
 

 

 

THE CHEMICAL BIOLOGY OF HNO AND BACILLITHIOL 
 
 

BY 
 
 

ALBERTO NEGRELLOS-AGUILERA 

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 

December 2022 

Winston-Salem, North Carolina 
 
 

Approved By: 

S. Bruce King, Ph.D., Advisor 

Leslie B. Poole, Ph.D., Chair 

Patricia C. Dos Santos, Ph.D. 

Paul B. Jones, Ph.D. 

John C. Lukesh, Ph.D. 

 

 

 

 

 



 

ii 

 

ACKNOWLEDGEMENTS 

 

 

 This work is the result of God’s grace in my life. I came to the United States as an 

undocumented immigrant at the age of ten. Attending undergrad was literally a dream 

given my legal status. At the time, less was known about the so called “dreamers” and little 

help was available. Maybe I was naïve, not realizing the road ahead, but I embarked on a 

journey towards higher education in 2010 at the age of twenty. My parents helped me pay 

for the out-of-state tuition fees to the limit of their means, but the financial burden and 

limited ability to work legally, led me to withdraw from undergrad three times. During my 

absences, I worked multiple jobs and saved for another semester, and so on for five years. 

In 2015, I received my B.S. in chemistry. That was the foundation for all this work, and 

the Lord provided in unimaginable ways. Glory be to Christ.  

I would like to thank to my parents who built my character over the years and have 

been an inspiration and source of great joy. I want to thank my wife for her patience and 

support this last year.  

I want to thank Dr. King for his guidance and instruction these last 5 years. I have 

grown significantly under his mentorship and have had a wonderful time planning and 

executing the work presented in this dissertation. I want to thank Dr. Dos Santos, who has 

been wonderful and patient with me during the cell work; Dr. Marcus Wright who has 

inspired me with his work ethic and his knowledge; and Dr. Chris Tracy who patiently 

trained me on the use of MS instruments. It’s impossible to add everyone here, but you’ll 

be sure to hear my thanks.  



 

iii 

 

TABLE OF CONTENTS 

 

LIST OF FIGURES .......................................................................................................... vii 

LIST OF TABLES ........................................................................................................... xiii 

LIST OF SCHEMES........................................................................................................ xiv 

LIST OF ABBREVIATIOINS ....................................................................................... xvii 

ABSTRACT .....................................................................................................................xxv 

 

1 GENERAL INTRODUCTION .........................................................................................1 

1.1 Overview of thiol redox chemistry in biological systems ..........................................2 

1.2 Prominent low molecular weight thiols in biology ....................................................4 

1.3 Reactive oxygen species .............................................................................................7 

      1.3.1. Hydrogen peroxide ...........................................................................................7 

      1.3.2. Hydrogen peroxide biochemistry .....................................................................8 

1.4 Sulfenic acids in biology ..........................................................................................10 

1.5 Reactive sulfur species .............................................................................................11 

          1.5.1. Hydrogen sulfide ............................................................................................11 

          1.5.2. Hydrogen sulfide biochemistry ......................................................................13 

1.6 Thiol persulfides .......................................................................................................15 

          1.6.1. Protein thiol persulfides .................................................................................15 

          1.6.2. Low molecular weight persulfides .................................................................16 

1.7 Reactive nitrogen species .........................................................................................17 

       1.7.1. Nitric oxide ....................................................................................................17 

       1.7.2. Nitric oxide biochemistry ..............................................................................18 

       1.7.3. Nitroxyl .........................................................................................................19 

       1.7.4. Nitroxyl biochemistry ...................................................................................20 

1.8 S-Nitrosothiols ..........................................................................................................21 

           1.8.1. Protein S-nitrosothiols ...................................................................................21 

           1.8.2. Low molecular weight S-nitrosothiols ..........................................................22 

1.9 Bacillithiol ................................................................................................................23 

           1.9.1. Discovery of bacillithiol ...............................................................................23 



 

iv 

 

           1.9.2. Biosynthesis of bacillithiol ...........................................................................25 

           1.9.3. Physical properties of bacillithiol .................................................................25 

1.10 Interactions of bacillithiol with ROS, RSS, and RNS ............................................27 

1.11 Outline of Thesis ....................................................................................................30 

 

2 SYNTHESES OF BACILLITHIOL AND BACILLITHIOL DISULFIDE ...................33 

2.1 Sources of bacillithiol ...............................................................................................34 

2.2 Chemical synthesis of bacillithiol ............................................................................35 

2.3 Bacillithiol biosynthesis ...........................................................................................35 

2.4 Reported routes for the synthesis of bacillithiol .......................................................36 

         2.4.1. Armstrong & Sulikowski ................................................................................36 

         2.4.2. Hamilton .........................................................................................................37 

2.5 Synthesis of bacillithiol disulfide from Armstrong & Sulikowski’s route ...............40 

2.6 Synthesis of bacillithiol from Hamilton’s route .......................................................57 

2.7 Alternative protecting groups for malic acid ............................................................68 

2.8 Summary of synthetic work .....................................................................................69 

3 REACTIVITY OF BACILLITHIOL WITH NITROXYL AND SYNTHESIS AND 
REACTIVITY OF S-NITROSOBACILLTHIOL .............................................................71 

3.1 Nitroxyl in pharmacology ........................................................................................72 

3.2 Experimental strategy to assess bacillithiol and nitroxyl chemistry ........................75 

          3.2.1. Properties of Angeli’s salt ..............................................................................75 

          3.2.2. Properties of Piloty’s acid ..............................................................................75 

3.3 Results HNO reactions with glutathione and bacillithiol .........................................77 

          3.3.1. General reaction conditions ...........................................................................77 

          3.3.2. Processing and preparation of MS data .........................................................78 

          3.3.3. Reactivity of HNO and BSH favors sulfinamide formation ..........................79 

3.4 Discussion of bacillithiol reactivity with HNO ........................................................89 

          3.4.1. Reactivity of glutathione with Angeli’s salt and 2BPA .................................89 

          3.4.2. Reactivity of bacillithiol with Angeli’s salt and 2BPA .................................90 

          3.4.3. Comparison of bacillithiol and glutathione reactivity with HNO ..................90 

          3.4.4. Comparison of disulfide to sulfinamide ratio ................................................91 



 

v 

 

          3.4.5. Reactivity of glucosamine-N-cysteine with HNO .........................................91 

          3.4.6. Total thiol quantification ................................................................................95 

3.5 Discovery of unknown product ................................................................................96 

          3.5.1. Assessment of MS data ..................................................................................96 

          3.5.2. Investigation into the formation of unknowns ...............................................97 

          3.5.3. Synthesis of S-nitrosobacillithiol ...................................................................98 

          3.5.4. Reduction of S-nitrosoglutathione and S-nitrosobacillithiol by NaBH4 ......101 

          3.5.5. Proposed structures of unknowns ................................................................105 

3.6 Proposed mechanisms for the formation of cyclic-bacillithiol sulfinamide...........106 

          3.6.1. Potential role of L-malic acid ......................................................................106 

          3.6.2. Conformational analysis ..............................................................................107 

          3.6.3. Formation of sulfinamides and cyclic sulfinamides ....................................111 

3.7 Summary of the reactivity of bacillithiol with HNO in vitro .................................113 

4 EFFECTS OF HNO ON BACILLUS SUBTILLIS AND ENDOGENOUS BSH .......116 

4.1 HNO as a bacterial inhibitor  ..................................................................................116 

4.2 Plan to assess the effect of HNO in B. subtilis and endogenous BSH  ..................117 

4.3 Results of bacterial growth studies .........................................................................119 

          4.3.1. General procedure of bacterial growth experiments ....................................119 

          4.3.2. Growth curves ..............................................................................................119 

          4.3.3. Total BSH analysis ......................................................................................120 

4.4 Discussion on bacterial growth studies ..................................................................126 

          4.4.1. Effect of HNO during early lag-phase in bacterial cultures ........................126 

          4.4.2. Effect of HNO during early mid-log phase in bacterial cultures .................127 

          4.4.3. Effect of HNO on endogenous bacillithiol and cysteine .............................128 

          4.4.4. Possible mechanisms of HNO toxicity ........................................................129 

4.5 Summary of bacterial growth studies with HNO ...................................................130 

5 MATERIALS AND METHODS ..................................................................................132 

5.1 General experimental methods ...............................................................................132 

5.2 Synthesis work  ......................................................................................................133 

          5.2.1. Preparation of trifluoromethanesulfonyl azide ............................................133 



 

vi 

 

          5.2.2. Preparation of glucosazide (1) .....................................................................133 

          5.2.3. Preparation of tetra-O-acetyl-glucose azide (2) ...........................................133 

          5.2.4. Preparation of tri-O-acetyl-glucose azide (3) ..............................................134 

          5.2.5. Preparation of di-tert-butyl-malate (5a) .......................................................134 

          5.2.6. Preparation of di-allyl-malate (5b) ..............................................................135 

          5.2.7. Preparation of tri-O-acetyl-glucose-azide-α-di-t-butyl-malate (6) ..............136 

          5.2.8. Preparation of protected bacillithiol disulfide (8) ........................................137 

          5.2.9. Preparation of triol-disulfide (9) ..................................................................137 

          5.2.10. Preparation of BSSB ..................................................................................138 

          5.2.11. Preparation of tri-O-acetyl-glucose-azide-α-di-allyl-malate (11) .............139 

          5.2.12. Preparation of protected BSH (14) ............................................................139 

          5.2.13. Preparation of dicarboxylic acid (19) ........................................................140 

          5.2.14. Preparation of triol-dicarboxylic acid (20) ................................................141 

          5.2.15. Preparation of BSH ....................................................................................142 

          5.2.16. Preparation of glucose-N-cysteine .............................................................143 

5.3 Synthesis and characterization of BSNO  ..............................................................144 

          5.3.1. Preparation of BSNO ...................................................................................144 

          5.3.2. Nitric oxide NOA analysis ...........................................................................144 

5.4 Reactions of HNO and H2O2 with GSH and BSH  ................................................145 

          5.4.1. Incubations of Thiols with AS and 2BPA  ..................................................145 

          5.4.2. Incubations of GSH and BSH with H2O2  ...................................................146 

5.5 Reduction of BSNO and GSNO by NaBH4  ..........................................................146 

5.6 Effect of HNO on B. subtilis and endogenous BSH  .............................................147 

          5.6.1. Bacterial strains and culture conditions  ......................................................147 

          5.6.2. Angeli’s salt and Piloty’s acid cell incubations  ..........................................147 

          5.6.3. Analysis of biological thiols  .......................................................................148 

          5.6.4. Cellular bacillithiol analysis  .......................................................................148 

          5.6.5. HPLC methodology  ....................................................................................149 

6 GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK ..........172 



 

vii 

 

6.1 Chapter 2  ...............................................................................................................173 

      6.1.1 Challenges due to bacillithiol scarcity  .........................................................174 

          6.1.2 Challenges in the synthesis of bacillithiol and bacillithiol disulfide  ...........174 

          6.1.3 Future directions for the synthesis of bacillithiol  ........................................174 

6.2 Chapter 3  ...............................................................................................................176 

      6.2.1. Malic acid in bacillithiol promotes sulfinamide formation  .........................176 

         6.2.2. Treatment of bacillithiol with HNO forms a second sulfinamide  ................177 

         6.2.3. Future directions  ..........................................................................................178 

6.3 Chapter 4  ...............................................................................................................179 

      6.3.1 Effects of HNO on Bacillus subtilis viability  ...............................................179 

          6.3.2 Toxicity of HNO may be due to reactivity with metals  ...............................180 

          6.3.3 HNO decreases the bacillithiol pool   ...........................................................181 

          6.3.4 Future directions  ..........................................................................................182 

6.4 Summarized suggestions for future work  ..............................................................184 

REFERENCES ................................................................................................................185 

CURRICULUM VITAE ..................................................................................................198 

 

 

 

 

 



 

viii 

 

LIST OF FIGURES 

 

                                                               Title                                                                   Page  

Figure 1.1 Modifications of Protein Thiols by Various Reactive Species. 3 

Figure 1.2 Diversity of Biological Low Molecular Weight Thiols. 5 

Figure 1.3 Simplified Pathway of Fe-S Cluster Assembly.  7 

Figure 1.4 Common Biological ROS Sources and Fates. 8 

Figure 1.5 ROS Damage by Fenton Chemistry. 9 

Figure 1.6 Fate of Protein Thiols after Hydrogen Peroxide Oxidation. 11 

Figure 1.7 Formation of H2S in Mammalian Systems. 12 

Figure 1.8 Reactions of H2S with Modified Protein Thiols. 14 

Figure 1.9 Common Reactions of Nitric Oxide in Biology. 19 

Figure 1.10 Structures of Common Nitroxyl Donors. 20 

Figure 1.11 Reactivity of HNO with Thiols. 21 

Figure 1.12 Structure of S-Nitrosoglutathione and S-Nitroso-N-Acetyl-
Penacillamine. 

23 

Figure 1.13 Biosynthesis Pathway of Bacillithiol.  26 

Figure 1.14 Research Plan Diagram.  32 
 

Figure 2.1 Proposed Impurities Formed During 5a Coupling of 4.  48 

Figure 2.2 Newman Projections of Anomeric Coupling Constants for 
α/β-glycosides. 

50 



 

ix 

 

Figure 2.3  Proposed Side Products Derived from Coupling Impure 7 with 
17. 

55 

Figure 2.4  Palladium Catalyzed Deprotection of Allyl Esters. 65 

Figure 3.1 S-nitrosation of Proteins by Nitric Oxide, CysNO, and GSNO.  72 

Figure 3.2 Representative Mass Spectra of BSH and GSH. 79 

Figure 3.3 Representative Mass Spectra of BSH, GSH, and Sulfinamide 
Products. 

80 

Figure 3.4 Reaction Products of GSH with HNO Donors AS and 2BPA.  82 

Figure 3.5  Reaction Products of BSH with HNO Donors AS and 2BPA. 83 

Figure 3.6 Alternative Representation of Reaction Products of GSH with 
HNO Donors AS and 2BPA 

84 

Figure 3.7 Alternative Representation of Reaction Products of BSH with 
HNO Donors AS and 2BPA 

85 

Figure 3.8 Reaction Progress of GSH with H2O2. 86 

Figure 3.9 Total Thiol Recovered from Bromobimane Derivatization. 87 

Figure 3.10 Chemical Formula of BSA and GSA by High Resolution Mass 
Spectroscopy.  

88 

Figure 3.11 Effect of L-Malic Acid on BSH Product Profile After HNO 
versus GC. 

92 

Figure 3.12 Reaction Products of GC with HNO Donors AS and 2BPA.  93 

Figure 3.13 Alternative presentation of the Reaction Products of GC with 
HNO Donors AS and 2BPA. 

96 

Figure 3.14 HRMS Spectra of Unknown from GSH and HNO Reaction.  97 

Figure 3.15 HRMS Spectra of Unknown from BSH and HNO Reaction.  97 

Figure 3.16 Reduction of RSNO by NaBH4 for the Generation of 
RSNHOH. 

98 



 

x 

 

Figure 3.17 UV-Vis Comparison of BSNO derived from n-Butylnitrite and 
Acidic Nitrite. 

100 

Figure 3.18 Detection of NO form BSNO, and HgCl2 Treated BSNO.  100 

Figure 3.19 Formation of Unknown Product from The Reaction of GSH 
and HNO Donors. 

102 

Figure 3.20 Formation of Unknown Product from the Reaction of BSH and 
HNO Donors.  

103 

Figure 3.21 Alternative Presentation for the Formation of Unknown 
Products by the Reaction of GSH and BSH and HNO Donors.  

104 

Figure 3.22 Proposed Structures for Unknowns Derived from GSH and 
BSH.  

106 

Figure 3.23 Theoretical Energies of BSH Conformers Determined by 
NWChem.  

108 

Figure 3. 24 3D Conformations of BSH.  110 

Figure 4.1 Potential Sources of Endogenous BSH (Non-exhaustive). 118 

Figure 4.2 Effect of Angeli's Salt on CU1065 B. subtilis Growth. 121 

Figure 4.3 Effect of Piloty's Acid on CU1065 B. subtilis Growth. 122 

Figure 4.4 Effect of Angeli's Salt on ∆bshC B. subtilis Growth. 123 

Figure 4.5 Effect of Piloty's Acid on ∆bshC B. subtilis Growth. 124 

Figure 4.6 Comparison of BSH and Cys Content in AS Treated and 
Untreated CU1065 cells. 

125 

Figure 4.7 Representative Chromatogram of BSH from CU1065 Cell 
Growth.  

126 

Figure 5.1 GSNO Calibration Curve for S-nitrosothiol Quantification. 145 

Figure 5.2 Calibration Curves of BSmB, GSmB, and CysmB for 
Fluorescence-HPLC. 

151 

Figure 5.3 Reaction Progress of Cys and HNO Donors AS and 2BPA.  152 



 

xi 

 

Figure 5.4 Reaction Progress of NAC and HNO Donors AS and 2BPA.  153 

Figure 5.5 Representative Chromatogram of CysmB and GSmB.  154 

Figure 5.6 Representative Chromatogram of BSmB in AS Treated 
CU1065. 

155 

Figure 5.7 400 MHz 1H NMR Spectrum of Di-t-butyl-malate (5a) in 
CDCl3. 

156 

Figure 5.8 400 MHz 1H NMR Spectrum of Di-t-butyl-malate (5b) in 
CDCl3. 

157 

Figure 5.9 400 MHz 1H NMR Spectrum of Azide (2) in CDCl3. 158 

Figure 5.10 400 MHz 1H NMR Spectrum of Tri-O-Acetyl-Glucoze-Azide 

(3) in CDCl3. 
159 

Figure 5.11 400 MHz 1H NMR Spectrum of Trichloroacetimidate (4) in 
CDCl3. 

160 

Figure 5.12 400 MHz 1H NMR Spectrum of 6 in CD3OD. 161 

Figure 5.13 400 MHz 1H NMR Spectrum of 8 in CDCl3. 162 

Figure 5.14 400 MHz 1H NMR Spectrum of 9 in CD3OD. 163 

Figure 5.15 400 MHz 1H NMR Spectrum of BSSB in D2O. 164 

Figure 5.16 400 MHz 1H NMR Spectrum of Azide (11) in CDCl3. 165 

Figure 5.17 400 MHz 1H NMR Spectrum of 14 in CDCl3 166 

Figure 5.18 400 MHz 1H NMR Spectrum of 19 in CD3OD (Unpublished). 167 

Figure 5.19 400 MHz 1H NMR Spectrum of 20 in CD3OD.  168 

Figure 5.20 400 MHz 1H NMR Spectrum of BSH in D2O.  169 

Figure 5.21 400 MHz 13C NMR Spectrum of BSH in D2O.  170 



 

xii 

 

Figure 5.22 400 MHz 13C NMR Spectrum of Glucosamine-N-Cysteine in 
CD3OD.  

171 

Figure 6.1 Movement of HNO in B. subtilis.  
 

181 

 

  



 

xiii 

 

LIST OF TABLES 

                                                                     Title                        Page 

Table 4.1 P-values for total BSH and Cys Assay, Comparing Means of 
Equal Variances. 

129 

Table 5.1 Thiol and Sulfinamide m/z for Representative Mass Spectra. 147 

Table 5.2 High Resolution Mass Error of Sulfinamide Molecular Weight.  147 

Table 5.3 HPLC Mobile Phase Gradient for Thiol Analysis.  151 

Table 6.1 Concentration of Heavy Metals in LB Broth Determined by 
ICP-MS (adapted from Wenfa). 

184 

Table 6.2 Trace Metals in Spizizen Minimal Media. 184 

 

 



 

xiv 

 

LIST OF SCHEMES 

 

                                                                     Title                        Page 

Scheme 2.1 Derivatization of BSH with Bromobimane. 34 

Scheme 2.2 Biosynthesis of Bacillithiol. 36 

Scheme 2.3 Armstrong & Sulikowski Synthesis of BSSB. 38 

Scheme 2.4 Hamilton Synthesis of Bacillithiol. 39 

Scheme 2.5  Diazotransfer of Glusoamine.  40 

Scheme 2.6 Formation of Amide Impurity from Incomplete Diazotransfer. 41 

Scheme 2.7 Acetylation of Azide (1) and Selective Deprotection at 
Carbon-1. 

42 

Scheme 2.8 Possible Hydrazone Formation from Excess Heat and 
Hyrazine. 

43 

Scheme 2.9 Trichloroacetonitrile Ligation with Tri-O-acetate (3). 43 

Scheme 2.10 Synthesis of Di-t-butyl Malate (5a). 45 

Scheme 2.11 Coupling of Protected Malic Acid (5a) to Trichloroacetimidate 
(4). 

47 

Scheme 2.12 Mechanism of Glycoside Bond Formation for 
Trichloroacetimidate (4). 

49 

Scheme 2.13 Catalytic Hydrogenation of Azide (6). 51 

Scheme 2.14 Potential Acyl Migration Products.  52 

Scheme 2.15 Potential t-butyl Deprotection Products. 53 

Scheme 2.16 Coupling of N-Boc-Cystine (17) to Amine (7). 54 



 

xv 

 

Scheme 2.17 Global Deprotection of protected BSSB (8). 56 

Scheme 2.18 Azido Nitration of Tri-O-acetyl-D-Glucal.  58 

Scheme 2.19 Possible Products from Azido Nitration 10.  59 

Scheme 2.20 Protection of L-Malic Acid by Allyl Bromide. 59 

Scheme 2.21 Coupling of Protected Malic Acid (5b) to Trichloroacetimidate 
(4).  

60 

Scheme 2.22 Staudinger Reduction of 11 and Coupling of Protected 
Cysteine (13). 

61 

Scheme 2.23 Formation of Azaylide (11b) During Staudinger Ligation of 
11.  

63 

Scheme 2.24 Global Deprotection of Protected BSH (14). 64 

Scheme 2.25 Combined Synthesis of BSH.  67 

Scheme 2.26 Byproducts of Deprotection from Benzyl and Methyl Ester 
Derivatives of 14. 

