EtOAc/Pet ether 4/1); 1H NMR (300 MHz, MeOD) δ 7.57 (t, J = 1.6 Hz, 1H), 7.32 (dd, J
= 2.4, 1.4 Hz, 1H), 7.19 (dd, J = 2.4, 1.6 Hz, 1H), 4.00 (d, J = 2.7 Hz, 2H), 3.63 (s, 3H),
1.48 (d, J = 1.9 Hz, 9H);

13

C NMR (75 MHz, MeOD) δ 171.91, 171.87, 170.33, 167.00,

149.91, 136.12, 134.33, 119.38, 118.31, 117.71, 82.36, 52.64, 42.37, 28.41, 14.45.

Tert-butyl 3-azido-5-((2-methoxy-2-oxoethyl) carbamoyl) benzoate (85). A
solution of sodium nitrite (0.031 g, 0.44 mmol) in water (0.1 mL) was added dropwise to
a solution of 84 (0.114 g, 0.37 mmol) in 2N HCl (0.5 mL) at -5 °C. After 5 min urea (0.003
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g) was added to quench any excess nitrous acid. This diazonium salt solution was added
dropwise over 5 min to a well-stirred ice-cold solution of sodium azide (0.05 g, 0.74 mmol)
and sodium acetate (0.09 g, 1.1 mmol) in water (0.5 mL). The solution was stirred at 0 °C
for 2 h and the dark oily product was extracted into Et2O (2 x 8 mL), washed with water (2
x 8 mL), dried over MgSO4 and concentrated in vacuo to get a white gelatinous crude
product that was purified by flash column chromatography to afford a glassy solid (0.09 g,
70 %). Rf 0.4 (EtOAc/pet ether 7/13); 1H NMR (300 MHz, CDCl3) δ 8.09 (q, J = 1.2 Hz,
1H), 7.74 – 7.68 (m, 1H), 7.65 (dt, J = 2.4, 1.4 Hz, 1H), 7.28 – 7.17 (m, 1H), 4.24 (dd, J =
5.3, 1.2 Hz, 2H), 3.79 (d, J = 1.2 Hz, 3H), 1.60 (d, J = 1.1 Hz, 9H);

13

C NMR (75 MHz,

CDCl3) δ 170.40, 165.84, 163.96, 135.45, 134.07, 123.74, 122.73, 121.79, 82.30, 52.48,
41.73, 28.05.

3-Azido-5-((2-methoxy-2-oxoethyl)carbamoyl) benzoic acid (78). 4M HCl in
dioxane (3.5 mL) was added to a solution of 85 (0.09 g, 0.26 mmol) in CH2Cl2 /acetone
(1/3, 4 mL) and stirred at rt for 12 h. The solvent was concentrated and vacuum dried to
give a solid which was purified by flash chromatography to obtain a white solid (0.043 g,
59 %). 1H NMR (300 MHz, MeOD) δ 8.27 (t, J = 1.5 Hz, 1H), 7.81 (dd, J = 2.3, 1.4 Hz,
1H), 7.74 (dd, J = 2.3, 1.6 Hz, 1H), 4.12 (s, 2H), 3.75 (s, 3H); 13C NMR (75 MHz, MeOD)
δ 171.75, 168.97, 142.20, 136.75, 125.99, 123.93, 123.87, 121.84, 52.70, 42.40.
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Methyl

(3-azido-5-((4-(5-((3aS,4S,6aR)

-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl) pentanamido) butyl) carbamoyl) benzoyl) glycinate (79). Compound
74 (0.05 g, 0.16 mmol) and triethylamine (0.03 mL, 0.19 mmol) were added to a solution
of 78 (0.06 g, 0.16 mmol) in DMF (0.5 mL) followed by HOBt (0.03 g, 0.24 mmol), EDCI
(0.03 g, 0.19 mmol) and 2,6-lutidine (0.09 mL, 0.8 mmol). The reaction mixture was
agitated on a platform shaker for 60 h at rt and concentrated in vacuo to give a solid which
was purified by flash column chromatography to offer a white solid (0.06 g, 64 %). Rf 0.35
(MeOH/CHCl3 1/10); 1H NMR (300 MHz, MeOD) δ 8.11 (s, 1H), 7.71 – 7.66 (m, 2H),
4.47 (dd, J = 6.6, 4.6 Hz, 1H), 4.35 – 4.24 (m, 1H), 4.14 (s, 2H), 3.76 (s, 3H), 3.41 (t, J =
7.4 Hz, 2H), 2.96 – 2.85 (m, 1H), 2.68 (d, J = 12.7 Hz, 1H), 2.20 (t, J = 7.3 Hz, 2H), 1.56
(ddp, J = 43.0, 22.1, 7.3 Hz, 10H); 13C NMR (75 MHz, MeOD) δ 176.01, 171.74, 168.57,
168.14, 166.05, 142.70, 138.10, 137.14, 123.74, 121.90, 121.61, 63.33, 61.60, 56.96, 52.74,
42.43, 41.05, 40.79, 39.98, 36.81, 29.71, 29.46, 27.89, 27.76, 26.87.
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Methyl (3-(4-(3-(2,4-dioxocyclohexyl) propyl) -1H-1,2,3-triazol-1-yl) -5-((4-(5((3aS,4S,6aR) -2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl) pentanamido) butyl)
carbamoyl) benzoyl) glycinate (80). Sodium ascorbate (0.004 g, 0.02 mmol) and a
solution of 0.1 M copper sulfate (51 µL of a 0.1 M solution in H2O) was added to a solution
of 79 (0.06 g, 0.1 mmol) and 100 (0.02 g, 0.11 mmol) in acetone/EtOH/water (2 mL, 1/2/2).
The reaction was stirred at rt for 16 h. The reaction was concentrated to a light yellow solid
that was purified by a Biotage C-18 column (20 % acetonitrile in water) chromatography
to give a white solid (0.011 g, 14.5 %). Rf 0.45 (MeOH/EtOAc 1/3); 1H NMR (500 MHz,
MeOD) δ 8.51 – 8.48 (m, 2H), 8.47 (s, 1H), 8.42 – 8.39 (m, 1H), 7.28 (s, 1H), 4.57 (s, 1H),
4.46 (dd, J = 7.7, 4.9 Hz, 1H), 4.30 – 4.24 (m, 1H), 4.18 (s, 2H), 3.77 (s, 3H), 3.48 – 3.41
(m, 2H), 3.25 (dd, J = 12.7, 4.7 Hz, 4H), 2.92 – 2.87 (m, 1H), 2.84 (d, J = 3.4 Hz, 2H),
2.47 – 2.26 (m, 6H), 2.20 (t, J = 7.3 Hz, 6H), 2.12 – 2.05 (m, 2H), 1.90 – 1.76 (m, 6H),
1.71 – 1.54 (m, 15H), 1.44 – 1.40 (m, 2H); 13C NMR (126 MHz, MeOD) δ 176.08, 171.98,
171.76, 168.31, 167.88, 164.63, 138.88, 138.28, 137.33, 127.28, 122.91, 122.67, 121.64,
84.79, 69.64, 63.36, 61.62, 56.97, 52.76, 42.51, 41.03, 40.90, 40.01, 36.81, 35.39, 30.96,
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30.75, 30.55, 29.72, 29.46, 27.94, 27.75, 27.50, 27.26, 26.86, 26.35, 19.17.ESI-HRMS
calculated for C36H48N8O8S [M+1]+ 753.3417 m/z, found 753.3415 m/z.

Methyl (3-azido-5-((4-((tert-butoxycarbonyl) amino) butyl) carbamoyl)
benzoyl) glycinate (89). Triethylamine (0.11 mL, 0.79 mmol) and 78 (0.25 g, 0.79 mmol)
were added to a solution of 72 (0.13 g, 0.68 mmol) in DMF (2.2 mL) followed by HOBt
(0.14 g, 1.02 mmol), EDCI (0.13 g, 0.81 mmol) and 2,6-lutidine (0.4 mL, 3.4 mmol). The
reaction mixture was agitated on a platform shaker for 36 h at rt and concentrated in vacuo
to a solid which was purified by flash column chromatography to give a white solid (0.26
g, 85 %). Rf 0.16 (EtOAc/Pet ether 3/1); 1H NMR (300 MHz, CDCl3) δ 7.90 (s, 2H), 7.52
(s, 1H), 7.47 (s, 1H), 4.93 (s, 1H), 4.19 (d, J = 5.6 Hz, 2H), 3.74 (s, 3H), 3.41 (d, J = 5.9
Hz, 2H), 3.09 (s, 2H), 1.69 – 1.46 (m, 4H), 1.39 (s, 9H);

13

C NMR (75 MHz, CDCl3) δ

170.62, 166.38, 156.54, 141.27, 136.56, 135.25, 126.77, 121.32, 121.07, 120.67, 79.46,
52.43, 41.75, 40.00, 28.33, 27.63, 26.11.

108

Methyl (3-((4-aminobutyl) carbamoyl) -5-azidobenzoyl) glycinate (90). 4M
HCl in dioxane (3 mL) was added to a solution of 89 (0.26 g, 0.57 mmol) in 3:1 acetone:
CH2Cl2 (6 mL) and stirred at rt for 1 h. The solvent was concentrated, azeotroped with
toluene (4 x 20 mL) and vacuum dried to a solid which was purified by flash
chromatography to yield a white solid (0.196 g, 98 %). 1H NMR (300 MHz, MeOD) δ 8.04
(t, J = 1.5 Hz, 1H), 7.56 (t, J = 2.1 Hz, 2H), 4.08 – 3.99 (m, 2H), 3.65 (s, 3H), 3.35 (t, J =
6.4 Hz, 2H), 2.92 (t, J = 6.5 Hz, 2H), 1.75 – 1.54 (m, 4H);

13

C NMR (75 MHz, MeOD) δ

171.74, 168.46, 168.19, 142.64, 137.74, 136.97, 123.70, 121.91, 121.66, 52.75, 42.42,
40.42, 27.30, 25.89.

3-(6-((4-(3-Azido-5-((2-methoxy-2-oxoethyl) carbamoyl) benzamido) butyl)
amino) -6-oxohexyl) -1,1-dimethyl-2- ((1E,3E,5E) -5-(1,1,3-trimethyl-1,3-dihydro-2Hbenzo[e]indol-2-ylidene) penta-1,3-dien-1-yl) -1H-benzo[e]indol-3-ium chloride (91).
Triethylamine (7.8 µl, 0.056 mmol) was added to a solution of 90 (0.01 g, 0.028 mmol) in
DMF (0.3 mL) and stirred at room temperature for 20 min. A solution of Cy 5.5 NHS ester
(0.02 g, 0.028 mmol) in DMF (0.3 mL) was added and the resultant solution was stirred at
room temperature for 16 h. The solvent was rotovapped to give a blue crude product which
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was purified by flash chromatography to afford a blue solid (0.02 g, 77 %). Rf 0.16 (MeOH/
CDCl3 2/23); 1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 8.70 (s, 1H), 8.21 (s, 1H), 8.09
(dd, J = 8.5, 5.2 Hz, 2H), 7.95 (dd, J = 8.5, 3.8 Hz, 4H), 7.91 (d, J = 12.5 Hz, 2H), 7.76 –
7.71 (m, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.49 (q, J = 7.0 Hz, 2H), 7.40 – 7.34 (m, 3H), 6.80
(s, 2H), 6.38 (d, J = 13.8 Hz, 1H), 6.20 (d, J = 13.5 Hz, 1H), 4.25 – 4.11 (m, 4H), 3.67 (d,
J = 10.1 Hz, 6H), 3.54 (s, 2H), 3.35 (s, 2H), 3.12 (d, J = 7.5 Hz, 2H), 2.39 (d, J = 8.3 Hz,
2H), 1.99 – 1.98 (m, 6H), 1.26 (s, 6H), 0.87 (dd, J = 17.5, 6.5 Hz, 4H); 13C NMR (126
MHz, CDCl3) δ 174.44, 174.03, 173.92, 171.50, 170.25, 166.23, 165.83, 151.84, 151.18,
141.13, 139.93, 139.14, 135.98, 135.20, 133.94, 133.27, 132.02, 131.83, 130.90, 130.69,
130.20, 130.15, 128.09, 128.02, 127.85, 125.93, 125.30, 125.05, 122.04, 121.98, 121.81,
121.57, 113.92, 110.73, 110.21, 103.79, 102.98, 77.26, 77.00, 76.75, 52.06, 51.21, 50.85,
46.01, 44.74, 41.54, 39.77, 39.03, 36.28, 31.76, 29.69, 27.75, 27.73, 27.39, 26.33, 26.14,
25.42, 25.25. ESI-HRMS calculated for C55H61N8O5 [M+1]+ 913.4759 m/z, found
913.4762 m/z.
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Methyl (3-((4-((tert-butoxycarbonyl) amino) butyl) carbamoyl) -5- (4- (3- (2,4dioxocyclohexyl) propyl) -1H-1,2,3-triazol-1-yl) benzoyl) glycinate (93). Sodium
ascorbate (0.008 g, 0.042 mmol) and a solution of 0.1 M copper sulfate (106 µL of a 0.1
M solution in H2O) was added to a solution of 89 (0.09 g, 0.21 mmol) and 100 (0.056 g,
0.31 mmol) in acetone/EtOH/water (4 mL, 1/2/2). The reaction was stirred at rt for 16 h
and concentrated to a solid that was purified by flash chromatography to give a white solid
(0.071 g, 54 %). Rf 0.10 (MeOH/CHCl3 2/23); 1H NMR (300 MHz, CDCl3) δ 8.55 (s, 1H),
8.09 (t, J = 15.5 Hz, 3H), 7.98 (s, 1H), 7.93 (s, 1H), 5.25 (s, 1H), 4.23 (s, 2H), 3.78 (d, J =
9.6 Hz, 3H), 3.41 (s, 3H), 3.13 (s, 2H), 2.86 – 2.54 (m, 3H), 2.49 – 1.87 (m, 3H), 1.87 –
1.45 (m, 8H), 1.38 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 205.48, 204.13, 170.84, 166.33,
165.81, 156.43, 136.99, 136.50, 135.51, 125.57, 125.47, 121.05, 79.15, 58.34, 52.46, 48.92,
41.82, 40.08, 39.69, 30.00, 29.66, 29.14, 28.27, 27.45, 26.34, 25.96, 25.23, 24.98, 24.38.

Methyl (3- ((4-aminobutyl)carbamoyl) -5-(4 -(3 -(2,4-dioxocyclohexyl) propyl)
-1H-1,2,3-triazol-1-yl) benzoyl) glycinate (94). 4M HCl in dioxane (0.8 mL) was added
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to a solution of 93 (0.07 g, 0.11 mmol) in 3:1 acetone: CH2Cl2 (1.5 mL) and stirred at rt for
1 h. The solvent was concentrated, azeotroped with toluene (4 x 5 mL) and lyophilized for
8 h to get the crude product as a glassy solid which was purified by flash chromatography
to yield a white powder (0.053 g, 99 %). 1H NMR (300 MHz, D2O) δ 8.06 (s, 1H), 8.02 –
7.91 (m, 3H), 4.10 (s, 2H), 3.69 (d, J = 7.9 Hz, 3H), 3.35 – 3.27 (m, 2H), 3.00 (t, J = 7.1
Hz, 2H), 2.52 (s, 2H), 2.37 – 2.06 (m, 3H), 1.59 (d, J = 38.3 Hz, 9H), 1.30 (d, J = 9.3 Hz,
2H);

13

C NMR (75 MHz, D2O) δ 214.46, 198.57, 189.67, 171.77, 166.79, 148.69, 136.39,

134.65, 125.74, 121.45, 121.15, 120.62, 52.86, 52.83, 41.66, 41.16, 39.43, 39.13, 28.83,
25.70, 25.52, 25.11, 24.31.