69 

Scheme 3.1 Reaction Paths of Cysteine and GSH with HNO. 74 

Scheme 3.2 Decomposition Pathway of Angeli's Salt. 76 

Scheme 3.3 Decomposition of Piloty's Acid at Basic pH.  76 

Scheme 3.4 Synthesis of BSNO by Acidic Nitrite and Butylnitrite 99 

Scheme 3.5 Detection of NO by Chemiluminescence with NOA.  99 

Scheme 3.6 Fate of BSH Derived N-Hydroxysulfenamide After 
Dehydration.  

107 

Scheme 3.7 Newman Representation of BSH-7 Conformer with Malate 
Assisted Dehyrdation of N-Hydroxysulfenamide.   

111 

Scheme 3.8 Formation of BSA from BSH and HNO. 112 



 

xvi 

 

Scheme 3.9 Formation of cBSA from Sulfenium Intermediate. 112 

Scheme 6.1  Potentially Shorter Synthesis of Bacillithiol. 176 

Scheme 6.2 Possilbe Sulfinamide Formation Arising from Favorable 
Microenvironment. 

179 

Scheme 6.3 Proposed Synthesis of BSA and cBSA.  180 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xvii 

 

LIST OF ABBREVIATIONS 

 

13C NMR Carbon-13 nuclear magnetic resonance 

1H NMR Proton nuclear magnetic resonance 

2BPA 2-Bromo-Piloty's acid 

3MP 3-Mercaptopyruvate  

3MST 3-Mercaptopyruvate sulfurtransferase 

Å Angstrom 

Ac2O Acetic Anhydride 

AS Angeli's salt 

ATP Adenosine triphosphate 

BrxA Bacilliredoxin A 

BrxB Bacilliredoxin B 

BSA Bacillithiol sulfinamide 

BshA Bacillithiol glycosyltransferase A 

BshB Bacillithiol deacetylase B 

BshC Bacillithiol ligase C 

BSmB Bacillithiol-bimane 



 

xviii 

 

BSNO S-Nitrosobacillithiol 

BSNOR S-Nitrosobacillithiol reductase 

BSO2H Bacillithiol sulfinic acid 

BSO3H Bacillithiol sulfonic acid 

BSOH Bacillithiol sulfenic acid 

BSSB Bacillithiol disulfide 

BSSH Bacillithiol persulfide 

C1 Carbon-1 

CA Carboxylate 

CAN  Ceric ammonium nitrate 

CAT Cysteine aminotransferase 

CBS Cystathionine-β-synthase 

cBSA Cyclic-bacillithiol sulfinamide 

cGMP Cyclic guanosine monophosphate 

cGSA Cyclic-glutathione sulfinamide 

CoASSH Acetyl-CoA persulfide 

COMU Dimethylaminomopholino carbenium 
hexafluorophosphate 

CSE Cystathionine-γ-lyase 



 

xix 

 

Cys Cysteine 

CysmB Cysteine-bimane 

CysNO S-nitrosocysteine 

CysSSH Cysteine persulfide 

DBU diazabicyclo[5.4.0]undec-7-ene 

DCC dicyclohexylcarbodiimide 

DCM Dichloromethane 

DIC Diisopropyldicarbimide 

DIPEA N,N-Diisopropylethylamine 

DMAP 4-Dimethylaminopyridine 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DTPA Diethylenetriamine pentaacetate 

DTT 1,4-Dithiothreitol 

EDRF Endothelial-derived relaxing factor 

ESI Electrospray ionization 

EtOAc Ethyl acetate 

Fur Fe2+ specific metalloregulator 



 

xx 

 

GC Glucosamine-N-cysteine 

GlcNac-Mal Malic acid N-acetyl-glucosamine 

GlcNH2-Mal Malic acid glucosamine 

GSA  Glutathione sulfinamide 

GSH Glutathione 

GSmB Glutathione-bimane 

GSnG Glutathione polysulfides 

GSNO S-Nitrosoglutathione 

GSNOR S-Nitrosoglutathione reductase 

GSOH Glutathione sulfenic acid 

GSSG Glutathione disulfide 

GSSH Glutathione persulfide 

GST Glutathione transferase 

HATU Hexafluorophosphate-azabenzotriazole-tetramethyl-
uronium 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HOBt Hydroxybenzotriazole 

HOCl Hypochlorous acid 

HPLC High performance liquid chromatography 



 

xxi 

 

HRMS High resolution mass spectrometry 

ICP Inductively coupled plasma mass spectrometry 

KATP Potassium adenosine triphosphate 

LB Lysogeny broth 

LMW Low molecular weight  

mBBr Mono-bromobimane 

MetE Methaionine synthase 

MM Minimal media 

MS  Mass Spectrometry 

MSH Mycothiol 

MSHA Methanesulfohydroxamic acid 

MSNO S-Nitrosomycothiol 

MSOH Mycothiol sulfenic acid 

NAC N-Acetylcysteine 

NADPH Nicotinamide adenine dinucleotide phosphate 

NaH Sodium hydride 

NaN3 Sodium azide 

N-boc tert-Butyloxycarbonyl  



 

xxii 

 

NFS1 Cysteine desulfurase 

NOA Nitric oxide analyzer 

NOS Nitric oxide synthase 

NOSS- Nitrosopersulfide 

NOX Nicotinamide adenine dinuleotide phosphate oxidase 

OD Optical density 

Ohr Organic hydroperoxide resistance transcriptional 
regulator 

PA Piloty's acid 

Pd(PPh3)4 tetrakis(triphenylphosphine)palladium 

psi Pounds per square inch 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

RS- Thiolate 

RS• Thiyl radical 

RSH Thiol 

RSNO S-Nitrosothiol 

RSOH Sulfenic acid 

RSS  Reactive sulfur species 



 

xxiii 

 

RSSH Persulfide 

RSSR Disulfide 

SERCA2A Sarcoplasmic Ca2+ pump 

SNAP S-Nitroso-N-acetyl-penacillamine 

SNP Sodium nitroprusside 

SOD Superoxide dismutase 

SRB Sulfur reducing bacteria 

TEA Triethylamine 

Tf2O Triflic anhydride 

TFA Trifluoroacetic acid 

TfN3 Triflic azide 

THF Tetrahydrofuran 

TIC Total ion count 

TLC Thin layer chromatography 

TMSOTf Trifluoromethanesulfonate 

TPP Triphenylphosphine 

TRPA1 Transient receptor potential channel A1 

Trt Trityl 



 

xxiv 

 

UDP-GlcNAc Uridine diphosphate N-acetylglucosamine 

UV Ultraviolet  
 



 

xxv 

 

ABSTRACT 

 

The Chemical Biology of Nitroxyl (HNO) and Bacillithiol 

 

Alberto Negrellos-Aguilera 

 

 

Of the reactive nitrogen species, the chemical biology of nitroxyl is one of the least 

understood. In part, this is due to the transient nature of HNO which requires use of donors 

such as Angeli’s salt for its study. In mammals, HNO shows overlapping bioactivity with 

nitric oxide despite their distinct fundamental chemistry. Thiols like glutathione and 

cysteine are readily oxidized by nitroxyl (forming disulfides) and have mitigating effects 

on its bioactivity. In recent years, other LMW thiols such as bacillithiol (BSH) have 

emerged in low GC Gram-positive bacteria and represent an overlooked area of research.  

BSH was synthesized following work developed by Armstrong & Sulikowski and 

Hamilton. Pure BSH was obtained in amounts of 150-300 mg per batch (3-4% over 10 

steps) and was used to explore its chemistry with HNO. Equimolar and excess Angeli’s 

Salt and 2-bromo Piloty’s acid were incubated with bacillithiol, glutathione, cysteine, N-

acetylcysteine, and glucosamine-N-cysteine and monitored by mass spectrometry. These 

reactions led to the formation of disulfides as the major products, except for BSH which 

favored the formation of the sulfinamide adduct. The total thiol content of bacillithiol/HNO 

reactions was assessed using a well-known derivatization assay with fluorescence coupled 

high performance liquid chromatography. On average, 3% of the theoretical bacillithiol 

concentration was recovered compared to 18% for glutathione, leaving a significant 
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amount of thiol unaccounted. MS analysis led to the discovery of an unknown product in 

bacillithiol and glutathione incubations, believed to be a cyclic-sulfinamide whose 

molecular formula was confirmed by high resolution mass spectrometry. Formation of the 

open chain and cyclic sulfinamides in bacillithiol is thought to be driven by the malate 

group of its structure, since the synthetic analog glucosamine-N-cysteine (treated with 

HNO) gives disulfide and negligible sulfinamide. 

Cell studies used Bacillus subtilis CU1065 (wild-type) and HB110079 (unable to 

produce bacillithiol) strains which were grown in rich and minimal media and treated with 

HNO during exponential growth. HNO proved to be toxic to both cell strains but more 

severely to HB110079, showing that bacillithiol imparts protection against HNO stress. 

Bacillithiol from CU1065 cells in minimal medium was quantified by fluorescence coupled 

HPLC after HNO treatment and showed a decrease in the total bacillithiol pool compared 

to controls. BSH levels could not be recovered by 1,4-dithiothreitol (DTT) in accordance 

with sulfinamide chemistry, suggesting the formation of bacillithiol-sulfinamide and likely 

cyclic bacillithiol sulfinamide.  

Collectively this work shows that bacillithiol imparts protection against HNO stress 

to Bacillus subtilis, and that HNO and bacillithiol result in a distinct product profile not 

seen in other low molecular weight thiols, which prefers sulfinamides over disulfides. 

Moreover, HNO depletes the BSH pool to a measurable degree in Bacillus subtilis and 

BSH cannot be recovered by DTT, suggesting that bacillithiol sulfinamide likely forms in-

vivo in line with the reaction profile observed during in vitro studies.  
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1 GENERAL INTRODUCTION 

1.1 Overview of thiol redox chemistry in biological systems 

The chemistry of oxidation-reduction (redox) reactions in biology and medicine is 

indispensable. For some time, the oxidation of biological molecules was thought to be 

undesirable; however, increasingly, redox reactions have been identified as crucial 

mechanisms in the maintenance and regulation of the tightly controlled intracellular 

environment.1 Overemphasis regarding oxidative stress drove the view that reactive 

oxygen, nitrogen, and sulfur species (ROS, RNS, RSS) are generally stressors that can lead 

to a variety of “unintended” chemical modifications and result in aberrant  cellular 

function. More recently, scientists have found that many reactions of these so-called 

“stressors” are essential for normal cellular function. Thus, oxidative eustress has become 

the term where ROS, RNS and RSS are utilized by cells as intentional modifiers of macro 

and micro level chemical species.1 This dichotomy of stress and eustress has more clearly 

introduced the concept of redox homeostasis, which can be defined as the intricate balance 

of redox states across, between, and within biomolecules that results in normal cellular 

function. 

To this day, the extent and complexity of all redox pathways in human biology are 

not fully understood. However, tremendous progress has been made, particularly in 

understanding the importance of thiol modifications by ROS, RNS, and RSS .2 These redox 

modification(s)  in proteins are akin to protein phosphorylation, acetylation, and 

methylation, in that a single amino acid modification can have far-reaching effects in 

cellular function. In the same way, modifications of molecular cysteine and cysteine-
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derived low molecular weight (LMW) thiols has added to the complexity of redox 

homeostasis and regulatory pathways (Figure 1.1).2 

 

Figure 1.1. Modifications of Protein Thiols by Various Reactive Species. 

In eukaryotes and most Gram-negative bacteria, the major redox-sensitive LMW 

thiol is glutathione (GSH), a tripeptide consisting of L-glutamate, L-cysteine, and glycine 

(Figure 1.2). GSH plays versatile roles, including radical quenching, detoxification of 

xenobiotics and noxious compounds, and is even involved in regulatory pathways through  

protein glutathionylation.3  Moreover, GSH  can react with hydrogen peroxide to form 

glutathione disulfide (GSSG), GSSG can react with hydrogen sulfide (H2S) forming 

glutathione persulfide (GSSH) and glutathione polysulfides (GSnG), and radical thiyl 

glutathione can react with nitric oxide (NO) forming S-nitrosoglutathione.4 Although GSH 
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is the most studied low molecular weight (LMW) thiol, it is not the only one across life. 

Some prokaryotes, mainly low GC, Gram-positive bacteria and mycobacteria, lack GSH 

and instead produce analogous molecules with overlapping functionality, such as 

bacillithiol (BSH) and mycothiol (MSH), respectively (Figure 1.2).5,6 

 

1.2 Prominent low molecular weight thiols in biology 

Thiols are essential in living organisms and are present in every kingdom of life.7 

LMW thiols and sulfur-containing small molecules are found in micro to millimolar 

concentrations (intracellularly) and participate in a variety of pathways that affect complex 

cellular biochemistry. The roles of LMW thiols, whose structures vary across living 

organisms , affect crucial metabolic pathways, and cell physiologies including virulence,  

xenobiotic remediation, oxidative stress buffering, protein modification, cellular signaling, 

and active biomolecule modifications.8,9  

The importance of thiol prevalence and diversity can be traced to the early 

emergence of life. In early life, molecular oxygen was mostly absent in the atmosphere, 

but as biological systems evolved and utilized processes like photosynthesis, the 

atmosphere became  increasingly oxygen rich..8 Because of this, organisms evolved to 

utilize  oxygen as an electron acceptor for metabolic processes and introduced reactive 

oxygen species whose chemistry allowed for the generation of other reactive species in 

downstream processes. For example, cellular respiration can produce superoxide radical 

(O2
•-), the reduced form of O2, which can form hydrogen peroxide (H2O2) by dismutation, 

spontaneously or enzymatically. Hydrogen peroxide can form hydroxyl radicals (OH•) 
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through Fenton chemistry and can  lead to a variety of radical chemistry with lipids, nucleic 

acids, and proteins  10,11   

One of the ways cells have dealt with ROS and RNS, has been through cysteine, 

specifically the free thiol group. The thiol functional group has a high degree of modularity 

due to sulfur’s multivalent nature and allows for the characteristic redox reversibility 

observed (several oxidation states).12 

 

Figure 1.2. Diversity of Biological Low Molecular Weight Thiols. 

Evolution has made use of this redox reversibility/versatility and incorporated 

thiols into various biomolecules, such as GSH, BSH, MSH, trypanothione, and protein 

thiols, amongst others (Figure 1.2). Thiol redox reversibility enables the formation of single 

and double S-S, S-O, S-N, bonds that can be reduced through various biological electron 

sources.13 Additionally, the redox properties of thiols allow them to function as  “redox 
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switches.”14 Thus, cysteine thiols in proteins are able to change oxidation state (reversibly) 

and these changes have an effect on parent proteins, either by altering a catalytic cysteine, 

or by forming disulfide bridges that can alter protein shape and/or function.14–16 The redox 

reversibility of thiols also allows for LMW thiols and thiol containing proteins to function 

as scaffolds for NO and H2S in the form of S-nitrosothiols (RSNO) and persulfides (RSSH), 

respectively.17,18  

Single electron oxidation of a thiol group can generate thiyl radicals (RS•) that can 

react with other radicals such as NO•. Thiyl radicals and NO form a redox modified 

cysteine, S-nitrosothiol.14,15 A notable S-nitrosothiol is S-nitrosoglutathione (GSNO) which 

has been found in various mammalian organisms and in various tissues.18 The functions of 

GSNO include uptake of NO radicals and transfer of nitric oxide by transnitrosation.18  

Similarly, thiols can load sulfur in the form of a thiol persulfide. In the biosynthesis 

of Fe-S clusters, L-cysteine reacts with cysteine desulfurase (NFS1) to generate a cysteine-

persulfide.17 The persulfide is then transferred onto iron-sulfur cluster assembly scaffold 

protein, Fe-ISCU.17 Alternatively, persulfidated NFS1 can generate free H2S when reacting 

with a second L-cysteine (Figure 1.3). 18 Accordingly, thiols serve as important motifs 

whose high degree of modularity is exploited by cells in biosynthetic and protective 

processes. 
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Figure 1.3. Simplified Pathway of Fe-S Cluster Assembly.  

 
1.3 Reactive oxygen species 

1.3.1. Hydrogen peroxide 

The primary ROS generated from this leakage are superoxide radical and hydrogen 

peroxide. Of these, the most common ROS with biological relevance is H2O2. Formation 

of peroxide species results from superoxide dismutation, either spontaneously or catalyzed 

by superoxide dismutase (SOD).19 Superoxide radical can also be generated from  

nicotinamide adenine dinucleotide phosphate oxidase (NOX),20 present in various somatic 

cells where generation of ROS is used intentionally, as is the case with phagocytes as a 

means to kill microbes. Although, studies have largely focused on the generation of ROS 

in immune cells and host-microbial interactions, endogenous generation of ROS is not 

exclusive to eukaryotic host cells.21 In fact, recent studies show that bacteria generate H2O2 

to inactivate certain immune responses of host cells.22 It is thought that bacteria, like 
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eukaryotic cells, take advantage of the permeability by diffusion property of peroxide and 

use it as a means of intra and intercellular signaling (Figure 1.4).22 

The ubiquity of H2O2 in nearly all living organisms has been observed for some 

time (including its remediation by catalase to H2O and O2) and its biochemical roles in 

cellular signaling, post-translational modifications, and gene regulation have been the 

focus of many studies.22 

 

Figure 1.4. Common Biological ROS Sources and Fates. 

 

1.3.2. Hydrogen peroxide biochemistry  

 
Hydrogen peroxide is notorious for participating in Fenton chemistry, where 

oxidation of Fe+2 by H2O2 results in the generation of a hydroxyl radical (HO•). 23 The 

hydroxyl radical is particularly toxic because its reactivity leads to hydrogen abstraction of 

lipids, proteins, and DNA. This in turn creates free-radical species of the aforementioned 

that can react with other free radicals, (i.e. O2
•-, HO•, RS•, etc.), and result in unintended 

and damaging effects on cellular processes (Figure 1.5). 23  
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Another notable reaction of H2O2 in biological systems is the oxidation of cysteine 

residues forming sulfenic, sulfinic, and sulfonic acids. 24 These oxidations are important in 

protein biochemistry because the thiol groups, depending on the degree of oxidation, can 

be primed (sulfenic acids) for reactivity or rendered unreactive by irreversible oxidation 

(sulfonic acid). These redox modifications can dictate protein structure and function and 

often affect regulation from their activity or lack thereof. 24  

 

 

 

Figure 1.5. ROS Damage by Fenton Chemistry. 
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1.4 Sulfenic acids in biology 

 

Cysteine sulfenic acids are formed by two-electron oxidation of the thiol group. 

This is carried out through RS- attack on peroxide (Figure 1.6).25 Although the reactivity 

and stability of sulfenic acids depends on the microenvironment, they are widely 

considered transient species (especially those that are LMW). Because this functional 

group is transient, pKa values are limited and only recorded for a few known proteins.25 

Sulfenic acids exhibit both nucleophilic and electrophilic reactivity, however, nucleophilic 

driven oxidation (resulting in protein disulfides, nucleophile conjugation, and sulfinic 

acids) is most relevant in biological systems (Figure 1.6).25–27  

LMW thiols and protein thiols can react with protein sulfenic acids (RSOH) to form 

inter or intramolecular disulfide bonds. This type of reactivity is thought to be a prevalent 

means of post-translational modification.28 Although it has been known that sulfenic acids 

play a significant role in regulation of protein structure and function since 1976, it has 

proven difficult to establish a sulfenic acid proteome, largely due to the short half-life of 

the species.29 Notwithstanding, a variety of sulfenic acid probes have been developed, 

including some developed by this lab.30 
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Figure 1.6. Fate of Protein Thiols after Hydrogen Peroxide Oxidation. 

 
Interestingly, the formation of glutathione sulfenic acid (GSOH) is only inferred as 

part of glutathione metabolism. In the lab, oxidation of glutathione with hydrogen peroxide 

or hypochlorous acid (HOCl) leads to the formation of glutathione disulfide, and with 

excess oxidant, intra molecular glutathione sulfonamide (presumably formed by 

nucleophilic attack of an amide nitrogen in GSH).31  Since bacillithiol and mycothiol are 

fairly new molecules with limited accessibility, the reported existence and roles of 

bacillithiol sulfenic acid (BSOH)  and mycothiol sulfenic acid (MSOH) are largely absent.  

 

 
1.5 Reactive sulfur species 

 
1.5.1 Hydrogen sulfide 

                                                                                                                                                
H2S has been known to exist in mammalian tissues for over 300 years, but unlike 

NO and CO, its physiological relevance has only recently become substantially 

investigated. Like NO and CO, H2S is known to affect vasorelaxation, but unlike NO, 

which primarily interacts with heme groups that lead to downstream effects involving G-

protein(s), H2S achieves vasorelaxation effects by interacting with potassium ATP-
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channels (KATP-channels).32–34 Additionally, H2S is involved in inflammation, acting as 

both an anti-inflammatory and pro-inflammatory agent, as well as in neuroprotection and 

smooth muscle relaxation.35  H2S in mammalian tissues is generally formed by 

cystathionine-γ-lyase (CSE), cystathionine-β-synthase (CBS), and 3-mercaptopyruvate 

sulfurtransferase (3MST),  using substrate combinations of L-cysteine and homocysteine, 

that result in L-serine, α-ketoglutarate, 3-mercaptopyruvate (3MP), and glutamate (Figure 

7).36 These enzymes are able to generate H2S at various points of metabolism and are 

largely recognized as the major sources of endogenous H2S.  