Methyl (3-azido-5- ((4-(3′,6′-dihydroxy-3-oxo-3H-spiro [isobenzofuran-1,9′xanthene] -6-carboxamido) butyl) carbamoyl) benzoyl) glycinate (95). Triethylamine
(12 µl, 0.086 mmol) was added to a solution of 90 (0.03 g, 0.086 mmol) in DMF (0.4 mL)
and stirred at room temperature for 20 min. A solution of fluorescein NHS ester (0.04 g,
0.086 mmol) in DMF (0.4 mL) was added and the resultant solution was stirred at room
temperature for 16 h. The solvent was rotovapped to give a crude product which was
purified by flash chromatography to afford a yellow solid (0.011 g, 21 %). Rf 0.03 (MeOH/
CDCl3 3/17); 1H NMR (300 MHz, MeOD) δ 8.69 (s, 1H), 8.34 – 8.24 (m, 1H), 8.11 (t, J =
1.5 Hz, 1H), 7.92 – 7.86 (m, 1H), 7.83 (dd, J = 2.3, 1.4 Hz, 1H), 7.69 (d, J = 1.5 Hz, 2H),
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7.61 – 7.45 (m, 3H), 7.15 (d, J = 10.3 Hz, 4H), 6.97 (d, J = 9.0 Hz, 2H), 4.13 (s, 2H), 3.75
(d, J = 4.7 Hz, 3H), 3.60 – 3.39 (m, 4H), 1.78 (s, 4H); 13C NMR (75 MHz, MeOD) δ 171.74,
168.68, 168.35, 168.15, 142.76, 138.32, 138.16, 137.22, 128.42, 127.25, 123.77, 123.08,
121.89, 121.60, 118.65, 111.41, 103.47, 52.72, 42.43, 40.89, 27.83.

(5-Iodopent-1-yn-1-yl) trimethylsilane (98). Sodium iodide (21.4 g, 143.1 mmol)
was added to a solution of 5-chloropent-1-yn-1-yl)trimethylsilane (97, 5 g, 28.6 mmol) in
acetone (100 mL) and the reaction was heated to 60 °C. After 16 h, the mixture was cooled
to rt, brine (75 mL) was added, and the mixture was extracted with Et2O (2 x 100 mL). The
combined organic phases were dried over MgSO4 and concentrated to give the crude
product as an orange oil (6.21 g, 82 %). 1H NMR (300 MHz, CDCl3) δ 3.26 (t, J = 6.8 Hz,
2H), 2.33 (t, J = 6.8 Hz, 2H), 1.98 (q, J = 6.8 Hz, 2H), 0.12 (s, 9H); 13C NMR (75 MHz,
CDCl3) δ 104.76, 85.76, 32.01, 20.84, 5.04, 0.07.

3-Ethoxy-6-(5-(trimethylsilyl) pent-4-yn-1-yl) cyclohex-2-en-1-one (99). 3Ethoxy-2-cyclohexen-1-one (1.01 mL, 7.5 mmol) in THF (2.7 mL) was added dropwise at
-78 oC to a LDA solution in THF (4.1 mL, 8.3 mmol) over 30 min. After stirring for an
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additional 30 min at -78 oC, HMPA (1.3 mL, 7.5 mmol) was added followed by the
dropwise addition of 98 (2.0 g, 7.5 mmol) in THF (2 mL). The resultant mixture was
allowed to warm to rt, stirred for an additional 18 h, and quenched by the addition of water
(4 mL). The mixture was dissolved in CH2Cl2 (40 mL) and washed with sat. NH4Cl (20
mL). The aqueous phase was extracted with CH2Cl2 (2 x 20 mL), the organic phases
combined and washed with brine (22 mL), dried over anhydrous MgSO4 and concentrated.
The crude oil was purified by flash column chromatography to give the product as a yellow
oil (0.86 g, 41 %). Rf 0.17 (pet ether/ EtOAc 8/2); 1H NMR (300 MHz, CDCl3) δ 5.19 (s,
1H), 3.78 (q, J = 7.0 Hz, 2H), 2.32 (dd, J = 7.3, 5.2 Hz, 2H), 2.18 – 2.04 (m, 3H), 2.03 –
1.92 (m, 1H), 1.80 (td, J = 12.5, 11.2, 5.6 Hz, 1H), 1.72 – 1.58 (m, 1H), 1.56 – 1.32 (m,
3H), 1.25 (td, J = 7.0, 0.8 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 200.85, 176.35, 107.00,
101.88, 84.28, 63.90, 44.48, 28.66, 27.72, 26.09, 26.06, 19.77, 13.92, -0.07.

3-Ethoxy-6-(pent-4-yn-1-yl) cyclohex-2-en-1-one (101). TBAF (2.8 mL of a 1.0
M solution in THF) was added to a solution of 99 (0.4 g, 1.38 mmol) in THF (3.1 mL).
After 30 min at rt, the mixture was concentrated to give the crude product as a dark oil
which was purified by flash column chromatography to give the final product as a yellow
oil (0.27 g, 94 %). Rf 0.15 (pet ether /EtOAc, 9/1); 1H NMR (300 MHz, CDCl3) δ 1H NMR
(300 MHz, CDCl3) δ 5.21 (s, 1H), 3.81 (q, J = 7.0 Hz, 2H), 2.35 (dd, J = 7.0, 5.5 Hz, 2H),
2.12 (ddq, J = 9.4, 4.7, 2.4 Hz, 3H), 2.00 (dt, J = 13.1, 5.0 Hz, 1H), 1.86 (q, J = 2.7 Hz,
2H), 1.84 – 1.76 (m, 1H), 1.75 – 1.35 (m, 5H), 1.27 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz,
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CDCl3) δ 200.89, 176.47, 101.93, 84.04, 77.42, 77.00, 76.58, 68.26, 63.96, 44.51, 33.74,
28.61, 27.79, 26.14, 25.92, 18.79, 18.36, 13.94; ESI MS m/z 207 (M + H)+, m/z 229 (M
+Na)+.

3-(6-((4-(3-(4-(3-(4-Ethoxy-2-oxocyclohex-3-en-1-yl) propyl) -1H-1,2,3-triazol1-yl) -5-((2-methoxy-2-oxoethyl) carbamoyl) benzamido) butyl) amino) -6-oxohexyl) 1,1-dimethyl-2-((1E,3E,5E)

-5-(1,1,3-trimethyl-1,3-dihydro-2H-benzo[e]indol-2-

ylidene) penta-1,3-dien-1-yl) -1H-benzo[e]indol-3-ium chloride (102). Sodium
ascorbate (0.001 g, 0.004 mmol) and a solution of 0.1 M copper sulfate (11 µL of a 0.1 M
solution in H2O) was added to a solution of compound 101 (0.009 g, 0.004 mmol) and 91
(0.015 g, 0.02 mmol) in Acetone/EtOH/Water (0.4 mL, 1/2/1). The reaction was stirred at
rt for 16 h. The reaction was concentrated to a blue solid and column purified to give a blue
solid (0.011 g, 59 %). Rf 0.42 (MeOH/CHCl3 1/10); 1H NMR (300 MHz, CDCl3) δ 8.81
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(d, J = 13.2 Hz, 1H), 8.42 (d, J = 13.1 Hz, 1H), 8.36 – 8.27 (m, 1H), 8.06 (dd, J = 8.4, 4.3
Hz, 1H), 7.96 – 7.89 (m, 3H), 7.85 (dd, J = 13.4, 3.0 Hz, 1H), 7.60 (t, J = 7.7 Hz, 2H), 7.46
(t, J = 6.9 Hz, 2H), 7.39 – 7.32 (m, 1H), 7.11 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 8.6 Hz, 1H),
6.73 – 6.61 (m, 1H), 6.33 (d, J = 13.5 Hz, 1H), 6.19 (d, J = 13.5 Hz, 1H), 5.31 (s, 1H), 5.11
(s, 1H), 4.24 (d, J = 5.5 Hz, 2H), 4.16 – 4.06 (m, 2H), 3.86 (q, J = 7.0 Hz, 2H), 3.67 (d, J
= 10.5 Hz, 5H), 3.59 – 3.49 (m, 2H), 3.33 (d, J = 8.6 Hz, 3H), 2.74 (dd, J = 6.7, 4.9 Hz,
1H), 2.36 (ddd, J = 16.6, 11.5, 4.7 Hz, 4H), 2.27 – 2.15 (m, 2H), 1.95 (s, 6H), 1.85 – 1.69
(m, 8H), 1.34 (t, J = 7.0 Hz, 3H), 1.25 (s, 6H), 0.91 – 0.81 (m, 3H); 13C NMR (75 MHz,
CDCl3) δ 201.64, 177.15, 174.30, 173.95, 170.27, 165.95, 165.44, 151.90, 151.30, 140.01,
139.20, 137.45, 136.19, 135.38, 133.87, 133.25, 131.95, 131.78, 130.83, 130.62, 130.17,
128.00, 127.76, 125.18, 124.95, 122.45, 121.97, 113.92, 110.76, 110.35, 107.41, 103.64,
103.03, 102.17, 77.20, 64.23, 55.97, 52.12, 51.12, 50.81, 44.87, 41.84, 40.04, 39.06, 36.25,
29.68, 29.13, 28.08, 27.67, 26.68, 26.28, 25.30, 22.66, 22.37, 14.13.

1-(Tert-butyl) 3-methyl 5-aminoisophthalate (103). To a solution of 81 (2.3 g,
8.18 mmol) in MeOH (150 mL) was added 5% palladium – carbon (2.0 g). The reaction
flask was kept under vacuum and hydrogen gas was introduced via a balloon. The reaction
was allowed to stir at rt for 12 h. The crude solid was purified by flash column
chromatography to give a white crystalline solid (2.03 g, 98 %). Rf 0.47 (EtOAc/Pet ether
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1/1); 1H NMR (300 MHz, CDCl3) δ 7.98 (s, 1H), 7.47 (d, J = 3.2 Hz, 2H), 3.90 (s, 3H),
1.58 (d, J = 0.9 Hz, 9H);

13

C NMR (75 MHz, CDCl3) δ 166.64, 165.09, 146.49, 133.40,

131.27, 120.56, 119.75, 119.29, 81.39, 52.19, 28.14.

1-(Tert-butyl) 3-methyl 5-azidoisophthalate (104). A solution of sodium nitrite
(0.67 g, 9.7 mmol) in water (2.4 mL) was added dropwise to a solution of 103 (2.03 g, 8.08
mmol) in 2N HCl (11.6 mL) at -5 °C. After 5 min urea (0.058 g) was added to quench any
excess nitrous acid. This diazonium salt solution was added dropwise over 5 min to a wellstirred ice-cold solution of sodium azide (1.05 g, 16.15 mmol) and sodium acetate (1.99 g,
24.23 mmol) in water (11.6 mL). The solution was stirred at 0 °C for 2 h and the dark oily
product was extracted into Et2O (2 x 8 mL), washed with water (2 x 8 mL), dried over
MgSO4 and concentrated in vacuo to get a white gelatinous crude product which was
purified by flash column chromatography to afford a white solid (1.76 g, 79 %). Rf 0.5
(EtOAc/pet ether 1/4); 1H NMR (300 MHz, CDCl3) δ 8.36 (s, 1H), 7.82 (d, J = 6.0 Hz, 2H),
3.95 (s, 3H), 1.61 (s, 9H);
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C NMR (75 MHz, CDCl3) δ 165.57, 163.98, 140.98, 134.21,

132.07, 126.75, 123.97, 123.50, 82.26, 52.56, 28.12.

117

3-Azido-5-(tert-butoxycarbonyl)benzoic acid (105). A solution of LiOH (1N,
11.2 mL) was added to a solution of 104 (1.76 g, 6.36 mmol) in THF (11.2 mL) and the
reaction was stirred at rt for 1 h. The solution was poured into CH2Cl2 (27 mL) and washed
with 1N HCl (27 mL). The organic layer was dried over MgSO4 and concentrated to a solid
that was purified by flash column chromatography to afford a white solid (1.33 g, 80 %).
Rf 0.5 (EtOAc/pet ether 3/7); 1H NMR (300 MHz, CDCl3) δ 8.44 (s, 1H), 7.89 (dq, J = 3.6,
2.2 Hz, 2H), 1.62 (s, 9H);

13

C NMR (75 MHz, CDCl3) δ 170.35, 163.82, 141.24, 134.41,

131.09, 127.34, 124.87, 123.98, 82.45, 28.12.

Tert-butyl

3-azido-5-((4-(5-((3aR,4R,6aS)

-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl) pentanamido) butyl) carbamoyl) benzoate (106). Compound 74 (0.06
g, 0.19 mmol) and triethylamine (0.025 mL, 0.19 mmol) were added to a solution of 105
(0.05 g, 0.19 mmol) in DMF (1.0 mL) followed by HOBt (0.04 g, 0.29 mmol), EDCI (0.04
g, 0.23 mmol) and 2,6-lutidine (0.11 mL, 0.95 mmol). The reaction mixture was agitated
on a mechanical shaker (New Brunswick Scientific platform shaker) for 60 h at rt and
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concentrated in vacuo to get a brown solid which was purified by flash column
chromatography to afford a white solid (0.06 g, 56 %). Rf 0.23 (MeOH/CHCl3 1/10); 1H
NMR (300 MHz, MeOD) δ 8.08 (t, J = 1.5 Hz, 1H), 7.89 (s, 1H), 7.61 (d, J = 1.5 Hz, 2H),
4.37 (ddd, J = 7.9, 5.0, 1.0 Hz, 1H), 4.18 (dd, J = 7.9, 4.4 Hz, 1H), 3.39 – 3.26 (m, 2H),
3.17 – 3.03 (m, 3H), 2.80 (dd, J = 12.7, 4.9 Hz, 1H), 2.58 (d, J = 12.7 Hz, 1H), 2.10 (t, J =
7.3 Hz, 2H), 1.95 – 1.85 (m, 1H), 1.73 – 1.52 (m, 5H), 1.51 (s, 9H), 1.33 (p, J = 7.2 Hz,
3H); 13C NMR (75 MHz, MeOD) δ 176.04, 168.09, 165.48, 142.46, 137.87, 135.29, 126.80,
126.29, 125.40, 123.12, 122.72, 118.63, 111.91, 83.33, 63.32, 61.61, 56.92, 47.84, 41.01,
40.75, 39.94, 36.80, 29.70, 29.43, 28.34, 27.73, 26.87.