 

Figure 1.7. Formation of H2S in Mammalian Systems. 
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Within cells, H2S can form the persulfide motif (RSSH) by reduction of a disulfide 

or through an enzymatic sulfur relay. Relative to S-nitrosation, sulfhydration appears to be 

a more prevalent post-translational modification.32 The chemical effects of sulfhydration 

are also different and almost opposite to those of S-nitrosation. The S-nitroso group acts as 

a form of “shield” or “cap” that usually results in down regulation of activity or protection 

of a protein’s thiol groups, and in rare cases in up regulation of protein activity.34 

Sulfhydration, having formed a persulfide group, increases the anionic nature of the 

cysteine residue since the pKa of persulfides is much lower than thiols. This allows 

persulfidated cysteine residues to become easily ionizable and facilitates exposure to the 

cytosol, and at times, the activity of persulfidated proteins is increased up to 700%.34,37 

In bacteria, H2S, is used as an anti-oxidant quencher of Fenton chemistry, primarily 

in sulfur reducing bacteria (SRB).38 SRB bacteria are generally strict anaerobes and, in 

humans, can be found in the distal gut ( i.e. Desulfovibrio bacteria). H2S stimulates major 

antioxidant enzymes in these bacteria, such as catalase and superoxide dismutase (SOD).38 

Because antibiotics generally lead to the formation of ROS harmful to bacteria, it is thought 

that H2S is widely used in Gram-negative and Gram-positive bacteria as a defense 

mechanism, although all the details and roles that H2S plays in bacteria are not fully 

understood.38–40 

 

1.5.2 Hydrogen sulfide biochemistry  

 
H2S is an analogue of water, however with a much lower dipole moment, due to 

the weaker electronegativity of sulfur compared to oxygen. Because of this H2S does not 

hydrogen bond.40 H2S is a weak acid that has a pKa1 of 7.0 and a pKa2 of ~17 and can react 
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with disulfide bonds as a nucleophile attacking the most electropositive sulfur of the RS-

SR’ bond. This results in the formation of the persulfide motif (RS-SH).40 Similarly, HS- 

reacts with sulfenic acids,  S-nitroso groups, and disulfides to generate persulfides and 

byproducts, water and HNO (Figure 1.8). Additionally, H2S can react with peroxynitrite, 

hydrogen peroxide, hypochlorite, and metal centers as a reductant.39,40This rich chemistry 

has attracted many researchers who are endeavoring to elucidate the likely extensive roles 

of H2S in biology.  

 

 

 

 
 
 
 

Figure 1.8. Reactions of H2S with Modified Protein Thiols. 
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1.6 Persulfides 

1.6.1 Protein thiol persulfides 

Biological persulfides exist as the sulfhydration product of free protein thiols and 

LMW thiols. The chemical reactivity of persulfides is generally nucleophilic, due to the 

persulfide pKa of ~6.2 which favors the persulfide anion RSS-.41 The persulfide bond is 

generally polarized, exhibiting weak electrophilic properties and strong nucleophilic 

properties simultaneously. The general reactions of persulfides include nucleophilic attack, 

electrophilic attack, single electron reductions, as well as double electron oxidations.42 The 

majority of redox modifications occur on the outer sulfur (sulfhydryl) and the majority of 

displacements begin with attack on the inner sulfur (sulfenyl). When the sulfhydryl sulfur 

acts as a nucleophile, its nucleophilicity is greater than that of HS- and RS-, due to the alpha 

effect, in which unsaturated electrons from an adjacent heteroatom increase the 

nucleophilicity of the attacking atom.42 Unfortunately, the electrophilic and nucleophilic 

nature of the persulfide bond render it unstable,  leading to spontaneous decomposition of  

persulfide to thiols, disulfides, and even polysulfides.42,43 This particular feature of 

persulfides has made it challenging to study thiol persulfidation in biology. 

In biological systems, persulfides are known to transpersulfidate. Today, several 

biosynthetic and signaling pathways are known to utilize transpersulfidation. For example, 

the biosynthesis of molybdopterin, lipoic acid, thiouridine, thiamine, and biotin, involve 

protein transpersulfidation.44–46 Synthesis, transport, and coordination of sulfur-iron 

clusters involves protein persulfides. Finally, proteins with catalytic cysteines, after 

sulfhydration (RSSH), have been shown to dramatically increase Vmax, showing that 

cysteine modifications to persulfides can function as an additional level of catalytic 

regulation.42,46 
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1.6.2 Low molecular weight persulfides 

In eukaryotes and most Gram-negative bacteria, glutathione persulfide (GSSH) and 

cysteine persulfide (CysSSH) tend to be the most abundant LMW persulfide species.47 It 

is thought that GSSH, with GSSG and GSH, play various roles in the regulation of redox 

signaling and environment.47 The antioxidant capacity of GSSH and CysSSH are higher 

than GSH and Cys when scavenging H2O2, and thus it is thought that GSSH serves as an 

important defense against oxidative stress.48 Moreover, it is thought that LMW persulfides 

may participate in various sulfur-containing biosynthetic pathways, like H2S delivery, and 

S-polythiolation.48  

For low GC Gram-positive bacteria, exact pathways involving bacillithiol 

persulfide (BSSH) are lacking. However, it has been shown that under chemically induced 

sulfide stress in Staphylococcus aureus  various persulfide species, including BSSH, 

CysSSH, and CoASSH are formed.49  

Because persulfides tend to be unstable at physiological pH, it is difficult to study 

their mechanistic roles. Due to this instability, biological persulfide synthesis of LMW 

thiols is mainly achieved through a “cage-release” mechanism in which a persulfide 

precursor (pro-persulfide) is the final synthetic product. Glutathione persulfide has been 

synthesized as a pro-persulfide; it is converted into glutathione persulfide within cells 

triggered by esterase release.50    
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1.7 Reactive nitrogen species 

1.7.1 Nitric oxide 

Nitric oxide (NO) is one of three known gasotrasnmitters which include H2S and 

CO. NO was the first gasotransmitter to be extensively studied and whose roles in biology 

have been most elucidated.51 NO is a small hydrophobic free radical that is synthesized 

endogenously by the nitric oxide synthases (NOS) through the oxidation of L-arginine 

producing L-citrulline and NO.52 The most prominent role of  NO in mammals is 

vasodilation; however, its impacts go beyond cardiovascular health, affecting intra- and 

intercellular processes.52,53 NO activates macrophages and impacts the immune response 

and neuromodulation; it is known to interact with free thiol-radicals (forming S-

nitrosothiols) and leads to activation of various cellular pathways, including cGMP 

dependent and independent pathways, synaptic neurotransmission and cell death.53,54 

In microbes, the use of NO can be traced to the Archean period, when abiotic 

synthesis of NO led to a large degree of environmental NO. Because of the large prevalence 

of atmospheric NO (generated from the harsh environment), organisms are thought to have 

evolved to deal with, and use, NO for biological purposes.54 In fact, NOS enzymes are 

found in every kingdom of life and it is becoming evident that the role of NO in microbes 

is significant. In bacteria, it is thought that NO functions as a radical quencher, neutralizing 

reactive oxygen species such as superoxide radical and hydroxyl radicals.54 Furthermore, 

it is thought that through interaction with redox sensitive thiols (forming S-nitrosothiols), 

NO helps protect thiols from irreversible redox modifications, thus becoming an integral 

part of cellular defense and viability.54 
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1.7.2 Nitric oxide biochemistry  

The NO radical moves in and through cells by random diffusion, and it can 

passively cross cellular membranes. Its movement from the site of its synthesis (NOS) is 

directed by diffusion which limits its reactivity to the diffusion radius. The chemical 

reactivity of NO arises from its unpaired electron. This unpaired electron reacts quickly 

with chemical species that have unpaired electrons and very slowly with paired electron 

molecules. This allows NO to directly react with O2 (diradical), O2
•-, OH•, additional NO 

molecules, and other free radical species as well as metals.53,54 

Reactions of NO include formation of nitrite anion (NO2
-) with O2, peroxynitrite 

(ONOO-) with O2
•-, and formation of S-nitrosothiols with thiyl radicals.54 Peroxynitrite can  

react with carbon dioxide (CO2) to generate the transient species nitrosoperoxocarbonate 

(ONOOCO2
-), which quickly decomposes through breaking of the peroxo bond (O-O) to 

NO2
•
  and CO3

•-.54 In a similar fashion, ONOO- can form ONOOH in acidic conditions and 

also decomposes, through peroxo bond cleavage to NO2
• and OH•. This second reaction is 

likely more significant since OH• is known to cause lipid peroxidation and DNA damage.  

Additionally, peroxynitrite is able to perform a two electron oxidation of thiols leading to 

sulfenic acids (RSOH).54 

NO also has the ability to react with transition metals. Because transition metals 

can place up to 10 electrons in their d-orbitals, they function as a form of “electron-sink” 

for free radicals, particularly for NO.41 In fact, many transition metal complexes are made 

up of NO, and here, the bonds they make are not referred to as nitroso, but as nitrosyl. An 

example of this is the complex formation of NO with Fe+2 and Fe+3 in heme groups.54,55 

Although not extensive, a summary of these reactions can be seen in Figure 1.9. 



 

19 

 

 

Figure 1.9. Common Reactions of Nitric Oxide in Biology. 

 

1.7.3 Nitroxyl 

 
Nitroxyl (HNO) was a candidate for the elusive endothelial-derived relaxing factor 

(EDRF). Today, a large body of evidence supports NO as EDRF.56 However, during the 

time of investigation, before the discovery of NO, HNO was investigated by several labs. 

HNO is the single-electron reduced and protonated version of NO, and yet its chemistry is 

distinct from NO.57 HNO is one of few RNS that cannot be stored, since it readily reacts 

with itself. For this reason, it has been challenging to study its effects on biological systems. 

Experiments involving HNO are largely carried out with the use of HNO donors, with 

Angeli’s Salt being the most notable, and others like Piloty’s Acid and blue acyloxy nitroso 

compounds gaining popularity in recent years (Figure 1.10). 57,58 

Not surprisingly, HNO reacts with thiols and is even considered ‘thiophilic’.59 

Recently, HNO (donors) have shown extraordinary promise in the treatment of heart 
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failure. HNO has been shown to increase cardiomyocyte Ca+2 cycling by activation of the 

ryanodine receptor and the sarcoplasmic Ca+2 pump (SERCA2A).60 The astonishing part 

is that HNO seems to have almost no adverse effects in patients with heart failure. This has 

led scientists to wonder if HNO is an endogenous regulator of biological processes.  

 

 

Figure 1.10. Structures of Common Nitroxyl Donors. 

 

1.7.4 Nitroxyl biochemistry  

 
The pKa of HNO is reported to be approximately 11.4 making the protonated form 

of HNO the most abundant species in solution relative to its deprotonated form NO-.61 

Furthermore, because NO- is isoelectric with O2, its deprotonation must undergo a spin flip 

from HNO singlet to triplet NO- making this deprotonation much slower than other 

reactions and therefore biologically irrelevant.61 As such, it is reasonable that the observed 

chemistry of HNO is that of an electrophile. Furthermore, the NO/HNO couple, at 

physiological pH has been determined to be between -0.5 and -0.6V vs. normal hydrogen 

electrode at physiological pH, making NO a poor oxidant and thus the generation of HNO 

in a biological system by a one-electron reduction insignificant.62  

HNO can be converted to NO by mild hydrogen atom abstraction, given that the H-

NO bond strength is around 50kcal-mol-1. Because of this, HNO is a potent antioxidant due 
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to its ability to react with radicals through hydrogen abstraction and then again by the nitric 

oxide radical.63 Like the previously discussed gasotransmitters, HNO also can react with 

thiols to form an N-hydroxysulfenamide adduct.  This adduct can undergo two paths 

depending on the concentration, 1) generation of NH2OH and RSSR by a resolving RSH 

or 2) rearrangement to a sulfinamde (Figure 1.11). This ability allows HNO to create a 

reversible thiol modification as well as an irreversible modification from a single HNO 

molecule. 64 

Interestingly, HNO reacts with Fe+3 and Fe+2. When reacting with Fe+3 it reduces 

the iron to Fe+2 forming a ferrous-nitrosyl species with only a proton as the byproduct. 

When reacting with Fe+2 HNO forms a ferrous-HNO complex that is characterizable by 

1H-NMR at around 15ppm as reported in experiments with ferrous heme.65  

 

Figure 1.11. Reactivity of HNO with Thiols. 

1.8 S-Nitrosothiols  

1.8.1 Protein S-nitrosothiols 

 

Typically, formation of S-nitrosothiols is achieved from NOS derived NO within 

cells, directly through radical chemistry (reaction of NO and thiyl radical) or indirectly 

through intermediate reactions with products of NO chemistry, such as N2O3.
55,66,67

  Today, 

S-nitrosation has been widely accepted as an essential form of protein post-translational 
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modification present in a vast number of biological systems from multicellular organisms 

to unicellular eukaryotes and prokaryotes.67 

The importance of S-nitrosation in proteins has gained interest since it has been 

observed that alteration of thiol structure through nitrosation can modulate the activity and 

efficacy of parent proteins and even one or many downstream proteins. This powerful 

modular ability allows for more intricate levels of control and regulation of cells. Examples 

of known S-nitrosation regulatory effects  include excitation-contraction coupling, G-

protein coupled receptor signaling, NOX5 downregulation, homeostasis, proliferation, and 

programmed cell death.66–68 

 

1.8.2 Low molecular weight S-nitrosothiols 

The majority of LMW S-nitrosothiols tend to be unstable in aqueous solutions and 

are not easy to isolate. Synthesis of S-nitrosothiols can be achieved by reacting thiols with 

sodium nitrite under acidic conditions (i.e., CysNO), however, rarely can these compounds 

be obtained as pure solids. An exception to this is S-glutathione, which can be easily 

synthesized and purified, yielding a highly stable red compound that is easy to work 

with.69,70 In fact, the stability of GSNO is comparable to tertiary S-nitrosothiols, but the 

exact reasons why remain a subject of investigation.69  Another primary S-nitrosothiol is 

S-nitrosomycothiol (MSNO) which has been synthesized and isolated showing sufficient 

stability for HPLC analysis.70   

Generally, S-nitrosothiols can undergo various mechanisms of decomposition, 

some of which include homolytic cleavage of the S-N bond, metal ion-catalyzed 

decomposition, and hydrolysis.47 The half-lives of S-nitrosothiols vary significantly from 
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one another and even some of their optical characteristics are drastically different. The 

general color of RSNO is red/pink, while some RSNOs have been observed to be green.70 

 

 

 

Figure 1.12. Structure of S-Nitrosoglutathione and S-Nitroso-N-Acetyl-Penacillamine. 

 

 
1.9 Bacillithiol 

1.9.1 Discovery of bacillithiol  

The most abundant LMW thiol in eukaryotes and most Gram-negative bacteria is 

GSH. Although seemingly ubiquitous, it was realized early that GSH was absent from 

Gram-positive Bacillus, Staphylococcus, Actinomycetes, and amitochondrial 

eukaryotes.5,71 Given the large amount of research regarding the role of GSH in cellular 

metabolism and redox regulation, the discovery of BSH was significant for understanding 

bacterial redox control and detoxification pathways. BSH was initially detected by high 

performance liquid chromatography (HPLC) during studies of thiol-dependent enzymes in 

Bacillus anthracis.72 Independently, BSH was detected by mass spectrometry in a DNA 

transcriptional regulator protein (OhrR) studies, where OhrR, containing a redox sensitive 

Cys residue, underwent S-bacillithiolation. Soon after these discoveries, a coordinated 

effort by several labs led to the determination of the chemical structure, distribution, and 
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biosynthesis of BSH.72   It was quickly observed that BSH was prevalent in low-GC Gram-

positive bacteria, specifically in most Bacillus and Staphylococcus species.72,73 

Furthermore, research showed that BSH functions as an important co-factor in resistance 

against fosfomycin in B.subtillis and as an important virulence factor in S. aureus.74,75  

While analogy with GSH suggests many of the roles of BSH, the details and 

complete understanding of the functions of BSH remain obscure. This is partly due to the 

extensive history of GSH which includes nearly 100 years of active research, compared to 

the recently discovered bacillithiol (identified in 2009).6,74 

As an example, a large portion of BSH enzymology remains undiscovered relative 

to GSH (i.e. biosynthetic enzymes, reductases, redoxins, BS- transferases). Recent work 

has addressed some of the mentioned areas but the chemical tools needed for robust and 

deep probing experiments are still lacking.76–78 Nonetheless, what is known so far has 

proven to be significant and important, especially in the area of bacterial redox homeostasis 

and infectious disease.78 

Like GSH, BSH may be involved in intracellular signal transduction through 

delivery and regulation of nitric oxide (NO) and hydrogen sulfide (H2S), signal molecules 

in eukaryotes referred to as gasotransmitters.79 NO  and H2S delivery has been suggested 

to occur through redox modified BSH in the form of S-nitrosobacillithiol (BSNO) and 

bacillithiol persulfide (BSSH).  

Beyond regulation of cellular pathways, recent reports have shown that BSH may 

play important roles in bacterial viability through remediation of toxic electrophiles, ROS, 

and antibiotics, as demonstrated by Armstrong’s work in the inactivation of fosfomycin.78 
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For this reason, understanding the intricacies of BSH-dependent pathways has become 

deeply relevant in the field of infectious disease, especially in a post-COVID world and in 

light of increasing antibiotic resistance. 80 

 

1.9.2 Biosynthesis of bacillithiol 

The biosynthesis of BSH involves three main enzymes, a glycosyltransferase 

(BshA), a deacetylase (BshB) and a ligase (BshC), seen in Figure 1.13.76,81 BshA links 

UDP-GlcNAc to L-malic acid resulting in GlcNAc-Mal. BshB deacetylates GlcNAc-Mal 

using a catalytic Zn +2 atom that polarizes the amide carbonyl leading to the hydrolysis 

product, GlcNH2-Mal.36,82 Lastly, BshC ligates cysteine forming an amide bond resulting 

in BSH.6,82 

Interestingly, BshB also functions as the primary enzyme used for recycling BSH-

S-conjugates, indicating that the deamidation function of this enzyme extends beyond the 

removal of acetate.76,81,83 BshB knockouts show BSH synthesis is severely impaired, but 

supplementation with GlcNH2-Mal restores biosynthesis. Accordingly, BshB is a potential 

target for antibiotic development, particularly in relation to its catalytic Zn+2 atom co-

factor, since disrupting the role of the metal co-factor may lead to disruption of enzymatic 

function in a similar  manner to histone deacetylase inhibitors used as cancer therapeutic 

agents.83  
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Figure 1.13. Biosynthesis Pathway of Bacillithiol.  

 

1.9.3 Physical properties of bacillithiol  

BSH is structurally composed of D-glucosamine, L-malic acid, and L-cysteine. 

BSH chelates both zinc and copper, however, no metal complex structures are available.72 

The pKa of BSH is 7.97 which makes it more acidic than Cys (8.53) and GSH (8.93).72 

Approximately 22% of BSH exists as the thiolate anion (BS-) at pH 7.7 compared to 

approximately 14% thiolate anion of cysteine.72 The thiolate form of BSH also exists at a 

much higher concentration in cells relative to Cys and CoAS- anions by 10-100 fold.72 The 

redox potential of BSH/BSSB is -221mV, a value closer to free Cys (-223mV) compared 

to GSH (-240mV).  The reactivity of the BSH thiol has led to hypotheses of its possible 

involvement across cellular pathways through various redox modifications similar to those 

seen in GSH.72 
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Evidence from Helmann et. al. shows that BSH has the ability to bind Zn+2 through 

two BSH molecules forming a complex with a reported affinity (Ka) of 1.9 x 1012 M-2.84 

This ability has led scientists to question whether BSH may be involved in metal 

homeostasis or other metal dependent pathways. For example, in bacteria, levels of Fe+2 

are sensed by a Fe+2-specific metalloregulator, (Fur). In B. subtilis, when Fe+2 levels are 

sufficient, the metal binds to Fur which in turn affects a variety of pathways related to Fe+2 

flux and regulation. Interestingly, S. aureus strains lacking BSH have shown to lack Fur-

accessible Fe+2.  

 

 

 
1.10 Interactions of bacillithiol with ROS, RSS, and RNS 

Efforts have been made to study the mechanism by which eukaryotes guard 

themselves against ROS. However, considering the collective discoveries surrounding 

redox signaling and regulation with respect to molecules such as NO, HNO, and H2S, 

concentrated efforts to understand the biochemistry of these compounds in prokaryotes 

have not been undertaken.  

Studies of the effect of AS treatment on B. subtilis have shown that AS has a 

“delaying” effect on cells grown under lysogeny broth (LB), but not a complete inhibitory 

effect.85 Furthermore, combination of HNO donors with H2O2 has shown to increase killing 

of B. subtilis, while having no enhancement for killing Escherichia coli. In the same 

studies, addition of NO through GSNO or SNAP, resulted in increased resistance to H2O2.85 

The investigators concluded that HNO does not have an inhibitory effect on B. subtilis and 

that NO enhances ROS protection. However, similar studies were performed on 
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Mycobacterium tuberculosis with drastically different results. In M. tuberculosis, treatment 

with HNO donors AS and methanesulfohydroxamic acid (MSHA), as well as SNAP as a 

source of NO, showed inhibitory effects with increasing concentration.86 When samples 

were also treated with cysteine in addition to AS or MSHA, cell viability was rescued 

suggesting a remediating role of cysteine towards HNO.86  

Regardless, little is known about the detailed interactions between ROS, RSS, or 

RNS species with BSH. B. subtilis lacking BSH demonstrates increased sensitivity to 

superoxide stress, and it has been shown that BSH can S-bacillithiolate proteins after 

treatment with diamide and HOCl.87,88 Kettle et. al have showed BSH reacts with HOCl to 

produce BSSB at low concentrations while higher concentrations formed BSO2H and 

BSO3H.88 Related to this, two enzymes of the DUF194 family have been identified as 

bacilliredoxins (BrxA and BrxB) and are responsible for the de-bacillithiolation of MetE 

(methaionine synthase) and OhrR (organic hydroperoxide resistance transcriptional 

regulator) in-vitro.74  

The S-nitrosothiol of bacillithiol (BSNO) has not been extensively studied and its 

potential role remains obscure. To date, the synthesis of BSNO has not been reported. 

However, a S-nitrosobacillithiol reductase (BSNOR) has been reported.89 Like with M. 

smegmatis, deletion of the S-nitrosothiol reductase, BSNOR, leads to decreased viability 

and disruption of biofilm formation in S. aureus.70 Experiments performed to determine 

the activity of BSNOR were carried out by treating S. aureus with non-lethal levels of 

acidic sodium nitrite, which led to reduced levels of BSH, implying BSNO formation. 