3-Azido-5-((4-(5-((3aR,4R,6aS) -2-oxohexahydro-1H-thieno[3,4-d]imidazol-4yl) pentanamido) butyl) carbamoyl) benzoic acid (107). 4M HCl in dioxane (2 mL) was
added to a solution of 106 (0.023 g, 0.04 mmol) in CH2Cl2/acetonitrile/acetone/dioxane
(2/1/1/1, 2 mL) and stirred at rt for 12 h. The solvent was concentrated, azeotroped with
toluene (4 x 4 mL) and vacuum dried to yield an amber solid purified by a C-18 column
chromatography (35 % acetonitrile in water) to give a white solid (0.018 g, 88 %). 1H NMR
(300 MHz, DMSO-d6) δ 8.72 (t, J = 5.0 Hz, 1H), 8.21 (s, 1H), 7.75 (t, J = 6.0 Hz, 1H),
7.70 (d, J = 8.5 Hz, 2H), 6.41 (s, 1H), 6.34 (s, 1H), 4.29 (dd, J = 7.4, 4.9 Hz, 1H), 4.16 –
4.06 (m, 2H), 3.26 (d, J = 5.9 Hz, 6H), 3.11 – 3.01 (m, 6H), 2.80 (dd, J = 12.4, 5.0 Hz, 2H),
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2.56 (d, J = 12.4 Hz, 1H), 2.04 (t, J = 7.4 Hz, 5H), 1.57 – 1.38 (m, 17H), 0.85 (t, J = 6.7
Hz, 3H); 13C NMR (75 MHz, DMSO-d6) δ 171.82, 164.53, 162.67, 139.86, 139.60, 136.37,
124.56, 124.25, 121.76, 121.73, 69.76, 61.01, 59.18, 55.39, 38.14, 35.21, 33.33, 28.98,
28.20, 28.01, 26.75, 26.52, 25.31, 24.44, 22.07, 21.87.

Tert-butyl

3-(4-(3-(4-ethoxy-2-oxocyclohex-3-en-1-yl)

propyl)

-1H-1,2,3-

triazol-1-yl) -5-((4-(5-((3aR,4R,6aS) -2-oxohexahydro-1H-thieno[3,4-d] imidazol-4-yl)
pentanamido) butyl) carbamoyl) benzoate (108). Sodium ascorbate (0.004 g, 0.02 mmol)
and a solution of 0.1 M copper sulfate (50 µL of a 0.1 M solution in H2O) was added to a
solution of compound 101 (0.041 g, 0.2 mmol) and 106 (0.045 g, 0.08 mmol) in
acetone/EtOH/water (1.6 mL, 1/2/1). The reaction was stirred at rt for 16 h. The reaction
was concentrated to a brown solid and purified by C-18 column chromatography (30 %
acetonitrile in water) to give a white solid (0.020 g, 50 %). Rf 0.18 (acetonitrile/water
9/11); 1H NMR (300 MHz, MeOD) δ 8.52 (dd, J = 2.1, 1.5 Hz, 1H), 8.48 (ddd, J = 4.6, 3.5,
1.6 Hz, 3H), 5.32 (d, J = 2.1 Hz, 1H), 4.51 – 4.41 (m, 1H), 4.26 (d, J = 4.5 Hz, 1H), 3.95
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(q, J = 7.0 Hz, 3H), 3.45 (t, J = 6.6 Hz, 2H), 3.24 (t, J = 6.6 Hz, 2H), 3.17 (dd, J = 10.0,
4.4 Hz, 2H), 2.95 – 2.79 (m, 3H), 2.67 (d, J = 12.7 Hz, 1H), 2.54 – 2.44 (m, 3H), 2.37 –
2.05 (m, 7H), 1.94 – 1.74 (m, 6H), 1.65 (s, 9H), 1.47 (s, 3H), 1.35 (td, J = 7.0, 1.1 Hz, 5H);
C NMR (75 MHz, MeOD) δ 204.50, 180.25, 180.18, 176.04, 167.77, 166.06, 165.22,
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150.32, 138.82, 138.10, 135.51, 128.80, 124.22, 123.81, 121.68, 102.49, 102.41, 84.78,
83.70, 69.67, 65.78, 63.36, 61.62, 56.98, 46.05, 45.90, 41.04, 40.91, 40.01, 36.82, 30.20,
29.97, 29.75, 29.47, 29.03, 28.89, 28.38, 27.98, 27.78, 27.44, 27.28, 26.88, 26.36, 19.16,
14.43.

3-(4-(3-(2,4-Dioxocyclohexyl)

propyl)

-1H-1,2,3-triazol-1-yl)

-5-((4-(5-

((3aR,4R,6aS) -2-oxohexahydro-1H-thieno[3,4-d] imidazol-4-yl) pentanamido) butyl)
carbamoyl) benzoic acid (109). 4M HCl in dioxane (2 mL) was added to a solution of 108
(0.02 g, 0.03 mmol) in CH2Cl2/acetonitrile/acetone/dioxane (2/1/1/1,2 mL) and stirred at rt
for 12 h. The solvent was concentrated, azeotroped with toluene (4 x 4 mL) and vacuum
dried to yield an amber solid purified by C-18 column chromatography (40 % acetonitrile
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in water) to give a white solid (0.016 g, 90 %). 1H NMR (300 MHz, DMSO-d6) δ 1H NMR
(300 MHz, DMSO-d6) δ 8.82 (s, 1H), 8.74 (d, J = 7.2 Hz, 1H), 8.52 – 8.40 (m, 3H), 7.80
(t, J = 5.4 Hz, 1H), 6.46 (s, 1H), 6.37 (s, 1H), 4.34 – 4.24 (m, 1H), 4.12 (s, 1H), 3.06 (d, J
= 6.3 Hz, 5H), 2.80 (dd, J = 12.4, 5.0 Hz, 1H), 2.73 (d, J = 9.3 Hz, 3H), 2.56 (d, J = 12.4
Hz, 1H), 2.05 (t, J = 7.4 Hz, 3H), 1.77 (d, J = 10.2 Hz, 3H), 1.62 – 1.39 (m, 12H), 1.29 (s,
3H);

13

C NMR (75 MHz, DMSO-d6) δ

13

C NMR (126 MHz, DMSO) δ 171.87, 164.73,

162.73, 148.30, 136.64, 136.16, 127.46, 122.48, 120.83, 120.45, 103.37, 101.34, 61.05,
59.19, 55.41, 39.95, 38.15, 35.23, 34.14, 34.12, 28.22, 28.02, 26.76, 26.52, 26.36, 25.33,
25.18.

DETECTION OF BIOTIN-ACL-N3 (76) LABELED AhpC-DCP-ALKYNE USING
CuAAC (CLICK CHEMISTRY)

Probe modified proteins were detected via bioorthogonal Huisgen [3 + 2] cycloaddition
(click chemistry). The protein samples were buffer exchanged into click labeling buffer
(50 mM triethanolamine pH 7.4, 1% SDS). The samples were incubated with 76 (100
μM), TCEP (1 mM), TBTA (100 μM), and CuSO4 (1 mM) and allowed to react for 75
min at rt while rocking. Click chemistry reactions were passed through two consecutive
P-30 columns to remove small molecules.
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CAPTURING OF AhpC C165S SULFENIC ACID USING COMPOUND 109