Moreover, treatment of B. subtilis with sodium nitroprusside (SNP), a nitrosating agent, 

inhibits growth and induces hmp, a gene that codes for a flavohemoglobin that protects 
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against nitrosative stress.90 NO does likewise, and SNP and NO also induce σb, a general 

stress regulon, but via different mechanisms.90 Other work shows that in the presence of 

H2S, SNP generates HNO, which may account for these differences.91 Still, much less is 

known regarding the formation and stability of BSNO, however, like MSNO, it seems to 

be the product of nitrosative stress. 

Until recently, the persulfide of bacillithiol (BSSH) was only proposed; however, 

Giedroc et al. working with S. aureus demonstrated the presence of BSSH (by HPLC/MS 

using standard bromobimane derivatives of BSH) as a response to H2S and HNO stress 

(through Angeli’s Salt).92 H2S was added to cell cultures and later transcriptome changes 

were measured and revealed upregulation of the Cst-operon in S. aureus (responsible for 

repressing putative sulfide oxidation). Similarly, HNO was noted to upregulate the Cst-

operon, albeit to a lesser extent. This, together with the confirmed presence of BSSH, led 

to the hypothesis that H2S and HNO lead to the formation of RSS intracellularly, in part 

due to their repression of the oxidation of sulfide species within cells.92 It’s worth noting 

that the rationale behind treating cells with HNO came from the idea that interaction 

between H2S and NO (or RSNOs) could be an endogenous source of HNO according to 

Feelisch et al., whose work established the reactivity between RSNOs and H2S produce 

nitrosopersulfide (ONSS-).93 This stable species is thought to be a potential source of HNO, 

which would suggest a form of “cross-talk” between H2S and NO (through RSNOs) in 

which ONSS- decomposition could lead to downstream product messenger(s) such as 

HNO. Moreover, Filipovic et al, have shown that H2S and NO (gaseous) when combined 

have almost identical effects on transient receptor potential channel A1 (TRPA1) in 

Chinese hamster ovary cells (ultimately leading to vasodilation) compared to treatment 
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with AS/HNO.94 Collectively, these studies seem to support the idea that HNO may be  

generated at the interplay of H2S and NO.   

 

 

1.11 Outline of thesis 

The relevance of redox biochemistry, particularly in the interactions of thiol-based 

redox regulation and signaling, has been addressed in this introduction. This chapter has 

covered, although not extensively, the various chemistries of protein thiols and LMW thiols 

in biology, particularly GSH. Furthermore, much attention was given to the three primary 

branches of reactive species that affect thiols, (ROS, RSS, and RNS) since their interaction 

with thiols in biology is the focus of a large body of research and probably represents a 

fundamental pillar of redox interplay, regulation, dynamics, and homeostasis in all living 

organisms.  

The significance of redox homeostasis continues to grow, especially as more 

discoveries are made in relation to disease states. Notably, the bulk of research in this field 

is focused on mammalian systems and Gram-negative bacteria, or GSH containing cells. 

However, the emergence of other LMW thiols such as BSH cannot be overlooked, 

especially since low GC containing bacteria include various pathogenic members. More 

importantly, studies of BSH and its role in cells are needed to continue to expand our 

knowledge of redox homeostasis and its role across species. In accordance with this idea, 

this work focuses on expanding our current understanding of redox biology as it pertains 

to bacillithiol and the model organism B. subtilis.  



 

31 

 

To do so, we will obtain BSH from the chemical syntheses previously reported. We 

aim to explore the chemistry of HNO with BSH (which to our knowledge has not been 

carried out in-vitro) and hope it gives more clarity on the possibility of RSS and RNS 

“cross-talk” and how it might relate to the formation of BSSH as observed by Giedroc et. 

al. To this end, based on the interest of the Dos Santos lab (at Wake Forest University) 

regarding the role of BSH in Fe-S cluster synthesis, collaborations between our labs are 

aimed at characterizing the effects of HNO donors (not extensively studied on low GC 

Gram-positive) on the growth curve and redox status of B. subtilis. 

Figure 1.14 shows the research plan for this work. Chapter 2 will deal with the 

chemical synthesis of BSH following Armstrong’s and Hamilton’s work. We address 

challenges faced in each route, as well as the adoption of a hybrid synthesis utilizing 

optimized elements and some minor changes of both published works. In Chapter 3, we 

address the chemical reactivity of BSH with HNO relative to GSH, N-acetylcysteine, and 

D-glucosamine-N-cysteine (essentially BSH without the malate fragment). Lastly, we 

present the first chemical synthesis of S-nitrosobacillithiol along with its characterization 

and some initial properties. In Chapter 4, we explore the effects of HNO on B. subtilis 

growth curves in rich and minimal media. We also explore the effect of HNO on the BSH 

intracellular pool and how that relates to our in-vitro studies as well as the potential role of 

BSNO. Chapter 5 details our materials and methods for all the experiments presented and 

will provide relevant instrumental data. Finally, Chapter 6 will discuss future directions 

and challenges of this research.  
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Figure 1.14. Research Plan Diagram.  
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The synthesis of bacillithiol included in this work is largely based on the work of 

Armstrong & Sulikowski95 and Hamilton96, who independently published  syntheses of 

BSH. This section will include challenges faced when attempting to reproduce their 

published syntheses as well as the changes made which ultimately led to our successful 

synthesis of bacillithiol. All synthetic work was performed by Alberto Negrellos; Zhengrui 

Miao (a previous Ph.D. student) provided 2-tert-butyl-1,3-diisopropylisourea.  
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2 SYNTHESES OF BACILLITHIOL AND BACILLITHIOL DISULFIDE 

2.1 Sources of bacillithiol  

A robust procedure for the extraction and purification of BSH is not available. In 

fact, the structural composition of BSH was determined, not by isolation of BSH itself, but 

by isolation of the bromobimane (mBBr) derivative (Scheme 2.1).72 BSH was isolated as 

bacillithiolbromobimane (BsmB) from B. subtilis and Deinococcus radiodurans. The work 

involved growing cultures in rich media (5 liters) to early stationary phase. After harvesting 

cells, cell pellets were subjected to a standard thiol-bromobimane derivatization 

procedure.97 After some rounds of solid phase extraction and HPLC, enough material was 

collected to perform hydrolysis of products which confirmed the structure of BSmB by 1H 

NMR. This approach led to the characterization of BSH, albeit, isolation of BSmB was in 

yields of 50 mg/L.72 

 

Scheme 2.1. Derivatization of BSH with Bromobimane. 
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2.2 Chemical synthesis of bacillithiol  

Soon after the characterization of BSH, efforts to acquire pure BSH led to the two 

chemical syntheses available today. After the synthetic routes were published, to our 

knowledge, only one commercial provider of BSH has emerged, Carbosynth, a contract 

chemical synthesis and biologicals company based in the United Kingdom. Carbosynth 

sells synthetic BSH trifluoroacetate for $433.13 per 1 mg with options up to 5 mg priced 

at $300.30 per milligram. This price, the complexity of the current syntheses, and the lack 

of new routes, results in a high barrier to entry into the field of BSH research.  

2.3 Bacillithiol biosynthesis  

Scheme 2.2 shows the biosynthesis of BSH, which is composed of D-glucosamine, 

L-malic acid, and L-cysteine. The biosynthesis of BSH begins with glycosyltransferase 

BshA which links UDP-GlcNAc to L-malic acid resulting in an α-glycoside, GlcNAc-Mal. 

This linkage is facilitated by uridine diphosphate (UDP) since this stable leaving group 

“activates” the hydroxyl group on carbon-1 (C1) to be easily replaced by the hydroxyl of 

L-malic acid. BshB deacetylates GlcNAc-Mal, revealing the amine, with assistance by a 

Zn+2 cofactor producing GlcNH2-Mal.36,82  Lastly, α-anomer selective BshC (ligase), adds 

cysteine to the amine of GlcNH2-Mal by formation of an amide bond with the carboxylic 

acid portion of cysteine, resulting in BSH.6,82  
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Scheme 2.2. Biosynthesis of Bacillithiol. 

 

2.4 Reported routes for the synthesis of bacillithiol 

2.4.1 Armstrong & Sulikowski 

Scheme 2.3 shows the reported pathway published by Armstrong & Sulikowski for 

the synthesis of BSSB.95 D-Glucosamine hydrochloride was neutralized and converted to 

glucose azide (1) by diazo transfer with triflic azide. Compound 1 was acetylated with 

acetic anhydride (Ac2O) and 4-dimethylaminopyridine (DMAP) to form 2. Selective 

deprotection of 2 at C1 by hydrazine acetate (NH2NH2 • AcOH) gave 3 which produced 

trichloroacetimidate (4) by coupling with trichloroacetonitrile (CCl3CN). Subsequently, 4 

was coupled to di-t-butyl-malate (5a) catalyzed by trimethylsilyl trifluoromethanesulfonate 

(TMSOTf) to form azide (6). Catalytic hydrogenation of 6 yielded 7 that was coupled to 
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N-Boc-cystine (17) with hexafluorophosphate-azabenzotriazole-tetramethyl-uronium 

(HATU) and N,N-diisopropylethylamine (DIPEA) which gave disulfide (8). Acetyl-

deprotection of 8 with sodium methoxide (NaOMe) formed 9 that was treated with 

trifluoroacetic acid (TFA) to remove the t-butyl and N-Boc protecting groups to afford 

BSSB in 9-11% yield over 11 steps.95 

 

2.4.2 Hamilton 

Scheme 2.4 shows the reported pathway for the synthesis of BSH by Hamilton.96 

The synthesis began with commercially available tri-O-acetyl-D-glucal (10). 

Azidonitration with ceric ammonium nitrate (CAN) and sodium azide (NaN3) followed by 

hydrolysis gave 3. Compound 3 was reacted with NaH and CCl3CN to afford 4. 

Trichloroacetimidate 4 was coupled to diallyl malate (5b) catalyzed by TMSOTf to form 

azide (11). Staudinger reduction of 11 followed by coupling to 13 with 

hydroxybenzotriazole (HOBt) and triethylamine (TEA) produced 14. Allyl-group 

deprotection of 14 followed by acetyl-group deprotection with NaOMe generated 15. 

Treatment of 15 with TFA gave BSH in 13% yield over 9 steps.96  



 

38 

 

 

 

Scheme 2.3. Armstrong & Sulikowski Synthesis of BSSB. 
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Scheme 2.4. Hamilton Synthesis of Bacillithiol. 
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2.5 Synthesis of bacillithiol disulfide from Armstrong & Sulikowski’s route 
 

 

 

 

Scheme 2.5. Diazotransfer of Glucosamine. 

 

 Armstrong & Sulikowski’s work began with trichloroacetimidiate 4 (α:β, 3:1) 

derived from D-glucosamine hydrochloride. That work excluded detailed protocols for the 

steps leading to 4 and only gave a brief description and references.95 Accordingly, our work 

began with a published protocol for diazo transfer (Scheme 2.5).98  

Reported: General diazo transfer begins with neutralization of an amine 

hydrochloride with base (K2CO3 or NaOMe) in methanol and combined with freshly 

prepared TfN3 in methylene chloride (DCM).98 Preparation of TfN3 is accomplished by the 

reaction of triflic anhydride (Tf2O) and NaN3.98 The diazo transfer reaction stirs as a 

biphasic  mixture (1:1 H2O: DCM) for 1-2 days giving 1 in 80% yield. 

In Practice: Our attempts using the reported protocol gave 1 (15-20%) and left 

large amounts of unreacted glucosamine. Compound 1 could not be completely purified 

from D-glucosamine, which led to formation of amide (2a) as an inseparable impurity in 

the next step (Scheme 2.6). Formation of 2a was reduced by a more recent diazo transfer 

method where the amine is combined with fresh TfN3 and a catalytic amount of ZnCl2 or 

Cu(SO)4.99 Use of this protocol with D-glucosamine hydrochloride increased the yield of 
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1 to 25-35%. The yield of 1 was further improved by controlling the water content of the 

reaction; water was eliminated as a reaction co-solvent and dry conditions were adopted. 

Interestingly, the reported diazo transfer protocols did not find water to be detrimental to 

yields of 1.98,99 D-Glucosamine hydrochloride was dried under high vacuum, dissolved in 

dry MeOH (dried over 3Å molecular sieves for 2 days), and neutralized with freshly opened 

(or dry) sodium methoxide. The neutralized glucosamine was combined with a solution of 

freshly prepared TfN3 in DCM and catalytic amounts of anhydrous ZnCl2. Preparation of 

TfN3 was largely unchanged, except for added brine washes and drying over copious 

amounts of magnesium sulfate immediately before use.98  The solution of glucosamine and 

TfN3 was diluted with additional dry methanol and was stirred overnight in a final solvent 

ratio of 4:1 MeOH:DCM. These changes resulted in azide 1 of superior purity that was 

used in the next acetylation step. 

 

 

Scheme 2.6. Formation of Amide Impurity from Incomplete Diazotransfer. 
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Scheme 2.7. Acetylation of Azide 1 and Selective Deprotection at Carbon-1.  

 

Reported: Compound 1 was acetylated under standard pyridine and acetic 

anhydride conditions with DMAP for 2 hours giving 2 in 60-80% yield (Scheme 2.7).100 

Azide (2) was dissolved in DMF or MeOH and heated to 50oC and hydrazine acetate was 

added. The solution stirred under heat until all hydrazine acetate was dissolved (5-10 

minutes) and then removed from heat. After 30 minutes, the solution was diluted with ethyl 

acetate and 3 was obtained by extraction in 90% yield.100 

In Practice: Tetra-O-acetyl-glucose azide (2) was obtained from D-glucosamine 

(50-60%, 9:1, α/β) over two steps and confirmed by proton nuclear magnetic resonance 

(1H NMR) and carbon nuclear magnetic resonance (13C NMR) spectroscopy. A solution of 

2 in dimethylformamide (DMF) was heated to 50oC and hydrazine acetate was added. After 

full dissolution of hydrazine acetate, the reaction remained under heat for 30 minutes 

followed by work up. This method gave compound 3 in 85-95% yield.  

Notably, temperature control was critical for this reaction. If temperatures exceed 

52oC significant product loss occurs and an unknown of mass 346.14 [M+H]+ is formed. 

No efforts were made to isolate or identify the unknown. However, excess reagent 

(NH2NH2) with heat, could react with open chain 3 (in equilibrium in solution) to form a 

hydrazone byproduct of m/z = 346.14 [M+H]+ (Scheme 2.8).101  
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Scheme 2.8. Possible Hydrazone Formation from Excess Heat and Hydrazine. 

 

 

Scheme 2.9. Trichloroacetonitrile Ligation with Tri-O-acetate (3). 

 

Reported: For the synthesis of trichloroacetimidate (4), we referenced work of 

Schmidt (Scheme 2.9), which reported yields of 4 in 60-90% with an anomeric glycoside 

ratio of 3:1 α/β.102 A solution of 3 in dry DCM was treated with K2CO3 or NaH followed 

by addition of CCl3CN to give 4 after purification by flash chromatography.  
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In Practice: Our attempts using the reported protocol produced 4 in yields of 10-

15%. Analysis of this reaction by TLC and MS showed large quantities of unreacted 3. A 

review of the glycosyl imidate literature indicated the greatest detriment to yields was water 

contamination.103,104 Accordingly, DCM (obtained from a solvent system) was dried 

further with molecular sieves, and hygroscopic NaH was replaced with 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) which was stored over molecular sieves.105 

Compound 3 (whose work-up involved aqueous washes) was dried under high vacuum 

overnight. These changes produced 4 in yields of 30-40%. Unfortunately, yields were 

inconsistent over time. In part, it was thought the atmospheric moisture level of Winston-

Salem, NC (especially during the summer) was responsible.  

A pattern was observed after numerous trials during optimization. Yields of 4 were 

highest when new bottles of trichloroacetonitrile were used that were not stored over 

sieves, a surprising result. Sieves were used to keep trichloroacetonitrile dry since it was 

assumed to be hygroscopic (to some degree) like acetonitrile, which is strongly 

hygroscopic.106 Trichloroacetonitrile, stored under sieves and protected from light, was 

monitored over time and coloration was observed. Hence, it was concluded that 

trichloroacetonitrile reacted with molecular sieves sufficiently to affect the yield of 4. 

Using new tricholoracetonitrile (overlaid with argon and stored in a desiccator) gave 

consistent yields, with observable decreases after three weeks. Distillation of 

trichloroacetonitrile returned yields comparable to using a new bottle.  These 

improvements gave trichloroacetimidate (4) in 30-40% yields consistently. 

During chromatographic purification, full separation of 4 and 3 was not achieved. 

Upon running a second column on mostly pure compound 4 an alarming loss of the 
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compound was observed. Each additional column resulted in a drastic drop in recoverable 

4 and led to increases in 3. The silica stationary phase of the column was thought to be 

responsible for the loss. Since silicon dioxide (SiO2) is a Lewis acid (albeit to weaker 

extent) similar to TMSOTf (the catalyst of the next synthetic step) it was thought that SiO2 

could react sufficiently with the trichloroacetimidate group. Accordingly, 3 was reacted 

with trichloroacetonitrile with DBU in dry DCM resulting in 4 that was recrystallized from 

the crude giving pure α -isomer in 50% yield (confirmed by 1H NMR and 13C NMR 

spectroscopy).  

 

 

Scheme 2.10. Synthesis of Di-t-butyl Malate (5a). 

 

Reported: L-malic acid was treated with 2-tert-butyl-1,3-diisopropylisourea (15) 

that was prepared from diisopropyldicarbimide (DIC) and CuCl under anhydrous DCM 

(Scheme 2.10).107 
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In Practice: The synthesis of 5a was easily carried out thanks to Zhengruri Miao 

(a previous PhD student in the King Lab) who provided a generous amount of 15 from his 

own work. Using this material, 5a was quickly and efficiently synthesized in good yields 

(50-60%) and high purity. L-Malic acid in anhydrous DCM was combined with 10-15 

molar equivalents of 15. However, as downstream challenges were addressed which 

required repeated use of 5a, all the material left behind by Miao was depleted requiring in-

house synthesis of 15. Moreover, typical esterification reagents such as N,N′-

dicyclohexylcarbodiimide (DCC) and DMAP with t-butanol fail to add both ester groups 

to make 5a.  

Although 15 is available from VWR ($80 per gram), the high cost led us to 

synthesize it from published protocols.107 DIC was added to dry t-butanol with a catalytic 

amount of CuCl. After 2-4 days the reaction was 80% complete by 1H NMR and complete 

after 20 days. Compound 15 was synthesized and confirmed by 1H NMR; however, when 

reacted in excess with L-malic acid, low yields of di-t-butyl malate 5a (10-15%) were 

obtained. The yields of 5a were improved with added equivalents of 15.  However, the 

large scale of the reaction (large excess of 15) and time required to synthesize 15 of high 

purity (20 days) led to the adoption of an alternative t-butylating agent, commercially 

available N,N-dimethylformamide di-butyl acetal (16).108 Accordingly, L-malic acid (dried 

under high vacuum) was combined with 16 in toluene and heated for 2 hours resulting in 

pure 5a that was collected in 50% yield (confirmed by 1H NMR spectroscopy). 

Importantly, commercial 15 and 16 successfully generated 5a in comparable yields.  
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Scheme 2.11. Coupling of Protected Malic acid (5a) to Trichloroacetimidate (4). 

 

 

Reported: Scheme 2.11 shows the synthesis of azide (6). Compound 4 was 

combined with 5a and a small amount of molecular sieves in dry DCM, stirred for 30 

minutes at room temperature, and chilled to -40oC. A catalytic amount of TMSOTf was 

added drop wise, and the reaction was allowed to warm to -20oC and stirred for 2 hours. 

The reaction was quenched with TEA. The crude was filtered through a celite pad with pet. 

ether washes and concentrated under vacuum. Purification by flash chromatography 

afforded 6 (61-91% yield, 3:1 α/β).95 

In Practice: Our attempts using the reported protocol yielded 6 in 30-50% yield. 

Analysis of the reaction by MS showed several side products of m/z 354.1, 526.18, and 

470.11. These unknowns were not isolated but believed to correspond to the structures in 

Figure 2.1 as [M+Na]+ adducts.  
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Figure 2.1. Proposed Impurities Formed During 5a Coupling to 4. 

These impurities (Figure 2.1) may arise from the deprotection of di-t-butyl-malate 

in 6 by TMSOTf at temperatures above -20oC; furthermore, the presence of water could 

re-form 3 from 4. Though Armstrong & Sulikowski did not mention use of dry solvent, it 

was assumed that water could be detrimental to the reaction since their protocol used 

molecular sieves. As such, dried DCM was used, and compounds 5a and 4 were dried under 

high vacuum for at least 2 hours before use. These extra measures seemed reasonable 

considering the mechanism of glycoside bond formation from glycosyl imidates (Scheme 

2.12) which shows the susceptibility of the cyclic-oxonium intermediate to nucleophilic 

attack (including H2O).109 Hence, water could be nucleophilic enough to form 3 from the 

cyclic-oxonium intermediate.  

After accounting for possible water sources, a noticeable reduction of the 354.1 m/z 

impurity (believed to be Compound 3 + Na+) was observed, and with this, a 5% 

improvement in yield (35%-55%). Since only one of the visible impurities was improved, 

the effect of temperature was explored next.  

The reactivity of di-tert-butyl malate with TMSOTf was tested at -78oC, -60oC, -

40oC, -20oC and 0oC. Surprisingly, significant deprotection of 5a occurred starting at -



 

49 

 

60oC, and even more at higher temperatures. Accordingly, the reaction was held at -78oC 

and a drastic reduction in all impurities was observed (MS of reaction in progress). 

However, impurities 6a and 6b became visible by MS again after the reaction was stopped.  

Having learned the importance of temperature in the formation of impurities, the 

“quenching” (base neutralization of the catalyst) part of the protocol was explored as a 

source of yield loss. Armstrong & Sulikowski did not include much detail on this step. In 

their supplemental information, a 20g scale reaction of 4 with 5a at -20oC was quenched 

by addition of TEA (20 mL).95 The solvent type used in the reaction, or the quantity used, 

was not included in the methods.95 The length of time the reaction was stirred with TEA to 

quench was also excluded.95 Because at -60oC decomposition of 5a was observed, it 

followed that addition of (possibly room temperature) TEA would warm the reaction 

significantly before full neutralization of the catalyst and result in significant 

decomposition of 6 to 6a-b.  