C165S AhpC mutant was treated with 10 mM DTT for 30 min at room temperature,
followed by gel filtration using BioGel P6 equilibrated in 50 mM NH4HCO3. Protein
concentration was determined by measuring the absorbance at 280 nm using an UV/Vis
spectrophotometer and the extinction coefficient of the protein (ε= 24,300 M-1cm-1). To
prepare the sulfenic acid form of C165S AhpC mutant, the reduced protein was treated
with 0.8 equivalents of H2O2 for 30-40 seconds at room temperature, followed by filtration
using BioGel P6 spin columns equilibrated in 50 mM NH4HCO3. The formation of C165S
AhpC sulfenic acid (C165S AhpC-SOH) was monitored by electrospray ionization mass
spectrometry (ESI-TOF MS) and quantified based on its intensity relative to other C165S
AhpC species. The resulting oxidized protein was mixed with excess 1,3-cyclohexadieno
probe (109) (≥1: 50 molar ratio based on AhpC-SOH/SN) at room temperature, and the
progress of the reaction was monitored by ESI-TOF MS. An aliquot was drawn at 1 hr and
the probe was removed using a BioGel P6 spin column equilibrated in 0.1% formic acid.
Formation of the S-labeled C165S AhpC protein was confirmed by ESI-TOF MS.
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FUTURE PLANS AND CONCLUSIONS

Proximity Ligation Assay (PLA) Technique

Proximity Ligation Assay (PLA) replaces the difficult analytical procedures of
detection, quantification and localization of individual proteins, protein-protein complexes
and protein modification as an amplifiable DNA process.64,160 DNA ligation techniques for
analytical purposes date back to the 1970s with the work of the Nobel laureate Gobind
Khorana and co-workers who used the mechanism to study tRNA.161 Their work was
followed by the development of a series of DNA-based assays like the oligonucleotide
ligation assay (OLA), padlock probes and finally PLA.162-164
With the advent of the polymerase chain reaction (PCR) and other advances the
mystery of human genome sequencing was satisfactorily solved, but protein analysis
proves more challenging because of the extreme quantitative variation, worsened by nearly
similar protein variants reflecting alternative splicing, processing and a wide range of
functionally important secondary modifications. PLA has emerged as a unique and
efficient antibody-based method for improved in situ detection, quantification and imaging
of individual proteins or protein complexes and post-translational modification (by
microscopy) with a high degree of selectivity and sensitivity.99,165 Figure 35 shows the
working principle of in situ PLA for proteomics. In step 1, a pair of epitope specific
proximity probes (antibodies with attached single-stranded DNA) are incubated with the
protein(s) to be detected. In step 2, the two oligonucleotides hybridize and are connected
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by ligation into circular DNA only when the two PLA probes are in close proximity to one
another. In step 3, one of the antibody-bound oligonucleotides primes a rolling circle
amplification (RCA) reaction to give rise to a single stranded rolling circle product (RCP)
which is composed of several hundred copies of DNA rolled into circles (amplification
product) attached to a single proximity probe and the last step is the detection of the RCP
using suitable detection oligonucleotides for analysis/ imaging. Figure 35 also shows the
two different types of detection microscopy used for automated image analysis: a)
fluorescent microscopy and b) bright-field microscopy. Detection becomes so sensitive
with signal amplification through RCA that it can be used in microarray and protein assay
platforms for single molecule detection. 62,65,79,147,166
The

advantages

of

PLA

over

classical

immunohistochemistry

and

immunofluorescence methods is its broad spectrum of applications (protein interactions,
protein modifications, the detection of individual proteins) and its application on
unmodified cells (fresh, frozen and formalin-fixed paraffin-embedded tissue). The method
is useful for protein quantification and visualization directly in biological samples such as
serum, plasma, cerebrospinal fluid, cell culture media and lysates of cells and tissues.167
PLA finds application in diverse fields like protein diagnostics,12,78,168 detection of
microbial pathogens,169,170 medical diagnostics,101,171 drug development,172 protein
detection,173 biomarker detection63,174 or in complex with an inhibitor using the more
specific triple-binder (antibody) strategy (3PLA) for more specific PLA.175 Our proposed
leap in technology comes with the innovative amalgamation of the proximity ligation
imaging with our sulfenic acid reagents.
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Step 1

Step 2

a) Fluorescent microscopy

a)

Fluorescent Microscopy

Step 4

Step 3

b) Bright-field microscopy

b)

Bright-field Microscopy

Microscopy photos adapted from Clinical Chemistry, 2010, 56:1, 99-110

Figure 36. Schematic representation of the dual-binding in-situ PLA technology: STEP
1: A pair of epitope specific PLA probes bind to the protein(s) to be detected, STEP 2:
Two oligonucleotides bound to the PLA probes are joined to form a circular molecule by
a ligase when the two PLA are in close proximity of each other, STEP 3: A polymerase
replicates the circle producing product of several hundred copies of the circle, STEP 4:
Detection oligonucleotides bind the synthesized DNA strand allowing the product to be
visualized in a microscope.
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5.1

Idea, Results and Discussion

In the preceding chapters, we showed various new ways of probing the cysteine
sulfenic acid oxoform; in the future we wish to explore PLA as a method for sulfenic acid
labeling by synthesis of a dimedone-like compound (Figure 36) attached to

Figure 37. Proposed PLA probe structure.

an oligonucleotide chain, the small molecule probe replacing the primary antibody in the
PLA technique while the oligonucleotide chain will provide the scope of signal
amplification and detection by complementary fluorophore containing detection
oligonucleotide. Such a probe would provide a very selective, specific and diagnostic
method of sulfenic acid detection.176,177
Synthetic processes are underway to strategically adapt our probes to serve in place
of one of the antibodies in PLA. Our first approach is based on the probe synthesis
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Scheme 18. Attempted synthesis of DCP-PLA probe 113.

originally outlined by Landegren.165 Starting with 19 from the DCP-Bio1 synthetic scheme
(Chapter 2, Scheme 4) we have successfully prepared 110 – 112 (Scheme 18).101
Preparation of 113 from 112 using the heterobifunctional cross-linker succinimidyl-4-(Nmaleimidomethyl) cyclohexane-1-carboxylate (SMCC) failed. Analysis of the only new
spot by 1H and 13C NMR and LC-MS suggests that under these synthetic conditions, the
DCP part (active methylene core) may undergo nucleophilic addition reaction with the
maleimide portion of SMCC.
Our second approach generates an alkyne containing oligonucleotide which can be
used to ‘click’ to DCP-N3 (4-(azidopropyl)cyclohexane-1,3-dione), after it has labeled
sulfenic acids in intact cells. We synthesized and characterized 114 and PLA probe 115 by
condensing propargyl amine with SMCC to give 114 followed by addition of a thiol
modified PLA oligonucleotide (of known sequence) to yield 115 (Scheme 19).178
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The

alkyne - maleimide 114 was characterized by 1H NMR, 13C NMR and LC-MS. PLA probe
115 was validated using matrix-assisted laser desorption/ionization time of flight (MALDITOF) and gel electrophoresis. An adduct (118) of AhpC or OxyR and DCP-N3 (117) was
prepared and characterized by MALDI-TOF. A third PLA probe 116 was made by reaction
of compound 50 with SMCC and is to be evaluated as a potential PLA probe for sulfenic
acid oxoform.

Scheme 19. Synthetic scheme of PLA probes 114 and 116 for targeted protein and live
cell study.

129

Ellman's reagent (5,5'-dithiobis-(2-nitrobenzoic acid) or DTNB) was used to
validate the dimedone-maleimide and alkyne-maleimide compounds 113 and 114. The
outline of the TNB (2-nitro-5-thiobenzoate)-DTNB assay is shown in Figure 37. A solution
of freshly prepared TNB was made in phosphate buffer from a stock solution of DTNB (in
DMSO) and DTT (in water). The addition of the thiol reactive maleimide containing
compounds 113 and 114 are expected to show a decrease in the absorbance (UV-vis
spectrophotometer) due to the reaction of the thiolate of TNB with the malemide group of
the probes synthesized confirming their utility as PLA probes.

Figure 38. An outline of the TNB-DTNB Assay.