                             

Scheme 2.12. Mechanism of Glycoside Bond Formation for Trichloroacetimidate (4). 
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A simple procedure for quenching was developed. To the reaction, at -78oC, a slight 

molar excess of TEA (relative to TMSOTf) was added. The reaction was stirred for 30 

minutes as it warmed to no more than -20oC. The crude was extracted with DCM, washed 

with brine, and purified by flash chromatography. This gave 6 in 60-70%.  

Unfortunately, TMSOTf from a new vendor was used during the optimization of 

this synthetic step and the reagent provided was inferior in purity and quality. Several 

bottles were purchased at different points from this vendor, which introduced significant 

variability in yields and purity and made optimization difficult. After realizing this 

TMSOTf was faulty and after switching to a new vendor, 6 was formed in 60-70% yield. 

1H NMR analysis of the anomeric proton (coupling constant between H1 and H2, Figure 

2.2) confirmed our product to be pure α-glycoside in accordance with spectra reported by 

Armstrong & Sulikowski.95  

 

Figure 2.2. Newman Projection of Anomeric Coupling Constants for α/β-glycosides. 
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Scheme 2.13. Catalytic Hydrogenation of Azide (6). 

 

Reported: Using a Parr-shaker bottle, a solution of 6 in methanol is combined with 

catalytic amounts of 10% palladium on carbon (Pd/C). After purging the vessel 

atmosphere, the internal hydrogen pressure is set to 45 pounds per square inch (Psi) and 

the reaction runs for 16 hours under shaking affording 7 in 93% yield (Scheme 2.13).95  

In Practice: Our attempts utilizing this method were unsuccessful. Hydrogenation 

of 6 under the conditions mentioned resulted in multiple products by TLC (UV and 

ninhydrin stain) and MS. Analysis of the crude product gave multiple m/z signals matching 

the mass of proposed structures seen in Scheme 2.14. Indeed, Armstrong & Sulikowski 

mentioned that 7 could undergo acyl migration and recommended quick use of the amine. 

Surprisingly, immediately after hydrogenation, most of the crude reaction appeared to be 

byproducts with minimal 7.  

A hydrogen pressure of 45 psi appeared too excessive for this reaction. To assess 

this, aliquots of the in-process reaction were collected at various time points and analyzed 

by MS. After 30 minutes 6 had been consumed and 7 formed and its related byproducts 

were visible. After 3 hours, 7 disappeared and byproducts increased substantially. Next, 

the reaction was assessed at 30 psi of hydrogen, but results were similar. This result 
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suggested that the hydrogen pressure of 45 psi held for 16 hours was excessive. Since 

impurities formed early on even at a hydrogen pressure of 25 psi, the Parr-Shaker was 

replaced with a hydrogen balloon. This significantly reduced the formation of impurities 

in the crude. However, upon work up, 1H NMR and MS spectra of concentrated 7 revealed 

impurities. Thus, it was hypothesized that acyl migration increased in 7 as the 

hydrogenation solvent was removed by reduced pressure during work up.   

 

 

 

 Scheme 2.14. Potential Acyl Migration Products. 

 

To mitigate the amine’s reactivity, HCl was added quantitatively (relative to 6) to 

form the hydrochloride salt of 7 during azide reduction. This reduced acyl migration 

byproducts but produced impurities whose m/z signals corresponded to the loss of t-

butyl(s) in 7 (Scheme 2.15). Given the acid sensitivity of the t-butyl ester protecting group, 

this result was not surprising. To confirm the loss of t-butyl groups, the pH of the 

hydrogenated reaction was measured before and during work up. After removal of the Pd/C 
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by filtration, the pH of the crude was 6-7 and dropped to pH=1-2 as methanol was removed 

during rotovap concentration. To mitigate this, the pH of the crude was adjusted to pH 6-7 

as needed during concentration with TEA. This reduced the amount of t-butyl deprotection 

and improved the MS profile. Unfortunately an 1H NMR spectra of comparable purity to 

Armstrong & Sulikowski could not be produced for 7.95  

 

 

Scheme 2.15. Potential t-Butyl Deprotection Products. 

 

Amine (7) of sufficient purity to react with N-Boc-cystine (17) was prepared as 

follows: pure 6 was dissolved in MeOH with equimolar HCl relative to azide and a catalytic 

amount of Pd/C. The azide was hydrogenated for 1.5 hours under a hydrogen balloon. 

During concentration of the crude, the pH of the solution was monitored and adjusted to 

pH 6-7 with TEA as needed. This method gave 7 of sufficient purity to use in the next step 

immediately.   
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Scheme 2.16. Coupling of N-Boc-cystine (17) to Amine (7). 

 

Reported: Amine (7) is dissolved in DMF with N-Boc-cystine (17) and DIPEA. 

The solution is cooled to 0oC and HATU is added. The solution warms to room temperature 

and is stirred for 24 hours. The crude is concentrated under reduced pressure and purified 

by flash chromatography. This affords protected BSSB (8) in 80% yield (Scheme 2.16).95  

In Practice: Our attempts of this protocol gave 8 in 10-16% yield as confirmed by 

1H NMR spectroscopy. Since hydrogenation of 6 did not yield 7 of high purity, determining 

the correct stochiometric amounts needed for the reaction with 17 proved difficult. For 

example, acyl migration occurred to an unknown degree during concentration of 7 (forming 

amide impurities) which effectively reduced the total amine (7) needed to couple with 17. 

Similarly, t-butyl group deprotection of 7, which could not be eliminated, introduced 

carboxylic acids in addition to those of 17. Thus, excess use of 17 relative to 7 in the 

coupling step could lead to the formation of several products (proposed in Figure 2.3), and 

notably some were observed by MS in the crude and after flash chromatography.   
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Figure 2.3. Proposed Side Products Derived from Coupling Impure 7 with 17. 
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Scheme 2.17. Global Deprotection of protected BSSB (8). 

Reported: Compound 8 is dissolved in anhydrous methanol with a catalytic 

amount of NaOMe at -30oC. The reaction is stirred for 4 hours, neutralized by filtration 

through a cation exchange media, and concentrated under reduced pressure. This affords 9 

(92% yield) that is dissolved in a 1:1 solution of TFA:MeOH and stirred for 2.5 hours. 

Work up of 9 with a strong anion exchange media and trituration results in BSSB (57% 

yield, Scheme 2.17). 

In Practice: The protocol was successfully reproduced; however, the time required 

to deprotect all six acetates was 9 hours. The temperature for the deprotection was raised 

to 0oC and resulted in 90% yield after 3 hours (confirmed by 1H NMR spectroscopy). 

Deprotection of 9 gave no problems and resulted in pure BSSB (50% yield). After 9 linear 

steps, 22-30 mg of pure BSSB (confirmed by 1H NMR spectroscopy) were collected, 

representing a total synthetic yield of less than 1%.   
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The synthesis of BSSB was achieved following the work of Armstrong & 

Sulikowski, albeit in less than 1% yield over 10 linear steps, as opposed to the reported 9-

11% yield. Since detailed protocols and methods leading to the synthesis of 

trichloroacetimidate (4) were not included, significant time was spent optimizing the initial 

steps. Although several steps were slightly modified from the original work, two steps 

proved to be critical for the total synthesis of BSSB. Coupling trichloroacetimidate (4) to 

protected malate (5a) at temperatures above -60oC results in significant deprotection of di-

t-butyl groups, and similarly, neutralizing the reaction too quickly with TEA seems to result 

in the same. Most notably, Armstrong & Sulikowski’s reduction of azide (6, at 45 psi H2) 

could not be reproduced as was published. Even under mild conditions (hydrogen balloon) 

and careful handling, the resulting amine (7) underwent significant acyl migration resulting 

in impure material and consequently problematic coupling to 17. Although pure BSSB was 

obtained, the collected amounts (22-30 mg) were not large enough for practical and reliable 

use in future experiments. Thus, Hamilton’s synthesis of BSH was explored concurrently.  
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2.6 Synthesis of bacillithiol from Hamilton’s route 
 

 

 

 

Scheme 2.18. Azido Nitration of Tri-O-acetyl-D-Glucal. 

 

 

Like with Armstrong & Sulikowski95, details leading to 4 were not included in the 

protocols and methods of Hamilton’s published synthesis.96 Thus, early synthetic 

procedures, azido nitration of D-glucal (10) and hydrolysis (Scheme 2.18), and formation 

of trichloroacetimidate (4) from 3, were inferred from the published schemes and similar 

published work.96,110,111 

Reported: Commercially available tri-O-acetyl-D-glucal (10) treated with CAN 

and NaN3 followed by hydrolysis gives 3 (Scheme 2.17).96,110 In the absence of SI 

information, a published protocol for the azido nitration of  tri-O-acetyl-galactal was 

followed (shown as glucal 10 for this work in Scheme 2.19).110 Azido nitration products 

10a, b were separated from 10c, d and transformed by acetolysis giving tetra-O-acetyl-

glucose-azide (not shown). In Hamilton’s work, instead of acetolysis, hydrolysis of 10a 

and 10b formed 3 that was reacted with trichloroacetonitrile in basic conditions to give 

trichloroacetimidate (4).  
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Scheme 2.19. Possible Products from Azido Nitration of 10. 

 

In practice: D-Glucal (10) was treated with CAN under the conditions described110 

;however, 10a and 10b could not be isolated. Attempts to form 3 from the crude mixture 

by hydrolysis (acid or base catalyzed) were unsuccessful. Accordingly, Hamilton’s route 

was followed beginning with trichloroacetimidate (4) derived from Armstrong & 

Sulikowski’s synthesis.  

 

Scheme 2.20. Protection of L-Malic-Acid by Allyl bromide.  

 

Reported: L-Malic acid was dissolved in water and neutralized to pH 7 with cesium 

carbonate. The solution was concentrated to dryness, re-dissolved in DMF with allyl 

bromide, and stirred overnight. Work up by aqueous extraction followed by flash 

chromatography afforded 5b in 50-60% yield at gram-scale (Scheme 2.20).96 
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In Practice: This protocol was successfully reproduced giving pure 5b in 50% 

yield and confirmed by 1H NMR spectroscopy. 

 

 

Scheme 2.21. Coupling of Protected Malic Acid 5b to Tricholoroacetimidate (4). 

 

Reported: Diallyl malate (5b) and trichloroacetimidate (4) are dissolved in DCM 

with 4Å molecular sieves. After stirring for 10 minutes at room temperature, the solution 

is chilled to -35oC and TMSOTf is added dropwise. The reaction stirs between -15oC and 

-20oC for 5.5 hours. The reaction is quenched with a solution of 1:50 saturated sodium 

bicarbonate in water. Flash chromatography after work up affords 11 in 90% yield (94:6, 

α/β). Our attempts with this protocol afforded 11 in 50% yield (Scheme 2.21).  

In Practice: In part, the low yields could be explained  by using inferior TMSOTf 

as previously mentioned. After correcting for the inferior TMSOTf, coupling of 5b to 4 

followed the conditions established through the optimization of coupling 5a to 4. The only 

change was the use of aqueous sodium bicarbonate rather than TEA to quench the reaction. 

This approach formed 11 in 90% yield as pure α-glycoside (confirmed by 1H NMR 

spectroscopy).   
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Scheme 2.22. Staudinger Reduction of 11 and Coupling to Protected Cysteine (13). 

 

Reported: Azide (11) is dissolved in a solution of 4:1 THF: H2O with Ph3P and 

stirred for 15h. The solution is concentrated under vacuum and residual water is removed 

azeotropically with toluene. The resulting crude is triturated with hexanes to remove excess 

triphenyl phosphine oxide generated in the reaction. The crude is dissolved in DMF with 

N-(tert-butoxycarbonyl)-S-trityl-L-cysteine pentafluorophenyl ester (13), TEA, and HOBt. 

The reaction is stirred for 12 hours and after purification by flash chromatography affords 

14 in 35% yield (Scheme 2.22).96  

In Practice: We did not use coupling partner 13 or HOBt, instead, N-Boc-cys-(S-

Trt)-OH (18) and HATU were used. This decision seemed reasonable since HATU is a 

superior peptide-coupling reagent relative to HOBt.112 Since HATU activates 18 in-situ, 

the need to synthesize 13 using 12 was eliminated, giving 14 in 10-15% yield with this 

route. 

Hamilton et al did not provide 1H NMR spectra of the presumed Staudinger 

reduction product of 11, amine  (11a), instead its formation was tracked through the 

disappearance of the azide group IR stretch (2110 cm-1).96 This, together with our difficulty 

in the reduction of 6 led to a careful examination of the reduction of 11. Formation of 11a 
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by the Staudinger reduction of 11 was tracked by MS to monitor for possible acyl migration 

byproducts. The reaction crude showed small amounts of 11a and a large unknown m/z 

signal of 762.27 after 15 hours. Assessment of the Staudinger ligation mechanism (Scheme 

2.23) suggested the 762.27 m/z signal corresponds to the aza-ylide intermediate (11b) 

[M+H]+. Notably, this signal did not decrease after work up.  

Hydrolysis of 11b leading to 11a appeared to not be going to completion. To 

promote hydrolysis the reaction was heated at 40oC and 50oC for two days, and the water 

content of the solvent mix was increased, but with no improvement. The equivalents of 

Ph3P relative to 11 were lowered from 3:1 to 5:2 which increased the m/z signal 

corresponding to the reduction product 11a 502.19 [M+H]+
. Lowering Ph3P further did not 

improve 11a, instead consumption of 11 was prolonged.  

Since it appeared aza-ylide 11b was the major product of the Staudinger reduction, 

HATU was replaced with dimethylaminomorpholino carbenium hexafluorophosphate 

(COMU), an even more efficient peptide coupling reagent.113 Utilization of COMU gave 

14 in 30-35% yield (confirmed by 1H NMR spectroscopy). 
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 Scheme 2.23. Formation of Azaylide (11b) During Staudinger Ligation of 11. 

 

Finally, 14 was obtained as follows: pure 11 was dissolved in 4:1 THF: H2O with 

2.5 equivalents of Ph3P and reacted for 14 hours under inert atmosphere. The solution was 

concentrated to dryness (keeping the rotavap temperature below 40oC to reduce acyl 

migration). Residual water was removed azeotropically with toluene. After trituration with 

hexanes to remove excess triphenylphosphine oxide, the crude was dissolved in DMF with 

18, DIPEA, and chilled to 0oC. COMU was added and the solution was allowed to warm 

to room temperature and stirred for 24 hours. Extraction with ethyl acetate followed by 

flash chromatography afforded pure 14 (30-35% yield) confirmed by 1H NMR 

spectroscopy.  
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Scheme 2.24. Global Deprotection of Protected BSH (14). 

Reported: Compound 14 was dissolved in anhydrous THF with catalytic amounts 

of tetrakis(triphenylphosphine)palladium (Pd(PPh3)4),  and a 10-fold excess of imidazole 

compared to (Pd(PPh3)4 under an inert atmosphere. The solution was stirred for 14 hours 

and filtered through a Dowex-H+
 resin. The filtrate was concentrated and purified by flash 

chromatography, affording 19. Triacetate (19) was dissolved in a 1M solution of NaOMe 

in anhydrous methanol. The solution was stirred at 0oC for 75 minutes and passed through 

a Dowex-H+ resin after which it was purified by flash chromatography affording 20 in 68% 

yield. Lastly, 20 was treated with TFA:DCM:Et3SiH (80:20:2) at 0oC for 20 minutes, 

affording BSH after trituration and lyophilization in quantitative yield (Scheme 2.24).  

In Practice: Our attempts with the reported method gave 19 in 20% yield.  Analysis 

of the deprotection after 14 hours revealed large amounts of unreacted 14 and small 
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amounts of 19 by TLC and MS. The reaction time was extended to 2-4 days with of near 

stoichiometric amounts of Pd(PPh3)4. This resulted in increased 19 (50% yield).  

Examination of the mechanism (Figure 2.4) revealed the need of a strong nucleophile to 

regenerate the catalyst.  The mechanism shows the general deprotection of allylic esters 

where Pd0 coordinates to the allyl group leading to disengagement of the parent 

carboxylate. This forms a palladium cationic intermediate that when attacked by a 

nucleophile, replaces and effectively regenerates the Pd catalyst.114 Importantly, the 

literature shows  secondary amines as preferred nucleophiles, including piperidine and 

pyrrolidine. 114 Accordingly, imidazole was replaced with piperidine which led to an 

increased deprotection yield of 19 (80% yield). 

The purification method (flash chromatography) published did not work as 

described (ramp of 1- 10% ethyl acetate in methanol).96 Possibly, this was the result of a 

typographical error. When the major solvent was switched to ethyl acetate rather than 

methanol (ramp of 1- 15% methanol in ethyl acetate) pure compound 19 was obtained.  

.  

Figure 2.4. Palladium Catalyzed Deprotection of Allyl Esters. 

Next, 19 was dissolved in a 1M NaOMe solution at 0oC and stirred for 75 minutes 

in accordance with the published work, but only partial acetyl deprotection occurred. The 
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reaction time was extended to 6 hours to give pure 20, (90% yield). To obtain BSH, 20 was 

dissolved in an 80:20:2 solution of TFA:DCM:Et3SiH and stirred at 0oC for 20 minutes. 

The crude was concentrated under vacuum and triturated with cold ether affording pure 

BSH in more than 95% yield (confirmed by 1H NMR spectroscopy). 

BSH was successfully synthesized in amounts sufficient for in-vitro 

experimentation (150-300 mg batches) utilizing elements of Armstrong & Sulikowski as 

well as Hamilton’s reported routes. This synthesis begins with Armstrong & Sulikowski’s 

approach to form trichloroacetimidate (4), while the remainder of the synthesis follows 

Hamilton’s work. Scheme 2.25 shows the combined synthetic approach. D-Glucosamine 

HCl is neutralized and reacted with TfN3 to yield azide (1). Hydroxyl group protection of 

1 with acetic anhydride formed tetra-O-acetyl-glucose-azide (2). Selective deprotection of 

2 at C1 with hydrazine acetate gave 3. Coupling 3 with Cl3CCN generated 

trichloroacetimidate (4), which was coupled to diallyl malate 5b catalyzed by TMSOTf to 

yield azide (11). Compound 11 was reduced with PPh3 (presumably to 11a) and coupled 

to N-Boc-cys-(S-Trt)-OH (18), forming fully protected BSH (14). Global deprotection of 

14 over three steps gave pure BSH (4% over 10 linear steps) as the TFA salt with 1H NMR 

spectra identical to the literature. 96 
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Scheme 2.25. Combined Synthesis of BSH.  
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2.7 Alternative protecting groups for malic acid 

This work focused on di-t-butyl and di-allyl protecting groups for L-malic acid. 

However, Hamilton explored the use of methyl, and benzyl esters as protecting groups for 

L-malic acid.96 As described, the coupling of dimethyl ester with L-malic acid resulted in 

pure α-glycoside in 78% yield. However, after ligation of the cysteine fragment (resulting 

in protected bacillithiol 14a, Scheme 2.26), methyl ester deprotection was unsuccessful 

under various base catalyzed conditions, including Zemplen (Na/ MeOH, rt, 5h), KOH in 

MeOH, Me3SnOH reflux in toluene, and Me3SiOK in THF. This resulted in complex 

mixtures that included uncontrolled deacetylation, incomplete demethylation, and complex 

glycoside cleavage products with only 17% yield of 19. For benzyl protected malate, which 

resulted in 14b (84% yield, 95:5 α/β) ester deprotection was largely unsuccessful under 

various conditions and with various Pd catalysts resulting in mono-acid mixtures and 

minimal 20 (Scheme 2.26). Efforts to drive the reaction forward with heat resulted in 

catalyst poisoning through the loss of the S-trityl group.   

In this work, after slight modifications to the coupling reactions between 

trichloroimidiate (4) and protected L-malic acid partners, di-t-butyl-malate (5a) and diallyl 

malate (5b), we were able to synthesize azides 6 and 11 in 60-70% and 90% yields, 

respectively (Scheme 2.11 and 2.21). Importantly, these optimizations achieved 100% α-

glycosides of 6 and 11 as determined by the coupling constants of the C1 anomeric protons 

(3.7 Hz, a) by 1H NMR spectroscopy.  
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Scheme 2.26. Deprotection of Benzyl and Methyl Ester Derivatives of 14. 

 

2.8 Summary of synthetic work 

In this chapter, the syntheses of BSSB and BSH were explored following work 

developed by Armstrong & Sulikowski and Hamilton, respectively, which both excluded 

methods leading to the synthesis of trichloroacetimidate (4). In our hands, Armstrong & 

Sulikowski’s method to produce 4 proved superior. The major synthetic obstacle thereafter 

was coupling of the L-cysteine fragment 18. Staudinger reduction conditions led to large 

amounts of presumed aza-ylide (11b) whose hydrolysis leading to amine (11a) was not 

entirely successful. Though the yields obtained in this work for both BSSB and BSH were 

below the published works (Armstrong & Sulikowski 9-11% over 9 linear steps; Hamilton 
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13% over 9 linear steps), pure BSH was collected in amounts of 150-300 mg per batch (3-

4% over 10 steps). These amounts represent workable quantities for the exploration of BSH 

chemistry and biochemistry, in in vitro and in vivo experiments. Thus, Chapter 3 will 

explore the reactivity of BSH with nitroxyl donors Angeli’s Salt and 2-bromo Piloty’s acid 

as compared to glutathione, cysteine, N-acetylcysteine, and glucosamine-N-cysteine (a 

BSH derivative lacking the L-malic acid fragment).  
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REACTIVITY OF BACILLITHIOL WITH NITROXYL AND SYNTHESIS AND 
REACTIVITY OF S-NITROSOBACILLITHIOL 
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This chapter explores the reactivity of bacillithiol with the nitroxyl donors, Angeli’s Salt 

and 2-bromo Piloty’s acid. The reactivity of BSH with HNO was compared to GSH, L-

cysteine, N-acetylcysteine (NAC), and chemically synthesized GlcNH-Cys. This work also 

shows the first synthesis and characterization of S-nitrosobacillithiol (BSNO) and 

confirmation of the reactive properties of the S-nitroso group. Dr. Swati Basu guided and 

supervised chemiluminescent nitric oxide analysis of BSNO. Dr. Wendu Ding and Lin Jiao 

generated computational models for BSH conformers. 
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3 REACTIVITY OF BACILLITHIOL WITH NITROXYL 

3.1 Nitroxyl in pharmacology 

Due to their observed physiological and pharmacological effects, nitroxyl (HNO) 

and nitric oxide (NO) have been extensively studied for several decades. During the 

discovery of NO as a gasotransmitter, experiments showed overlap between NO and 

HNO.115 The two compounds react with metals, proteins, thiols, metallo-heme proteins and 

often gave similar physiological responses (as is the case with vasorelaxation).116 However, 

since the basic chemistry of HNO differs substantially from NO, the chemical mechanisms 

by which HNO affects biology should be different even if the biological result is often 

similar.   