Figure 38 shows that TNB (thionitrobenzoate) reacts with 114 (denoted by , decrease in
absorbance at 412 nm (Ɛ=14.150 M-1 cm-1) with time) but not with 113 (denoted by
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,

consistent with the incorrect structure as known from characterization of the molecule 113
by NMR spectroscopy) which does not change with time. N-ethyl maleimide acts as a
control and reacts similarly as 114 with TNB (Figure 38A, symbol

) which in turn

validates 114 as a potential PLA probe.
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Figure 39. TNB-DTNB assays for validation of compound 114 & 115. A: TNB reacts
with 114 showing a decrease in A412 ( ) (compared to TNB reaction with NEM ), B:
Similarly shows reaction occurred between 114 and oligonucleotide ( ) and aqueous
layer containing 115 reacts with TNB ( ), C: Chloroform extract contains unreacted 114
( ), so extraction of the crude reaction mixture of 115 with chloroform was useful.

The commercially available (Eurofins Mwg Operon) disulfide containing
oligonucleotide

(Sequence

Name

Thiol

Probe

SOH,

Sequence

5´

to

3´:

[ThiSS]AAAAAAAAAATATGACAGAACTAGACACTCTT) was first reduced with
DTT, then passed through a G25 exclusion column to remove the small molecules (DTT).
The eluent was treated with alkyne-maleimide (114). Figure 39 B and C show that the
reaction between 114 with the SH-oligonucleotide gives 115. The idea that extraction of
the reaction mixture chloroform removes the unreacted alkyne to the organic layer is also
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validated. In Figure 38 B, the greater steepness of the alkyne curve (

,114) (with TNB

addition) with respect to the aqueous layer of the reaction mixture is expected, which
indicates some reaction of alkyne 114 with the oligo-SH ( ). The addition of DTNB
increases the absorbance due to the release of TNB thiolate from the TNB-alkynemaleimide (114) complex. Figure 39 C shows that the chloroform layer contains some
unreacted 114 as there is a decrease in absorbance ( ) though the slope is less steep than
that of the TNB sample with unreacted alkyne ( ). Both Figures 39 B ( ) and C ( ) show
an increase in absorbance with DTNB addition indicating the probability of the presence
of unreacted oligo-SH.
These experiments were performed in collaboration and the assistance of the Poole
lab. Since the third PLA probe of our laboratory (Scheme 19, 116) is in hand, the present
focus is to characterize the conditions to put a thiol containing oligonucleotide reagent on
116, using DCP-alkyne to label protein modifications in targeted proteins (OxyR and AhpC)
or intact cells, wash off the excess DCP-alkyne, connect to 116 via click chemistry
followed by imaging to validate this PLA probe.

5.2

Experimental Methods

GENERAL
All reactions were performed using distilled solvents. Reagents were obtained from
commercial sources and used without additional purification. Extraction and silica gel
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chromatography solvents were technical grade. ESI-MS solvent was HPLC grade.
Analytical TLC was performed on silica gel plates (normal phase) and visualization was
accomplished with UV light.
1

MHz.

13

H NMR spectra were recorded on Bruker Avance DPX-300 instrument at 300.13

C NMR spectra was recorded on the described instrument at 75.48 MHz. NMR

spectra were obtained using Bruker 5 mm BBO probe held at 25° C. All chemical shifts
are reported in parts per million (ppm). Low resolution mass spectra were obtained using
an Agilent Technologies 1100 LC/MSD ion trap mass spectrometer equipped with
atmospheric pressure electrospray ionization source and operating in positive ion mode.

SYNTHETIC PROCEDURES

4-((2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)

methyl)

-N-(prop-2-yn-1-yl)

cyclohexane-1-carboxamide (114). Propargyl amine (0.03 mL, 0.41 mmol) and DIPEA
(0.07 mL, 0.38 mmol) were added to a solution of succinimidyl 4-[N-maleimidomethyl]
cyclohexane-1-carboxylate (SMCC, 0.13 g, 0.38 mmol) in CH2Cl2 (3 mL). The reaction
was stirred at rt for 1 h and diluted with CH2Cl2 (10 mL), washed with 1N HCl (10 mL)
followed by brine (10 mL). The organic layer was dried over MgSO4 and concentrated in
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vacuo to give a solid that was purified using flash column chromatography to get a white
solid (0.1 g, 97 %). 1H NMR (300 MHz, CDCl3) δ 6.69 (s, 2H), 5.63 (s, 1H), 4.03 (dd, J =
5.1, 2.6 Hz, 2H), 3.36 (d, J = 6.9 Hz, 2H), 2.22 (t, J = 2.5 Hz, 1H), 2.03 (tt, J = 12.0, 3.5
Hz, 1H), 1.71 (ddt, J = 15.2, 7.8, 4.0 Hz, 4H), 1.63 (s, 1H), 1.43 (qd, J = 13.0, 3.1 Hz, 2H),
0.99 (qd, J = 12.5, 12.0, 3.1 Hz, 2H) );

C NMR (75 MHz, CDCl3) δ 174.99, 170.98,

13

133.97, 79.61, 71.63, 44.91, 43.61, 36.31, 29.77, 29.13, 28.67.

N-(4-Azidobutyl)

-4-((2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)

methyl)

cyclohexane-1-carboxamide (116). A solution of 50 (0.04 g, 0.32 mmol) and DIPEA
(0.05 mL, 0.3 mmol) in CH2Cl2 (1 mL) was added to a solution of succinimidyl 4-[Nmaeimidomethyl] cyclohexane-1-carboxylate (SMCC, 0.1 g, 0.3 mmol) in CH2Cl2 (1 mL).
The reaction was stirred at rt for 1 h and diluted with CH2Cl2 (10 mL), washed with 1N
HCl (10 mL) followed by brine (10 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo to a solid that was purified using flash column chromatography to a
white solid (0.08 g, 60 %). Rf 0.4 (EtOAc); 1H NMR (300 MHz, CDCl3) δ 6.69 (s, 2H),
5.57 (s, 1H), 3.35 (d, J = 6.9 Hz, 2H), 3.31 – 3.20 (m, 4H), 1.98 (tt, J = 12.0, 3.4 Hz, 1H),
1.92 – 1.82 (m, 2H), 1.81 – 1.68 (m, 3H), 1.58 (tq, J = 5.9, 3.0, 2.5 Hz, 4H), 1.49 – 1.34
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(m, 2H), 0.95 (td, J = 12.4, 11.9, 2.5 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 175.56, 170.96,
133.94, 50.97, 45.21, 43.59, 38.61, 36.29, 29.78, 28.82, 26.94, 26.14.

3-(4-Ethoxy-2-oxocyclohex-3-en-1-yl) propyl(4-nitrophenyl) carbonate (110).
4-Nitrophenyl chloroformate (0.56 g, 2.8 mmol) and Et3N (0.4 mL, 2.8 mmol) was added
slowly to a solution of 3-ethoxy-6-(3-hydroxypropyl) cyclohex-2-en-1-one (23, 0.5 g, 2.5
mmol) in CH2Cl2 (10 mL). The reaction was stirred at 60 °C for 4 h and cooled to rt and
stirred for another 72 h. The product was washed with water (20 mL) followed by brine
(20 mL) and concentrated. The crude was purified by flash column chromatography to a
white crystalline solid (0.69 g, 75 %). Rf 0.32 (EtOAc/petroleum ether 1/1); 1H NMR (500
MHz, CDCl3) δ 8.27 (d, J = 9.1 Hz, 2H), 7.38 (d, J = 9.1 Hz, 2H), 5.32 (s, 1H), 4.31 (t, J
= 6.5 Hz, 2H), 3.89 (dd, J = 7.0, 3.0 Hz, 2H), 2.55 – 2.37 (m, 2H), 2.28 – 2.20 (m, 1H),
2.14 – 2.05 (m, 1H), 2.02 – 1.92 (m, 1H), 1.91 – 1.80 (m, 2H), 1.80 – 1.70 (m, 1H), 1.63
(d, J = 5.1 Hz, 0H), 1.57 – 1.48 (m, 1H), 1.36 (t, J = 7.0 Hz, 3H)