In the case of NO, some of the observed effects come from protein S-nitrosation. 

For example,  mitochondrial caspases and procaspases,  hemoglobin, glypican, G-protein 

dexras1, and others, are all regulated through S-nitrosation.117  Although protein S-

nitrosation can occur by the direct reaction of NO with RS•, some proteins are S-nitrosated 

by LMW GSNO or CysNO (Figure 3.1).118 Thus NO can affect proteins directly or through 

S-nitroso intermediates. Ultimately, the S-nitroso group is considered a reversible 

modification, be it in proteins or in GSH (GSNO).119  

 

Figure 3.1. S-Nitrosation of Proteins by Nitric Oxide, CysNO, and GSNO. 
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S-Nitroso groups in proteins can be resolved by GSH-dependent S-nitrosylases (through 

transnitrosation forming GSNO)117, and GSNO can be reduced by NADPH-dependent S-

nitrosoglutathione reductase (GSNOR), a highly conserved enzyme in plants and 

animals.120 

In contrast, less is known regarding the extent or degree of thiol modifications by 

HNO, in proteins or LMW thiols. In part this is due to the instability of HNO, which 

requires that its study utilize HNO donors.61 In proteins, HNO can form both disulfides and 

sulfinamides, with only a few reported examples of sulfinamides. 121,122 Toscano et al has 

shown that in small peptides, the reactivity of HNO and cysteine depends on the 

environment of the thiol; C-terminal cysteines do not readily form sulfinamides compared 

to N-terminal cysteines.123 Thiol oxidation by HNO was explored early by the Doyle lab. 

Treatment of thiophenol with AS resulted in phenyldisulfide and inorganic byproducts 

NO2
- and NH2OH.124 Later, the same chemistry was demonstrated in other labs with 

cysteine.64 Experiments showed that addition of cysteine mitigated the effects of HNO on 

rat aortic rings, which alone led to smooth muscle relaxation, and gave cystine as the 

byproduct.32 Surprisingly, treatment of GSH with HNO produced a second byproduct, 

glutathione-sulfinamide (GS(O)NH2, referred to as GSA for simplicity), in addition to 

GSSG. Toscano et al.60 showed that GSA forms from GSH beginning at a 5-fold excess of 

HNO, and its formation increases with additional HNO (Scheme 3.1); the same excess of 

HNO added to cysteine gave only cystine.   

Interestingly, the sulfinamide moiety is considered an irreversible oxidation, at least 

under physiologically relevant conditions. Unlike S-nitroso modifications, which have 

dedicated systems for remediation, similar systems are not known to exist for sulfinamides. 
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At physiological pH and temperature, sulfinamides (0.1 mM) can be reduced to their 

original thiol after treatment with excessive free thiol (DTT, 50 mM) and long incubation 

times (26 hours).125  

 

 

Scheme 3.1. Reaction Paths of Cysteine and GSH with HNO. 

 

Work on S. aureus shows that HNO produces concentration dependent effect(s) 

which increase intracellular RSS, including BSH and BSSH.92 Presumably, the formation 

of BSSH and other RSSH might be caused (at least in part) through the disruption of Fe-S 

clusters by HNO, which would result in increased cytosolic S0 and subsequently RSSH 

species.92 Other work has examined the reaction of BSH with HOCl, which gave the 

expected BSSB, BSO2H and BSO3H oxidation products.88 Still, the chemistry of BSH and 

HNO has not been explored, nor the effects HNO on BSH-producing organisms (in detail). 

Important questions remain unanswered. Does HNO treatment result in BSSB (similar to 

cysteine)? or will an excess form BS(O)NH2 (referred to as BSA for simplicity) similar to 
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GSH)? Could other products form the reaction of HNO and BSH and could these influence 

the chemical biology of the cell? 

 

3.2 Experimental strategy to assess bacillithiol and nitroxyl chemistry 

To address these questions, synthetic BSH was reacted with Angeli’s salt and 2-

bromo-Piloty’s Acid (inorganic and organic HNO donors, respectively) and the reaction 

products were tracked by mass spectrometry (MS). The same reactions were carried out 

with L-cysteine, N-acetylcysteine, and synthetic glucosamine-N-cysteine (an analog of 

BSH that lacks the malic acid aglycone). The total thiol of nitroxyl treated GSH and BSH 

was compared through fluorescent derivatives obtained after treatment with dithiothreitol 

(DTT) and monobromobimane (mBBr). 

 

3.2.1 Properties of Angeli’s salt 

Angeli’s Salt (AS) was synthesized following a published protocol.126 Purity of the 

inorganic salt (Na2N2O3) was confirmed by UV-Vis (λ = 248 nm, e = 8.2×103 M-1 s-1, 14.7 

mg/liter in 0.1 N NaOH).  The accepted decomposition pathway of AS begins with 

protonation of anionic AS, followed by tautomerization, and heterolytic cleavage forming 

HNO and NO2
- (Scheme 3.2).

127,128 At 25oC pH = 7.4 Angeli’s salt decomposes to HNO at 

k = 8.4  × 10−4 s−1.  

 

3.2.2 Properties of 2-bromo-Piloty’s acid  

2-Bromo-Piloty’s acid (2BPA) was synthesized following a published protocol.129 

Decomposition of 2BPA at basic pH is thought to occur like the decomposition of Piloty’s 
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acid which begins with deprotonation of nitrogen followed by heterolytic cleavage leading 

to HNO and benzenesulfinate (Scheme 3.3). Moreover, derivatives of PA containing 

electron withdrawing atoms, such as 2BPA (k = 7.4 × 10−4 s−1, pH = 7.4; k =2.6 × 10−3 s-1, 

pH = 8.0), have shown faster HNO release rates at pH 7-8 as compared to PA (k < 0.1 × 

10-4 s-1, pH =7.4; k < 0.5 × 10-4 s-1, pH = 8.0) which make them more suitable for studies 

of physiological relevance.129 

 

 

 

Scheme 3.2. Decomposition Pathway of Angeli’s Salt. 
 
 
 
 
 

 

Scheme 3.3. Decomposition of Piloty’s Acid at Basic pH.  
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3.3 Results of HNO reactions with glutathione and bacillithiol 

3.3.1 General reaction conditions 

Stock solutions of RSH (1 mM) were prepared in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (10 mM, pH =7.4). To these solutions, solid 

AS was added resulting in a final concentration of 1 mM AS (RSH: AS, 1:1) and 5 mM 

AS (RSH:AS, 1:5). For experiments using 2BPA, solutions of RSH were prepared in 

slightly more basic HEPES buffer (10 mM, pH=8.0) to promote 2BPA nitroxyl release 

within the experimental time frame. 2BPA was added from a stock solution made in 

dimethyl sulfoxide resulting in final concentrations of 1 mM 2BPA (RSH: 2BPA, 1:1) and 

5 mM 2BPA (RSH:2BPA, 1:5). Control experiments confirming the standard disulfide 

oxidation product of GSH and BSH were carried out by adding H2O2 to stock solutions 

resulting in a final H2O2 concentration of 1 mM (RSH:H2O2, 1:1). Reactions were run at 

room temperature (~20oC) and progress was tracked by direct injection mass spectrometry 

(ESI, positive-mode) at times 1 min, 5 min, 10 min, 15 min.  

Figure 3.2 shows mass spectra of GSH and BSH before HNO treatment and Figure 

3.3 shows products after HNO treatment. Figures 3.4 and 3.5 depict GSH and BSH with 

HNO donor incubations in buffer (pH=7.4-8.0) over time. After MS analysis (following 15 

min incubation times), the pH of the samples was measured with a micro pH electrode to 

ensure samples remained within the respective ranges (pH = 7.4 ± 0.2 or pH = 8.0 ± 0.2). 

Negligible pH changes were observed.  
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3.3.2 Processing and preparation of MS data 

For in vitro studies of non-biological analytes (i.e. plasma, urine, etc.), 

normalization of MS data reduces bias due to differences in sample preparation and 

ionization variability.130 Normalization is one of the preprocessing steps in direct injection 

MS and LC-MS data analysis and is usually carried out before data and/or statistical 

analysis131 Normalization based on total ion count (TIC) is the most common and simple 

approach, which divides all peak intensities of a MS run by the area under the TIC curve 

(the sum of all intensities of related m/z values) for each scan.132 Here ion intensity is 

proportional to concentration; however, ionization varies from molecule to molecule and 

from instrument to instrument, requiring the need of chemical standards for quantification. 

Where analytes are unknown and identical chemical standards are absent, ion intensity is 

proportional to concentration by an unknown factor of analyte ionizability. Thus, TIC 

normalization only reduces variability from sample preparation and ionization variability 

from scan to scan and is not a tool for quantitative interpretation of analyte signals.  

Accordingly, the m/z signal of reaction analytes (BSH, BSSB, BSA) was 

normalized by the total ion count (analyte m/z signal divided by the sum of all m/z signals 

in a measurement) and plotted for relative comparison (Figures 3.4, 3.5, 3.12, 3.19 and 

3.20).  

As an alternative, analyte signals were plotted by species (comparing equimolar 

and 5-fold molar excess of HNO donors) in order to compare the effect on increasing 

concentration of HNO donor on the disappearance/formation or the respective species 

(thiol, disulfide, and sulfinamide) seen in Figures 3.6, 3.7, 3.13, and 3.21. Lastly, Figure 



 

79 

 

3.8 represents GSH/H2O2 and BSH/H2O2 incubations in buffer at pH = 7.4 over time which 

were also normalized by TIC.   

 

3.3.3 Reactivity of HNO and BSH favors sulfinamide formation 

Incubations of GSH/AS and GSH/2BPA showed product profiles consistent with 

the literature, giving GSSG as the apparent major product over GSA even in HNO excess 

(Figure 3.4 A, Figure 3.4B). An increase in GSA formation, as well as a decrease in GSSG 

formation with excess HNO donor was observed and is clearly seen in Figures 3.6C-F.133 

Similar results were expected for BSH, but surprisingly, BSSB formed as the minor product 

relative to BSA (representative MS spectra can be seen in Figure 3.3). BSSB and BSA 

formation increased with excess HNO donors; however, at equimolar and 5-fold excess 

HNO donor, BSA formation was significantly greater (Figure 3.7C-F). Lastly, the chemical 

formula of BSA and GSA were confirmed by HRMS (Figure 3.10) and tables showing 

chemical formulas with mass errors can be found in Chapter 5.  
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Figure 3.2. Representative Mass Spectra of BSH and GSH. A) shows a GSH mass 

spectrum (standard); B) shows a BSH mass spectrum (standard).  

  A 

B 
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Figure 3.3. Representative Mass Spectra of BSH, GSH, and Sulfinamide Products. A) 

shows mass spectrum of GSH sample after HNO treatment (GSA m/z = 339.09); B) shows 

a mass spectrum of BSH after HNO treatment (BSA m/z = 430.07).  

A 

 B 
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Figure 3.4. Reaction Products of GSH with HNO Donors AS and 2BPA.  Figure 3.4 

shows the reaction progress (n=3, tracked by low-resolution mass spectrometry) of GSH 

with HNO donors at 1:1 and 1:5 molar equivalents. The reaction was analyzed in 5-minute 

intervals starting from minute one. GSH m/z = 308.15 [M+H]+ blue; GSSG m/z = 613.16 

[M+H]+ orange; GSA m/z = 339.12 [M+H]+ gray. A) GSH 1mM: AS 1 mM; B) GSH 

1mM: AS 5 mM; C) GSH 1mM: 2BPA 1 mM; D) GSH 1mM: 2BPA 5 mM.  
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Figure 3.5. Reaction Products of BSH with HNO Donors AS and 2BPA. Figure 3.5 

shows the reaction progress (n=3, tracked by low-resolution mass spectrometry) of BSH 

with HNO donor at 1:1 and 1:5 molar equivalents. The reaction was analyzed in 5-minute 

intervals starting from minute one. BSH m/z = 399.16 [M+H]+ blue; BSSB m/z = 795.18 

[M+H]+ orange; BSA m/z = 430.12 [M+H]+ gray. A) BSH 1mM: AS 1 mM; B) BSH 1mM: 

AS 5 mM; C) BSH 1mM: 2BPA 1 mM; D) BSH 1mM: 2BPA 5 mM. 
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Figure 3.6. Alternative Presentation of Reaction Products of GSH with HNO Donors 

AS and 2BPA. Figure 3.6 shows the reaction progress (n=3, tracked by low-resolution 

mass spectrometry) of GSH with HNO donor at 1:1 and 1:5 molar equivalents. A) 

Disappearance of GSH:AS (1:1 and 1:5); B) Disappearance of GSH:2BPA (1:1 and 1:5); 

C) Formation of GSSG:AS (1:1 and 1:5); D) Formation of GSSG:2BPA (1:1 and 1:5); E) 

Formation of GSA:AS (1:1 and 1:5); F) Formation of GSA:2BPA (1:1 and 1:5). 
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Figure 3.7. Alternative Presentation of Reaction Reaction Products of BSH with HNO 

Donors AS and 2BPA. Figure 3.7 shows the reaction progress (n=3, tracked by low-

resolution mass spectrometry) of BSH with HNO donor at 1:1 and 1:5 molar equivalents. 

A) Disappearance of BSH:AS (1:1 and 1:5); B) Disappearance of BSH:2BPA (1:1 and 

1:5); C) Formation of BSSG:AS (1:1 and 1:5); D) Formation of BSSG:2BPA (1:1 and 1:5); 

E) Formation of BSA:AS (1:1 and 1:5); F) Formation of BSA:2BPA (1:1 and 1:5). 
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Figure 3.8. Reaction Progress of GSH and BSH with H2O2. Figure 3.8 shows the 

reaction progress (n=3, tracked by low-resolution mass spectrometry) of GSH and BSH 

with H2O2 at 1:1 molar equivalent in HEPES buffer (10 mM, pH =7.4, room temperature). 

The reaction was analyzed in 5-minute intervals starting from minute one. GSH m/z = 

308.15 [M+H]+ blue; GSSG m/z = 613.16 [M+H]+ orange; BSH m/z = 399.16 [M+H]+ 

blue; BSSB m/z = 795.18 [M+H]+. A) GSH 1mM: H2O2 1 mM; B) BSH 1mM: H2O2 1mM. 
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Figure 3.9. Total Thiol Recovered from Bromobimane Derivatization. Figure 3.9 

shows the abundance of BSH (as BSmB) and GSH (as GSmB) recovered from triplicate 

samples after treatment with 5 molar equivalents of AS and 2BPA. Derivatization was 

carried by addition of 1.5 molar equivalents of DTT followed by treatment with 3 molar 

equivalents of mBBr. For analysis, an aliquot was diluted with 10 mM HCl resulting in a 

theoretical concentration 100 µM of thiol. Total BSH and GSH recovered was 

approximately 3.5 µM and 18 µM (calculated from emission intensities using a standard 

curve), respectively. Recovery by percentage was 3.5% BSH and 18%.  
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Figure 3.10. Chemical Formula of BSA and GSA by High Resolution Mass 

Spectroscopy. Figure 3.10 shows the high-resolution mass spectra and chemical formula 

of BSA (C13H24N3O11S, m/z = 430.112358, mass error = -0.57 ppm) and GSA 

(C10H19N4O7S, m/z = 339.095752, mass error = -3.37 ppm) from BSH and GSH samples 

treated with 5-molar equivalents of AS.  
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3.4 Discussion of bacillithiol reactivity with HNO 

3.4.1. Reactivity of glutathione with Angeli’s Salt and 2BPA  

The reactivity of GSH with HNO donors was explored using Toscano’s work125 as 

a launching point. This work reproduced the findings therein, namely that HNO derived 

from AS reacts with GSH to form GSA in a concentration dependent manner (GSA 

confirmed by HRMS, Figure 3.10; Figure 3.6E and 3.6F). When reacting GSH (1mM) with 

equimolar AS at room temperature (~20oC), GSSG was the major product with only small 

amounts of GSA observed by MS. Moreover, a significant portion of GSH remained 

unreacted after 15 minutes, consistent with the half-life of AS (12.8 min, pH =7.4, 25oC).127 

When the concentration of AS was increased five-fold, a significant increase in GSA 

occurred (GSA: GSSG , 1:2) and negligible amounts of GSH remained after 15 minutes 

(Figure 3.4).  

The reaction of GSH with 2BPA followed a similar trend; however, significantly 

more formation of GSA relative to AS was observed. At a 1:1 molar ratio of GSH:2BPA, 

the relative amount of GSA formed was comparable to addition of AS at 5-fold molar 

equivalents and nearly all GSH was consumed after 15 minutes at room temperature 

(~20oC). When 5 equivalents of 2BPA were added to GSH, nearly all GSH was consumed 

after 5 minutes. The amount of GSA formed with 2BPA excess was only slightly higher 

(GSA: GSSG, 3:4) than when using equimolar amounts (GSA:GSSG, 2:3). With AS and 

2BPA, at low and high concentrations, GSSG was observed as the major product (Figure 

3.4).  
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3.4.2 Reactivity of bacillithiol with Angeli’s Salt and 2BPA 

The reaction of BSH with AS and 2BPA resulted in the formation of bacillithiol-

sulfinamide (BSA) whose molecular formula was confirmed by HRMS (Figure 3.8); 

however, in contrast to GSH, BSA was observed to be the major product over BSSB. When 

reacting BSH with equimolar AS, BSA formed at a ratio of nearly 7:1 relative to BSSB 

after 15 mins. The reaction of BSH with excess AS (5-molar equivalents) gave similar 

results (BSA: BSSB, 6:1, formed after 15 minutes, Figure 3.5). When comparing the 

formation of BSA from equimolar and 5-fold excess HNO donor treatment, it appears that 

like GSH, BSH forms the sulfinamide in a concentration dependent manner where higher 

concentrations of HNO lead to higher concentrations of sulfinamide (Figure 3.7 E, 3.7 F). 

The reaction of BSH with equimolar 2BPA showed a similar trend. BSA formed in 

excess relative to BSSB (3:1). However, more than half of the original BSH remained 

unreacted. When a 5-fold excess of 2BPA was reacted with BSH, the majority of BSH was 

consumed after 10 minutes, and BSA relative to BSSB formed in a 9:1 excess. This 

suggests that the formation of BSA, which is preferred over BSSB, can be increased with 

higher concentrations of 2BPA (Figure 3.5). 

 

3.4.3 Comparison of bacilltihiol and glutathione reactivity with HNO 

When AS was used as the HNO donor, BSH consumption was notably faster than 

GSH under identical conditions. However, when the donor was 2BPA, consumption of 

GSH was faster than BSH.  In the reactions of GSH and AS (1:1) there was a 30% drop in 

detected GSH (from minute 1 to minute 15); however, for BSH and AS (1:1) there was an 

80% percent drop during the same time interval. This trend was further emphasized at 
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higher AS concentrations. In experiments of GSH and AS (1:5), detected GSH dropped by 

56% (from minute 1 to minute 5) while for BSH and AS (1:5) the drop was nearly 92% in 

the same time interval.  For experiments with 2BPA, BSH consumption was slower relative 

to GSH. This trend was most notable when comparing 2BPA and BSH/GSH at equimolar 

ratios (1:1); detected BSH dropped by nearly 24% over 15 minutes while GSH dropped by 

over 95% at the same time. 

 

3.4.4 Comparison of disulfide to sulfinamide ratio 

In contrast with GSH, the thiol of BSH (when reacted with HNO) seems to prefer 

the sulfinamide product over the disulfide. This pattern was observed in equimolar and 5-

fold excess AS and 2BPA treated samples. In fact, while GSA forms with higher 

concentrations of HNO, BSA forms almost exclusively at low (1:1, 1mM) and at high (1:5, 

1mM: 5mM) concentrations of AS and 2BPA with little BSSB formation. Given the 

preference of BSH to form the sulfinamide product (as opposed to GSH), the question of 

why this was the case arose. 

 

3.4.5 Reactivity of glucosamine-N-cysteine with HNO 

The L-malic acid fragment of BSH is an important structural feature required in the 

enzyme substrate pair of BshB.134 L-Malic acid also gives BSH other important properties, 

such as increased water solubility and metal chelating properties.135 Thus it seemed 

reasonable to investigate whether the L-malic acid fragment of BSH played a role in the 

formation of BSA.  Accordingly, we synthesized glucosamine-N-cysteine (which is BSH 

without malic acid, Figure 3.11) and treated it with AS and 2BPA to observe the extent of 
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sulfinamide formation, if any. These reactions gave product profiles opposite of BSH. 

Across low and high concentrations of AS and 2BPA, glucosamine-N-cysteine formed the 

disulfide product over the sulfinamide. Notably, sulfinamide formed in a concentration 

dependent manner similar to GSH, but to a lesser extent (Figure 3.12 and Figure 3.13 E 

and E.13 F). As further controls, L-Cys and NAC were reacted with AS and 2BPA (Figures 

of results can be found in Chapter 5). Unsurprisingly, L-Cys resulted in cystine as the only 

product. However, N-acetylcysteine gave small amount of sulfinamide product formed 

under 2BPA treatment (confirmed by MS). Taken together, this suggests that the malic 

acid motif in BSH somehow facilitates the formation of BSA after the thiol reacts with 

HNO.  

 

 

 

Figure 3.11. Effect of L-Malic Acid on BSH Product Profile After HNO versus GC. 
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Figure 3.12. Reaction Products of GC with HNO Donors AS and 2BPA. Figure 3.12 

shows the reaction progress (n=3, tracked by low-resolution mass spectrometry) of GC 

with HNO donors at 1:1 and 1:5 molar equivalents. The reaction was analyzed in 5-minute 

intervals starting from minute one. GlcNCys m/z = 283.10 [M+H]+ blue; disulfide m/z = 

563.16 [M+H]+ orange; sulfinamide m/z = 314.10 [M+H]+ gray. A) GC 1mM: AS 1 mM; 

B) GC 1mM: AS 5 mM. C) GC 1mM: 2BPA 1 mM; 5) GC 1mM: 2BPA 5 mM.  
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Figure 3.13. Alternative Presentation of Reaction Products of GC with HNO Donors 

AS and 2BPA. Figure 3.13 shows the reaction progress (n=3, tracked by low-resolution 

mass spectrometry) of GC with HNO donor at 1:1 and 1:5 molar equivalents. A) 

Disappearance of GC:AS (1:1 and 1:5); B) Disappearance of GC:2BPA (1:1 and 1:5); C) 

Formation of GCSSGC:AS (1:1 and 1:5); D) Formation of GCSSGC:2BPA (1:1 and 1:5); 

E) Formation of GCSA:AS (1:1 and 1:5); F) Formation of GCSA:2BPA (1:1 and 1:5). 
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3.4.6 Total thiol quantification 

To confirm that GSSG formed in excess relative to BSSB under identical 

conditions, GSH and BSH samples treated with AS and 2BPA (5:1) were derivatized with 

mBBr, a second set of identical samples was treated with DTT followed by mBBr, and the 

samples were analyzed by fluorescence coupled HPLC. 

The thiol concentration of the samples was determined through a calibration curve 

built with standard GSmB and BSmB (derivatized GSH and BSH, respectively) shown in 

Chapter 5.  DTT treated samples contained sufficient thiol for quantification (GSH, 18 µM; 

BSH, 3.5 µM; as the bromobimane derivatives) while untreated samples gave fluorescence 

signals under limit of quantification, both in terms of signal to noise (10:1) and calibration 

curve concentrations, which were negative (detected thiols can be seen in Figure 3.9).  

As prepared, analyte samples could give a maximum 100 µM concentration, in the 

form of bromobimane derivatives, by fluorescence coupled HPLC (assuming GSH and 

BSH became GSSG and BSSB in a 100% yield). Thus, DTT treated samples for GSH (18 

µM) and BSH (3.5 µM) represented an 18% and 3.5% thiol recovery, respectively. The 

low recovery of BSH could be explained by the predominant formation of BSA, but the 

low recovery of GSH could not be explained. Since GSSG was the major product observed, 

we expected to recover more GSH from derivatization experiments (after DTT treatment) 

in concentrations closer to the theoretical max (100 µM), even after some loss from GSA 

formation. Thus, an alarming amount of total thiol was unaccounted in GSH and likely in 

BSH samples.  
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3.5 Discovery of unknown product 

3.5.1. Assessment of MS data 

After comparing the mass spectra of HNO treated GSH against the mass spectrum 

profile of blank samples (10 mM HEPES, pH=7.4 or pH=8.00, and 2BPA/AS), we noticed 

the formation of an unknown mass (m/z = 322.06, Figure 3.3A) which was previously 

believed to come from HEPES buffer or the decomposition of 2BPA/AS during analysis. 

This unknown mass increased in abundance over time (1min - 15 min) and could be seen 

at low and high HNO donor concentrations. To see if the unknown was an artifact the MS 

instrument, and to get a molecular formula, GSH/AS and GSH/2BPA samples were 

analyzed by HRMS giving a chemical formula for the unknown (unknown = C10H16N3O7S, 

m/z = 322.070542, mass error = 0.61 ppm, Figure 3.14). This finding led us to reassess all 

MS data for BSH, glucosamine-N-cysteine, L-Cys, and NAC. To our surprise, BSH also 

showed an unknown of a similar mass difference as the GSH samples, m/z = 413.07 (Figure 

3.3B). HRMS analysis revealed the chemical formula for the unknown, C13H21N2O11S, 

m/z= 413.085431, error = -0.6 ppm, Figure 3.15.  

 

 

 



 

97 

 

 

Figure 3.14. HRMS Spectra of Unknown from GSH and HNO Reaction. 

 

Figure 3.15. HRMS Spectra of Unknown from BSH and HNO Reaction. 

 

3.5.2 Investigation into the formation of unknowns 

Having established the presence and chemical formula of the GSH and BSH 

unknowns, we set out to investigate if formation depended on the direct reaction of 

GSH/BSH with HNO, or if the unknowns arose from a downstream product. Thus, the 

respective N-hydroxysulfenamide adducts of HNO with GSH and BSH were formed from 

GSNO and BSNO, bypassing exposure to HNO (illustrated in Figure 3.16). GSNO 

(commercially available) and BSNO (synthetic, see below) were combined with NaBH4 
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forming GSNHOH and BSNHOH respectively and their MS product profile was analyzed 

by HRMS. 

 

 

 

Figure 3.16. Reduction of RSNO by NaBH4 for the Generation of RSNHOH 

 

3.5.3 Synthesis of S-nitrosobacillithiol 

To synthesize S-nitrosobacillithiol, BSH was reacted with excess acidified nitrite 

following published work for the synthesis of RSNOs69,118 However, this method, which 

requires acetone addition to precipitate RSNOs (typically GSNO), also requires a generous 

portion of thiol, which made it difficult to generate/confirm the formation of BSNO using 

smaller quantities of BSH. Acidified nitrite formed nitrous acid during synthesis and 

disrupted UV-Vis analysis (used to confirm the presence of S-nitrosothiols136 at λ = 334-

336 nm). Thus, an alternative synthesis was pursued which combined BSH and n-butyl 

nitrite in buffer resulting in BSNO (Scheme 3.4).136 The concentration of BSNO was 

determined by chemiluminescence (illustrated in Scheme 3.5) using a Nitric Oxide 

Analyzer (NOA) and a calibration curve built from GSNO (shown in Chapter 5).  
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UV-Vis analysis of BSNO gave an absorption peak in the UV region at 334 nm, 

which is characteristic of S-nitrosothiols (Figure 3.17A).137 NOA analysis based on the 

CuCl/cysteine assay with HgCl2 controls further confirmed the presence of the S-nitroso 

group in BSNO (Figure 3.18). 

 

Scheme 3.4. Synthesis of BSNO by Acidic Nitrite and Butylnitrite. 

 

Scheme 3.5. Detection of NO by Chemiluminescence with NOA. Chemiluminescence 

copper/cysteine method of NO detection, which gives the concentration of S-nitrosothiols 

in proportion to NO detection after reacting with O3.  
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Figure 3.17. UV-Vis Comparison of BSNO derived from n-Butylnitrite and Acidic 

Nitrite. A) shows the formation of BSNO (334 nm) from BSH (red line) and butyl nitrite 

in 1-minute intervals; B) shows the UV-Vis of the reaction progress of BSH with acidic 

nitrite in one 1-minute intervals, revealing nitrous acid UV-Vis patterns. 

 

Figure 3.18. Detection of NO from BSNO and HgCl2 Treated BSNO. Figure 3.18 shows 

the triplicate detection of nitric oxide generated from stock solutions of BSNO (20 mM) 

up to minute 5:47. Under the shaded area, BSNO stock solutions (20 mM) were combined 

with HgCl2 (known to degrade RSNOs138) before NOA analysis; samples analyzed at 

11:30, 13:00 and 14:25 (mm:ss).   
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3.5.4 Reduction of S-nitrosoglutathione and S-nitrosobacillithiol by NaBH4 

The reduction of GSNO with NaBH4 was carried out using a published protocol.139 

Samples were analyzed by HRMS and resulted in the formation of GSA, GSSG, and the 

same unknown observed in the reaction of GSH with HNO.  

Reduction of BSNO with NaBH4 resulted in BSA, small amounts of BSSB, and the 

same unknown observed in the reaction of BSH with HNO. Collectively, this suggests that 

formation of GSA and BSA, as well as the respective unknowns, begins with N-

hydroxysulfenamide. Importantly, HNO is not needed for the generation of these 

unknowns, instead HNO forms the necessary N-hydroxysulfenamide required for 

sulfinamide formation. S-Nitrosothiol derived N-hydroxysulfenamide (formed with NaBH4 

treatment) also shows formation of the same unknowns by MS, without use of HNO.   

Having established the formation of these unknowns, we compiled all MS data from 

GSH/BSH experiments with AS/2PA in order to visualize the extent (at least relatively) of 

unknown formation compared to the disulfides and sulfinamides of GSH and BSH. 

Importantly, the discovery of these unknowns aligned with our observations from 

derivatization experiments with mBBr, which showed that a large percentage of thiol was 

unaccounted for, likely due to the transformation of thiols to sulfinamides and the newly 

discovered unknowns (Figure 3.14 and 3.15). The relative abundance of GSA/BSA to the 

unknowns can be seen in Figures 3.19 and 3.20, and an alternative representation of the 

unknown formation (comparing equimolar and 5-fold excess of HNO) can be seen in 

Figure 3.21.  
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Figure 3.19. Formation of Unknown Product from The Reaction of GSH and HNO 

Donors. Figure 3.19 shows the reaction progress (n=3, tracked by low-resolution mass 

spectrometry) of GSH with HNO donors at 1:1 and 1:5 molar equivalents. The unknown 

shown corresponds to m/z 322.07025 with chemical formula C10H15N3O7S. GSH m/z = 

308.15 [M+H]+ blue; GSSG m/z = 613.16 [M+H]+ orange; GSA m/z = 339.12 [M+H]+ 

gray; unknown m/z = 322.06 yellow. A) GSH 1mM: AS 1 mM; B) GSH 1mM: AS 5 mM; 

C) GSH 1mM: 2BPA 1 mM; D) GSH 1mM: 2BPA 5 mM.  
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Figure 3.20. Formation of Unknown Product From The Reaction of BSH and HNO 

Donors. Figure 3.20 shows the reaction progress (n=3, tracked by low-resolution mass 

spectrometry) of BSH with HNO donors at 1:1 and 1:5 molar equivalents. The unknown 

shown corresponds to m/z 413.08543 with chemical formula C13H20N2O11S.  BSH m/z = 

399.16 [M+H]+ blue; BSSB m/z = 795.18 [M+H]+ orange; BSA m/z = 430.12 [M+H]+ 

gray; unknown m/z = 413.07. A) BSH 1mM: AS 1 mM; B) BSH 1mM: AS 5 mM; C) BSH 

1mM: 2BPA 1 mM; D) BSH 1mM: 2BPA 5 mM. 
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Figure 3.21. Alternative Representation for the Formation of Unknown Product 

From The Reaction of GSH/BSH and HNO Donors. Figure 3.21 shows the reaction 

progress and formation of the unknown product (n=3, tracked by low-resolution mass 

spectrometry) of the reaction of GSH or BSH with HNO donor at 1:1 and 1:5 molar 

equivalents. A) Formation of GSH-unknown:AS (1:1 and 1:5); B) Formation of GSH-

unknown:2BPA (1:1 and 1:5); C) Formation of BSH-unknown:AS (1:1 and 1:5); D) 

Formation of BSH-unknown:2BPA (1:1 and 1:5). 
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3.5.5 Proposed structures of unknowns 

Although the chemical formula for the unknowns was determined with high 

accuracy (within 5 ppm error by HRMS), the experiments performed did not reveal actual 

product concentrations (yields). Total thiol assays revealed the concentration GSH/GSSG 

and BSH/BSSB in treated samples by DTT and mBBr treatment (Figure 3.9). For GSH 

samples, 18% of total thiol was recovered, leaving 82% unaccounted while BSH resulted 

in 3.5% total thiol recovered, leaving 96.5% of thiol unaccounted for. Given the chemical 

formulas of the unknowns did significantly differ from the parent thiols (GSH and BSH) 

we set out to propose structural candidates.   

Both unknowns differed from the respective sulfinamides of GSH and BSH by 

17.02 amu, and from the parent thiols by m/z 13.98. This led us to propose structures that 

included the addition of an oxygen atom and the removal of two hydrogen atoms from the 

chemical formulas of GSH and BSH. Accordingly, we propose the identity of the 

unknown(s) arising from GSH/BSH and HNO (or GSNO/BSNO and NaBH4) to be a 5-

membered cyclic sulfinamide (cGSA and cBSA, respectively). Importantly, these 

structures share some similarities with another 5-membered ring structure that has been 

proposed as a product of the reaction of BSH with HOCl.88 The structures can be seen 

below (Figure 3.22). 
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Figure 3.22. Proposed Structures for Unknowns Derived from GSH and BSH. Figure 

3.22 shows the proposed structures of unknowns formed from BSH and GSH treatment 

with HNO, cBSA (C13H20N2O11S) and cGSA (C10H15N3O7S), as well as cyclic bacillithiol 

sulfonamide previously proposed88 (C13H10N2O12S).  

 

 

3.6 Proposed mechanism for the formation of cyclic-bacillithiol-sulfinamide 

3.6.1. Potential role of L-malic acid 

The reaction of BSH with HNO and the reaction of BSNO with NaBH4, gave the 

N-hydroxylsulfenamide of BSH, leading to the sulfinamide products observed. We propose 

that the N-hydroxysulfenamide of BSH has an easier path for water loss by involvement 

of L-malate, compared to its GSH derived counterpart. Water loss from BSNHOH gives 

rise to a reactive sulfenium ion that can react with water and form BSA, or can undergo 

intramolecular cyclization, forming cBSA (Scheme 3.5).  
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Scheme 3.6. Fate of BSH Derived N-Hydroxysulfenamide After Dehydration. 

 

A reasonable role of L-malic acid is stabilization of the charged cysteinyl amine of BSH 

(at physiological pH) through proximity of one or both of its carboxylates. Stabilization of 

the charged amine (-NH3
+) can conceivably result in an easier proton transfer to the N-

hydroxysulfenamide leading to water loss and formation of the sulfenium intermediate at 

a faster rate than GSH or glucosamine-N-cysteine. 

 

3.6.2 Conformational analysis 

To determine if the carboxylates of malate are likely to reside in proximity of the 

amine of cysteine, 3D conformational structures of BSH were computationally generated 

using Avogadro.140 The initial calculations, albeit crude, showed conformations of BSH 

where the carboxylates in malate hydrogen bonded with the charged amine of cysteine. 

Higher-level computational conformational analysis using NWChem141 gave the 

theoretical energy of several conformations of BSH in vacuum (Figure 3.23). 
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Figure 3.23. Theoretical Energies of BSH Conformers Determined by NWChem. 

 

Computational models revealed at least three reasonable (DE < 2 kcal/mol) 

conformations for BSH which are seen in Figure 3.24. The lowest energy conformer 

represented by DE=0 was BSH-7 that shows malate carboxylate-1 (CA1) in proximity and 

contributing stability to the charged amine and the amide hydrogen by hydrogen bonding 

(dashed yellow lines); carboxylate-2 (CA2) is in proximity to the hydroxyl group of carbon-

6 (off-ring) and participating in hydrogen bonding.  

In BSH-3 (DE= 1.2 kcal/mol) the cysteine tail is rotated with the amine out of 

proximity to CA1 and at same time placing the carbonyl of cysteine in range for hydrogen 

bonding with the hydroxyl group of carbon-3. BSH-5 (DE= 1.2 kcal/mol) is like BSH-3, 

keeping the same hydrogen-bond pairs with only minor rotational changes. BSH-6 (DE= 

2.1 kcal/mol) re-introduces hydrogen bonding with the amine and amide nitrogen, albeit 

by CA2. This swap eliminates the third hydrogen bond visible in BSH-7 (by CA2). 

Lastly, BSH-10 (DE= 17.8 kcal/mol) shows the highest computationally 

determined energy conformer. This conformer has only one hydrogen bond (CA2 and the 
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amide hydrogen), both carboxylates are seen in the same plane, and the thiol appears bent 

towards the amine.  

The stability seen in the computational models is attributed to anti and syn hydrogen 

bonding occurring with an amine hydrogen as well as the amide hydrogen (most notable 

in BSH-7 and BSH-6). Importantly this stability may facilitate the proton transfer required 

for the formation of the sulfenium intermediate arising from N-hydroxysulfenamide 

(Scheme 3.6 & Scheme 3.7).   
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Figure 3.24. 3D Conformations of BSH. Figure 3.24 shows the 3D conformations of BSH 

with the four lowest and the single highest DE; a) BSH-7 (lowest, DE=0) ; b)  BSH-3 (1.2 

kcal/mol); c) BSH-5 (1.2 kcal/mol); d) BSH-6 (2.1 kcal/mol) ; e) BSH-10 (highest, 17.8 

kcal/mol). 
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Scheme 3.7. Newman Projection Representation of BSH-6 or BSH-7 Conformer Showing 

Malate Assisted Proton Transfer and Dehydration of N-hydroxysulfenamide. 

 

3.6.3 Formation of sulfinamides and cyclic sulfinamides 

Scheme 3.8 shows the formation of BSA beginning with BSH. Nucleophilic attack 

of HNO by BSH (thiol or thiolate) gives rise to the N-hydroxysulfenamide adduct whose 

hydroxyl portion becomes protonated, likely by the neighboring proton residing on the 

amine portion of cysteine, which results in water loss and the formation of a reactive 

sulfenium intermediate.  Addition of water on sulfur results in an enol-like intermediate 

that tautomerizes giving BSA. 

Scheme 3.9 shows the formation of cBSA. The sulfenium intermediate undergoes 

nucleophilic attack by the amide nitrogen, whose proton likely participates in a hydrogen 

bond with CA1 or CA2, forming a 5-membered ring (simultaneously losing a proton from 

the amide nitrogen and gaining a proton on the sulfenium nitrogen). Addition of water to 

the sulfur cation followed by a proton transfer to the local sulfur-amine results in an 

ammonium cation that is lost in the form of ammonia resulting in cBSA.  
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Scheme 3.8. Formation of BSA from BSH and HNO 

 

 

Scheme 3.9.  Proposed formation of cBSA from sulfenium intermediate. 
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3.7 Summary of the reactivity of bacillithiol with HNO in vitro  

In this chapter the reactivity of BSH with HNO donors was explored and compared 

against other LMW thiols. This represents, to our knowledge, the first in vitro study of the 

reaction of BSH and HNO. The reactivity of BSH with HNO is unlike GSH and cysteine. 

GSH and cysteine react with HNO and predominantly form the respective disulfide 

products. Although GSH is known to form GSA with increasing HNO concentration, we 

observed a new product whose structure may be cGSA. Similarly, BSH and HNO formed 

BSA and what we propose to be cBSA. However, unlike GSH, the major product at low 

and high concentrations of HNO with BSH appears to be cBSA followed by BSA. This 

finding was surprising since it is the first LMW thiol that preferentially forms 

sulfinamide(s) over the disulfide product. 

Importantly, this work showed that the sulfinamide products (BSA, cBSA, GSA, 

cGSA) are not exclusively formed with HNO since they also formed from BSNO and 

GSNO derived N-hydroxysulfenamide. Moreover, we believe that a possible explanation 

for the difference observed between BSH and GSH products is likely due to the malate in 

BSH. Glucosamine-N-cysteine did not produce sulfinamide(s) to the extent that BSH did, 

but instead resembled the product profile of GSH, supporting the proposed role for malate. 

Computational models of BSH conformers supported the possible role of malate, as it 

participates in hydrogen bonding with the amine and amide hydrogens of cysteine, 

potentially promoting a key proton transfer (to the N-hydroxysulfenamide moiety) required 

for water loss and leading to the shared sulfenium intermediate of BSA and cBSA.  
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Having explored the reactivity of BSH and HNO in vitro, Chapter 4 will address 

the effects of HNO on B. subtilis cell cultures in rich and minimal media. More specifically, 

the total BSH pool will be measured to gain a better understanding of the in vivo effect of 

HNO on endogenous BSH.  
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In this chapter, the effects of HNO on Bacillus subtilis and its endogenous bacillithiol pool 

are explored. Growth curves of B. subtilis strains with HNO and NO2
-, were performed by 

Dr. Allison Rice; a subset of these growth experiments were reproduced and analyzed (thiol 

quantification) by Alberto Negrellos. The groundwork laid by Dr. Rice served to 

strategically assay the BSH pool of B. subtilis in rich and minimal media.  
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4 EFFECTS OF HNO ON BACILLUS SUBTILIS AND ENDOGENOUS BSH 

4.1 HNO as a bacterial inhibitor  

The majority of HNO research has focused on mammalian systems and remarkable 

discoveries have emerged. HNO donors are currently being investigated as drug candidates 

and some are in clinical trials for the treatment of heart failure and cancer therapies.116 

Despite this, HNO research in the context of bacterial organisms, and especially low GC 

Gram-positive bacteria B. subtilis, is scarce. Given the biological activity, including high 

tolerance of mammalian cells to HNO, it seems reasonable to explore whether HNO shows 

activity bacterial cells.  

Several studies have focused on the effect of nitric oxide on bacteria52,53,90, but 

similar studies with HNO only exist for a limited number of organisms, including 

Escherichia coli, Staphylococcus aureus and Mycobacterium tuberculosis.86,92 Notably, 

Samuni et al85, investigated the effects of HNO on bacterial cell viability and determined 

that HNO does not significantly affect E.coli and only delays cell growth in B. subtilis; 

however, in these studies HNO, as Angeli’s Salt (AS), was added in the early lag phase of 

cell growth. Similarly, Giedroc et al, studied the effects of HNO on S.aureus viability 

adding AS early in the lag phase curve. For persulfide quantification, AS was added during 

early log phase and cells were immediately collected.48 Accordingly, standard growth 

assays, for BSH producing bacteria, where AS or another HNO donor is added during mid-

log phase are lacking. Thus, the effect of HNO on an actively dividing population of low 

GC Gram-positive cells like B. subtilis has not been fully addressed, including the effects 

HNO might have on the endogenous BSH pool.  
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Although studies in mammalian cells have shown that GSH imparts HNO 

tolerance, it is not obvious that cells containing BSH follow a similar trend.142 This makes 

examining HNO’s effects in vivo with B. subtilis especially important.  