13

C NMR (75 MHz,

CDCl3) δ 200.66, 176.79, 155.56, 152.48, 145.32, 125.26, 121.79, 102.20, 69.54, 64.28,
44.62, 28.23, 26.53, 26.12, 25.84, 14.13.
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Tert-butyl(3-(4-ethoxy-2-oxocyclohex-3-en-1-yl)

propyl)

butane-1,4-

diyldicarbamate (111). Compound 110 (0.29 g, 0.8 mmol) was added to a solution of 72
(0.15 g, 0.8 mmol) in THF/CH2Cl2 (1/1, 2 mL/2 mL) and the reaction was stirred at rt for
72 h. The product was concentrated in vacuo and purified by flash column chromatography
to give a white solid (0.33 g, 97 %). Rf 0.25 (EtOAc/petroleum ether 7/3); 1H NMR (300
MHz, CDCl3) δ 5.30 (s, 1H), 4.75 (s, 1H), 4.61 (s, 1H), 4.05 (t, J = 6.3 Hz, 2H), 3.88 (q, J
= 7.0 Hz, 2H), 3.14 (dd, J = 14.9, 5.9 Hz, 4H), 2.44 – 2.40 (m, 1H), 2.26 – 2.12 (m, 1H),
2.12 – 2.00 (m, 1H), 1.97 – 1.84 (m, 1H), 1.68 (dd, J = 14.0, 6.7 Hz, 2H), 1.50 (dt, J = 6.7,
3.4 Hz, 4H), 1.42 (s, 9H), 1.34 (t, J = 7.0 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 201.08,
176.73, 156.70, 155.81, 102.18, 64.69, 64.18, 44.71, 28.39, 28.08, 27.33, 26.62, 26.29,
25.88, 25.82, 14.12.

3-(2,4-Dioxocyclohexyl)propyl (4-aminobutyl) carbamate (112). 4N HCl in
dioxane (0.4 mL) was added to a solution of 111 (0.11 g, 0.27 mmol) in
EtOAc/CH2Cl2/acetone (1/1/1, 3 mL) and stirred at rt for 1.5 h. The solvent was
concentrated in vacuo, azeotroped with toluene 4 – 5 times and the crude product purified
by flash column chromatography to give a glassy solid (0.08 g, 94 %). Rf 0.25
(CH2Cl2/MeOH 9/1); 1H NMR (300 MHz, D2O) δ 3.96 (s, 2H), 3.64 (s, 2H), 3.04 (t, J =
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6.6 Hz, 2H), 2.90 (t, J = 7.3 Hz, 2H), 2.50 – 2.20 (m, 3H), 1.97 (d, J = 5.1 Hz, 1H), 1.76
(dd, J = 13.0, 7.1 Hz, 1H), 1.51 (m, 9H);

13

C NMR (75 MHz, D2O) δ 199.92, 189.86,

158.84, 66.51, 65.28, 41.21, 39.09, 28.49, 25.86, 24.96, 23.97.
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CHAPTER 6

RESEARCH SUMMARY/ CONCLUSIONS

This dissertation is based on the development of new small molecule chemical
probes to covalently modify and label sulfenic acids, a cysteine-based oxidative signaling
agent, involved in both normal physiological and pathological signaling.
Chapter 1 extensively reviews the chemistry of sulfur, cysteine followed by the
cysteine sulfenic acid modification which has a unique role as post-translational
modifications involved in cellular signal transduction.
Chapter 2 provides valuable information of improvement of yield of DCP-Bio 1 by
changing method of column purification from normal phase to reverse phase. It is also
worth mentioning here that although biotin containing probes for tagging post-translational
modification of proteins is very useful for protein enrichment owing to its high affinity for
avidin, synthetically the best strategy to put the biotin is in the last step of the synthetic
scheme designed for a particular probe. Biotin increases molecule complexity in terms of
solubility, oxidant sensitivity and purification. As CHCl3/ MeOH solvent system was used
for the purification of DCP-Bio 1 in normal phase column chromatography of crude DCPBio1 (1,3 –dicarbonyl compound) any acid source (silica gel) can revert back the 1, 3dicarbonyl compound back to a methyl ether product, which is inactive in reacting with
sulfenic acids. Repeated batches of deprotection and column purification is then needed to
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get a satisfactory yield. Reverse phase column purification using water and acetonitrile
helps in higher yield in much shorter time, especially if the molecule contains an acid
sensitive site (like DCP core).
We provide data in Chapter 3 which suggests that an acid cleavable DCP-Bio1
analog (34) has been successfully synthesized and validated in targeted protein studies
using AhpC C165S. NSI-MS data of the trypsinated, probe-labeled peptide (with intact
biotin) showed a cleavage of the carbamate acid cleavable site while eluting through liquid
chromatography (using a gradient of buffer A (0.1% formic acid/ 2% acetonitrile/ 98%
water) and buffer B (0.1% formic acid/ 20% water/ 80% acetonitrile) over 60 minutes (2
to 85% B)). This ‘undesired cleavage’ before the treatment with the much harsher cleavage
cocktail of 95 % TFA and 2 % TIS has triggered the idea of some calibration experiment
for choosing a much milder cleavage reagent for both azido (33) and DCP (34) containing
ACL probe. After targeted protein studies, we can extend the utility of 33 and 34 to detect
sulfenic acid formation within the proteome as well.
In Chapter 4 we report the syntheses of a series (66, 76, 91, 95, 107, 109) of trihandled tags (-N3), paired with its corresponding –DCP analogs (sulfenic acid probes). The
tri-handled tag can be a general tag for the vast range of post-translational modification of
proteins, including thiols, depending upon the reactive functionality present in the alkyne
CuAAC click partner. It was also observed that the CuAAC display sensitivity towards
fluorophores (Cyanine 5.5 NHS ester, fluorescein NHS ester) as well as free carboxylic
acids when DCP-Alkyne (100, with free reactive active methylene center) was the alkyne
used in the reaction. Part of the problem was solved using protected DCP-Alkyne (101)
and methyl or t-butyl esters of the carboxylic chemical handle. Although both azido and
140

DCP-based affinity tri-handled probes (76, 107, 109) were successfully synthesized and
positive targeted protein studies were accomplished, problems were observed in acidic
cleavage of the protected DCP-tri-handled probes with fluorophores certainly indicating
the incompatibility of the acid reagent (4N HCl in dioxane) with the fluorophores. This can
be addressed in three ways in future: 1) changing the fluorophore, 2) changing the
protecting group in the DCP-Alkyne and as such 3) avoiding acid in the deprotection
reaction.
We can take our tri-handled probe to make advancements towards the incorporation
of isotopes in the glycine/ functionalization chemical handle for the quantification of
RSOHs within complex proteomes at a variety of time-points. In the future (Figure 40), we
hope to develop a comprehensive assay for the simultaneous detection of different degrees
of RSOH modifications in different cell samples for ratiometric quantification and
comparison of the extent of oxidative stress pertained and would also highlight the
differences between the two types of cysteine oxidation in order to differentiate their in
vivo roles.98
Future tri-handled probes can also include a site for enzymatic cleavage (Tobacco
Etch Virus (TEV) protease, a highly site specific (Gln-Gly) cysteine protease)179 and
incorporation of organelle –directing groups or peptides (Figure 40).180 Detection of these
reactive intermediates (-SOH) in carefully designed experiments would provide
meaningful information on their roles in signal transduction and diseased states associated
with oxidative stress.
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Figure 40. Future Tri-handled probes
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