 

4.2 Plan to assess the effect of HNO in B. subtilis and endogenous BSH 

To assess the effect of HNO, through Angeli’s salt (AS) and Piloty’s acid (PA), on 

B. subtilis cell viability, we began selecting wild type (CU1065) and ∆bshC (HB110079) 

bacterial strains, thus examining effects on bacteria producing and lacking BSH, 

respectively. Moreover, we set out to culture bacteria in rich (lysogeny broth) and minimal 

media (Spizizen’s minimal media) to test the effects of nutrient deficiency and HNO 

treatment. Importantly, AS and PA were added during early lag-phase (immediately after 

incubation) and mid-log phase in separate cultures. Controls for these experiments 

consisted of untreated bacterial growth, and nitrite (NaNO2) treated bacterial growth (since 

nitrite is a decomposition product of AS). Growth curves for the experiments described can 

be seen in Figures 4.2-4.5. 

To assess the effect of HNO (AS) on the oxidation state of endogenous BSH, 

CU1065 cells were grown in minimal media, given that under the metabolic stress of 

limited nutrients, changes in the BSH/BSSB due to HNO stress would be highlighted. 

Thirty minutes after AS treatment, treated and untreated cells were collected, derivatized 

by monobromobimane (mBBR) and analyzed by fluorescence coupled HPLC. 

Derivatization experiments included direct treatment with mBBr, pre-treatment with 

dithiothreitol (DTT) followed by mBBR treatment, and NEM treatment followed by 
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mBBR. Cells with mBBr would capture the reduced state (amount) of BSH (as the 

derivatized product of mBBr, BSmB), while DTT and mBBr treated cells would reveal the 

total BSH pool (accounting for BSSB, BSSR, and other redox modified species affected 

by DTT). Importantly, this assay is not expected to capture the sulfinamide(s) BSA or 

cBSA.  Figure 4.1 illustrates the possible sources of endogenous BSH that could be freed 

by DTT, (non-exhaustively).  The results of total thiol assays can be seen in Figure 4.6, 

which also includes the results of the cysteine oxidation state (as its mBBr derivative, 

CysmB). A representative chromatogram showing BSmB and CysmB from HPLC analysis 

can be seen in Figure 4.7. 

 

Figure 4.1. Potential Sources of Endogenous BSH (Non-exhaustive).   
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4.3 Results of bacterial growth studies 

4.3.1 General procedure of bacterial growth experiments 

The wild-type strain of B. subtilis (CU1065) and ΔbshC strain (HB110079) were 

grown in lysogeny broth (LB). Liquid media, Spizizen minimal media (MM) and LB, were 

inoculated from overnight pre-cultures and incubated at 37 °C with shaking at 170 rpm. 

AS (200 μM) and PA (0.2-1 mM) were added at OD 0.02-0.06 or OD 0.5-0.9 and grown 

to 1.2-2.5 OD (with readings 30-50 minutes apart). For BSH analysis, CU1065 growth in 

MM was analyzed after AS (200 μM) was added at OD 0.5-0.7 and cells incubated for an 

additional 30 minutes before collection. The collected samples were divided into subsets 

for dry weight and intracellular BSH analysis (DTT, NEM). BSH concentration was 

determined by HPLC-fluorescence detection using a calibration curve of known 

concentrations of BSmB (Figure 3.11), the derivatization product of BSH and mono-

bromobimane (mBBr).  

 

4.3.2 Growth curves 

AS caused a delay in the growth curve of wild type B. subtilis grown in LB and 

MM when added at OD = 0.02 compared to untreated and nitrite treated. This delay was 

more pronounced for MM growths (Figure 4.2 C). When AS was added the during mid-

log phase (OD = 0.6), a decrease in growth curve OD was observed for both LB and MM 

cultures, with MM being of noticeably sharper negative slope (Figure 4.2 B, D). The same 

experiments using PA gave only slight delays in growth when PA was added at OD=0.02, 

0.5,0.9 (Figure 4.3).  
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Treatment of B. subtilis ΔbshC with AS at OD = 0.02 completely inhibited growth 

in MM and delayed growth in LB while lowering optical density at the stationary phase 

compared to controls (Figure 4.4A,C).  Addition of AS at OD = 0.5 for LB and MM 

growths resulted in a decrease in OD (negative slope) comparable to the wild type 

experiments (Figure 4.4 C,D).  The same experiments were performed with PA. Addition 

of PA in LB only caused a slight delay in growth when added at OD = 0.2 and 0.5. Addition 

of PA in MM had more pronounced effects; treatment at OD =0.02 delayed growth 

significantly while treatment at OD = 0.05 delayed growth moderately (Figure 4.5).  

 

4.3.3 Total BSH analysis 

The concentration of BSH in control CU1065-MM growths was determined to be 

2.20 mmol/g (dry weight), reflecting the amount of reduced BSH. Controls (CU1065-MM) 

treated with DTT gave a BSH concentration of 2.97 mmol/g (dry weight), capturing BSSB, 

and likely other thiols freed by DTT (Figure 4.1). However, in this work the difference 

between total BSH (2.97 mmol/g) and reduced BSH (2.20 mmol/g) was used to calculate 

the redox ratio (BSH/BS-ox = 5.7). The concentration of BSH in AS treated CU1065-MM 

growths was determined to be 1.65 mmol/g (determined from cells collected 30 minutes 

after AS addition of OD = 0.42). DTT treatment gave BSH concentration of 2.0 mmol/g) 

representing a BSH/BSSB ratio of 9.26. Similarly, the cysteine to cystine ratio for AS 

treated and untreated samples was calculated (21.6 and 3.21, respectively).  
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Figure 4.2. Effect of Angeli’s Salt on CU1065 B. subtilis Growth. Figure 4.2 shows the 

effect of AS on CU1065 growth added at inoculation (~0.02 OD) and during mid-log (0.05-

0.9) in LB and MM. A) 500 mL growth of WT in LB medium, NO2
- treated (0.2mM), and 

AS treated (0.2mM) at OD = 0.02; B) 500 mL growth of WT in LB media and AS treated 

(0.2mM) at OD = 0.6; C) 500 mL growth of WT in MM, NO2
- treated (0.2mM) , and AS 

treated (0.2mM) at OD = 0.06; D) 500 mL growth of WT in MM and AS treated (0.2mM) 

at OD = 0.50. 
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Figure 4.3. Effect of Piloty’s Acid on CU1065 B. subtilis Growth. Figure 4.3 shows the 

effect of PA on CU1065 growths added at inoculation (~0.02 OD) and during mid log 

(0.05-0.9) in LB and MM. A) 500 mL growth of WT and PA treated (0.2mM) at OD = 

0.02; B) 500 mL growth of WT in LB medium and PA treated (0.2mM) at OD = 0.9; C) 

500 mL growth of WT in MM and PA treated (0.2mM) at OD = 0.06; D) 500 mL growth 

of WT in MM and PA treated (0.2mM) at OD = 0.50. 
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Figure 4.4. Effect of Angeli’s Salt on ∆bshC B. subtilis Growth Figure 4.4 shows the 

effect of AS on B. subtilis ∆bshC growth added at inoculation (~0.02 OD) and during mid 

log (0.05-0.9) in LB and MM. A) 500 mL growth of ∆bshC in LB media, NO2
- treated 

(0.2mM), and AS treated (0.2mM) at OD = 0.02; B) 500 mL growth of ∆bshC in LB 

medium and AS treated (0.2mM) at OD = 0.6; C) 500 mL growth of ∆bshC in MM, NO2
- 

treated (0.2mM) , and AS treated (0.2mM) at OD = 0.06; D) 500 mL growth of ∆bshC in 

MM and AS treated (0.2mM) at OD = 0.50. 
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Figure 4.5. Effect of Piloty’s Acid on ∆bshC B. subtilis Growth. Figure 4.5 shows the 

effect of PA on CU1065 growth added at inoculation (~0.02 OD) and during mid log (0.05) 

in LB and MM. A) 500 mL growth of ∆bshC in LB media and PA treated (0.2mM) at OD 

= 0.02; B) 500 mL growth of ∆bshC in LB medium and PA treated (0.2mM) at OD = 0.9; 

C) 500 mL growth of ∆bshC in MM and (0.2mM) , and PA treated (0.2mM) at OD = 0.06; 

D) 500 mL growth of ∆bshC in MM and PA treated (0.2mM) at OD = 0.50. 
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Figure 4.6. Comparison of BSH and Cys Content in AS Treated and Untreated 

CU1065 Cells. Figure 4.6 shows BSH and Cys content, as the derivatized products BSmB 

and CysmB quantified by fluorescence coupled HLPC, from cellular growths collected 30 

minutes after AS treatment. This data represents the average of triplicates. A) BSmB for 

AS treated, AS and DTT treated, untreated, and untreated with DTT; B) CysmB for AS 

treated, AS and DTT treated, untreated, and untreated with DTT. 
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Figure 4.7. Representative Chromatogram of BSH from CU1065 Cell Growth 

 

4.4 Discussion on bacterial growth studies 

4.4.1 Effect of HNO during early lag-phase in bacterial cultures 

B. subtilis (CU1065) cultures treated with AS at the time of inoculation experienced 

a delay in cell growth relative to controls consistent with the literature.85 Treatment with 

NaNO2 (which is a decomposition product of AS) gave growth phenotypes that were 

identical to untreated controls, confirming the observed effects were due to HNO. B. 

subtilis lacking bshC (thus lacking BSH), showed a growth delay and a reduction in growth 

potential relative to controls, entering the stationary growth phase earlier (OD = 1.5 Figure 

4.4A) compared to controls (OD = 2.5, Figure 4.3A). Importantly, ΔbshC cultures grown 

in minimal medium were not able to grow at all when challenged with AS from the 

beginning of the culture. This suggests that BSH in CU1065 cells acts to mitigate the 
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inhibitory effects of AS observed in ∆bshC cultures. This is most apparent when comparing 

MM CU1065 to MM ΔbshC growths. Cells that can synthesize BSH are able to eventually 

recover after AS treatment, whereas ∆bshC cultures do not (Figure 4.2C and 4.4C).    

For the most part, CU1065 growth was not significantly affected by PA, as the 

phenotype of treated cells was nearly identical to the control. This contrast from AS 

treatment is likely explained by the poor HNO release ability of Piloty’s acid below pH 8 

(t1/2 = 80h, pH = 7, 37oC).129  Despite the likely slow release of HNO at pH = 7.4, ∆bshC 

cultures treated with PA showed noticeable growth delays in LB and MM, highlighting the 

significance of BSH in HNO detoxification.  

 

4.4.2 Effect of HNO donors during mid-log phase in bacterial cultures 

B. subtilis (CU1065) cultures in LB treated with AS during the mid-log phase 

showed a decrease in OD from 0.6 to 0.45 over 6 hours. Cultures grown in MM also showed 

a decrease in OD (slope = -0.0015, from 481-820 mins). Likewise, ΔbshC cultures treated 

with AS during the mid-log phase showed noticeable decreases in OD in both LB and MM. 

A comparison of growth decline between CU1065 and ΔbshC cultures shows an OD 

decline from minutes 150-400 CU1065 in LB and from minutes 151-393 ΔbshC in LB 

(Figure 4.2B and Figure 4.4B). Similarly, CU1065 in MM showed comparable OD 

declines to ΔbshC in MM. Surprisingly, after AS treatment CU1065 and ΔbshC in LB 

showed comparable phenotypes. Collectively, these results are consistent with the idea that 

BSH renders protection against HNO and is most apparent from Figures 4.2A (CU1065) 

and Figure 4.4A (ΔbshC).  
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4.4.3 Effect of HNO on endogenous bacillithiol and cysteine 

To gauge the intracellular effect of HNO on BSH, CU1065 growths in minimal 

media was collected and analyzed by HPLC. The BSH redox state in cells for AS treated 

and untreated was determined. Untreated cells had a total BSH concentration of 2.97 

mmol/g, and a BSH/BSSB ratio of 7.7 assuming DTT recovered BSSB only. Similarly, AS 

treated cells had a total BSH concentration of 2.20 mmol/g and a BSH/BSSB ratio of 8.0 

(Figure 4.6). Considering error, this shows that AS treated cells did not have a shift in the 

BSH/BSSB redox ratio relative to untreated cells, instead, a reduction in the BSH pool was 

observed in AS treated samples. Total BSH in AS treated cells was nearly 33% lower 

compared to treated sample (with statistical significance, P> 0.05, Table 4.1), suggesting a 

loss in the BSH pool from HNO treatment which cannot be recovered after DTT and mBBr 

treatments. This finding is consistent with our in vitro studies (Figure 3.14) which show a 

drastic reduction in total BSH that cannot be recovered from DTT and mBBr treatment. 

Thus, HNO may also converts intracellular BSH to bacillithiol sulfinamide (BSA) or 

cyclic-bacillithiol sulfinamide (cBSA).  

The intracellular effect of HNO on Cys in CU1065 MM growth was measured from 

the same cellular samples. Untreated cells had a total Cys concentration of 0.18 mmol/g, 

and a Cys/CySSCy ratio of 3.2. AS treated cells had a total Cys concentration of 0.19 

mmol/g and a Cys/CySSCy ratio of 21.5 (Figure 4.6). Although it appears that Cys 

concentration is higher in AS treated samples relative to untreated samples, the differences 

are not statistically significant (P-values > 0.05, Table 4.1) suggesting that HNO does not 

have an obvious effect on the cysteine pool.  
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Table 4.1. P-values for total BSH and Cys assay, comparing means of equal variances.  

Conditions 
control 

control + DTT 
AS 

AS + DTT 
AS 

Control 
AS + DTT 

control + DTT 

P-value (Cys) 0.054 0.410 0.078 0.153 

P-value (BSH) 0.0053 0.0747 0.0056 0.0053 
Confidence interval 95%, a = 0.05, statistical significance at P<0.05.  

 

4.4.4 Possible mechanisms of HNO toxicity 

Since the BSH/BSSB pool was not completely depleted in AS treated samples, it is 

likely that BSH has a limited ability to protect the cell against HNO. HNO may disrupt 

essential functions, processes, or structures within the cell, before it encounters BSH. This 

seems likely given that HNO can easily diffuse across the cell membrane and could interact 

with surface proteins before it encounters intracellular BSH. Thus, HNO’s reactivity with 

metals could explain some of the observed toxicity, since it is known to react with 

porphyrin bound metals like Fe2+, Co2+, and Mn+2.143  This could explain the severe effects 

of HNO in ΔbshC strains as BSH has been shown to chelate metals like Zn2+ and Cu+ 

(highly cytotoxic) and has been associated (at least in part) with Fe-S cluster biosynthesis.73 

BSH could serve as an essential metal storage molecule, protecting the co-factor pool from 

HNO redox modifications, especially ones known to be cytotoxic such as reduction of Cu2+ 

to Cu+1 leading to NO.144,145 
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4.5 Summary of bacterial growth studies with HNO 

In this chapter, the effects of HNO donors AS and PA on B. subtilis (CU1065) and 

ΔbshC strain in LB and MM were examined. This work confirmed previously observed 

effects of HNO on B. subtilis, namely those involving delayed growth after AS treatment 

immediately after inoculation of BSH producing cultures. This work presents the first 

study, that we are aware, on ΔbshC cells treated with AS (during early lag phase and mid-

log phase). We conclude that BSH imparts some protection to B. subtilis against HNO, 

most apparent in ΔbshC strains, but cannot mitigate the bulk of HNO toxicity in ΔbshC or 

CU1065 strains.  

 Total thiol analysis of BSH in CU1065 represents the first study which measures 

changes in the BSH/BSSB pool from HNO treatment through AS, and importantly, the first 

study which couples in-vitro studies of the reactivity of HNO with BSH. This study (in 

vivo) aligns with our findings from Chapter 3 and confirms that HNO depletes the 

BSH/BSSB pool irreversibly, and likely generates sulfinamide moieties of BSH, BSA and 

cBSA. Importantly, these products have not been confirmed in vivo, which presents a clear 

direction in future research, especially since the biochemical effect of these proposed 

products within the cell could be profound.  
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This chapter provides the materials and methods for the synthesis work, the reactions of 

HNO with glutathione and bacillithiol, and the thiol quantification thereof. Additionally, 

methods for growth curve experiments and endogenous and bacillithiol quantification are 

provided. This chapter also provides supplemental data referenced in Chapters 3 and 4.   
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5. MATERIALS AND METHODS 

5.1 General experimental methods 

 Chemical reagents were purchased from Acros, ThermoFisher, TCI, Millipore, and 

Sigma-Aldrich. Deuterated NMR solvents were purchased from Cambridge Isotope 

Laboratories. Anhydrous solvents were obtained by storage under activated molecular sieves 

of 3 Å or obtained from a dry solvent dispensing unit. ASTM-Type I water was used for all 

reactions from a Direct-Q 3UV-R water purification unit. Where applicable, trituration was 

performed by sonication using a CPx5800 sonicator bath. High-pressure hydrogenation was 

performed using a Parr-shaker hydrogenation apparatus. Analytical Thin Layer 

Chromatography (TLC) was performed on silica purchased from Spectrum Chemicals and 

visualized under UV light or by dipping in an appropriate TLC stain followed by heating with 

heat gun. TLC stains used included ninhydrin solution (for amines) and bromocresol green (for 

carboxylic acids). Lyophilization was performed on a Labconco Freeze Zone 4.5 Flash 

chromatography was carried out using Biotage Isolera Prime automated separation unit with 

silica Gel 60 (40–63 mesh). Reverse phase C18 HPLC was performed a Waters 2695 

Separation module and a Waters 2475 multi-wave fluorescence detector equipped with Agilent 

Poroshell EC-C18, 4 μm, 4.6×250 mm column. Nuclear Magnetic Resonance (NMR) spectra 

were recorded on Bruker Ascend 400 MHz spectrometer. Coupling constants (J) are quoted in 

hertz (Hz). The following abbreviations are used: s = singlet, d = doublet, dd = doublet of 

doublets, t = triplet, q = quartet, m = multiplet, br = broad peak. Low resolution mass 

spectrometry was recorded on an Amazon SL and high-resolution mass spectrometry was 

recorded using a ThermoFisher Orbitrap XL mass spectrometer. UV-Vis spectra were recorded 

on a Agilent Cary Series UV-Vis spectrophotometer and nitric oxide was detected using a 

Sievers 280i nitric oxide analyzer. Cultures were incubated in a New Brunswick Scientific 
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1250 Series Shaker Incubator. Optical densities were recorded with an Eppendorf 

Biophotometer and cellular dry weights were obtained using a Spectrofuge 155110 speed vac. 

The pH of solution and analytes was measured with a Accumet pH ABIS, and a Accumet probe 

  

 

5.2 Synthesis 

5.2.1. Preparation of trifluoromethanesulfonyl azide (TfN3)99  

Sodium azide (10.0 g, 154.0 mmol) was dissolved in a biphasic solution of H2O (33 mL) 

and DCM (33 mL) and cooled to 0oC in an ice bath under vigorous stirring. 

Trifluoromethanesulfonic anhydride (10 mL, 60 mmol) was added slowly over 3-5 

minutes. After stirring for 2 hours at 0 oC, saturated sodium bicarbonate (20 mL) was added 

and stirring continued for 20 minutes. The organic layer was collected, and the aqueous 

layer was extracted with DCM (2 x 10 mL). The organic layers were combined and dried 

over MgSO4 and the resulting TfN3 solution (approximately 0.4 M) was used immediately. 

 

 

5.2.2 Preparation of Glucosazide (1).99  
 

A solution of sodium methoxide (1.44g, 26 mmol) in anhydrous 

methanol (75 mL) was added to a suspension of D-glucosamine 

hydrochloride (5.0 g, 23 mmol) in methanol (25 mL) and heated 

to 40oC. After stirring for 45 minutes, ZnCl2 (50 mg, 0.36 mmol) 

was added with enough methanol to fully dissolve all visible salts (100-200 mL). Freshly 

prepared TfN3 (0.4 M) was added drop wise over 5 min and the reaction stirred overnight 

under inert atmosphere. The solution was concentrated to dryness, without exceeding 40oC 
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on the rotavap bath, resulting in 1 as an off-white/yellow gummy material (pure by ESI-

MS positive ion mode m/z= 228.1 [M+Na]+). The gum was dried under high vacuum for 

30 minutes to remove residual methanol and used immediately.  

 

5.2.3 Preparation of tetra-O-acetyl-glucose-azide (2).100  
 
Acetic anhydride (30 mL, 318 mmol) was added slowly to a 0oC 

solution of glucose-azide (1) and DMAP (150 mg, 1.2 mmol) in 

pyridine (50mL). The reaction was stirred under an ice bath for 

2 hours and diluted with DCM (50 mL), washed with 1 N HCl 

(3 x 30 mL), saturated NaHCO3 (3 x 30 mL) and brine (3 x 50 mL). The organic layer was 

dried over MgSO4 and concentrated under reduced pressure. The crude (red) gum was 

purified by flash chromatography (EtOAc /pet. ether=1:2) giving 2 as a clear thick oil (4.8 

g, 55%). Rf = 0.38 (EtOAc /pet. ether = 1:2). 1H NMR (400 MHz, Chloroform-d) δ  5.56 

(d, J = 8.6 Hz, 1H), 5.49 – 5.40 (m, 0H), 5.15 – 4.96 (m, 2H), 4.29 (dd, J = 12.5, 4.5 Hz, 

1H), 4.07 (dd, J = 12.6, 2.2 Hz, 1H), 3.81 (ddd, J = 9.7, 4.5, 2.1 Hz, 1H), 3.66 (dd, J = 9.8, 

8.6 Hz, 1H), 2.18 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.01 (s, 3H). ESI-MS (m/z) = 396.14 

[M+H]+. 

 

 

5.2.4 Preparation tri-O-acetyl-glucose-azide (3)101 

Hydrazine acetate (1.34 g, 14.61 mmol) was added to a 

solution of 2 (4.8 g, 12.86 mmol) in DMF (50 mL) that was 

heated to 50oC ± 1o C. The reaction was stirred for up to 30 

minutes and monitored by MS and TLC for completion. When complete, the solution was 
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cooled to room temperature with addition of EtOAc (30 mL). The mixture was washed 

with brine (50 mL x 3) and the organic layer was dried over MgSO4 and concentrated under 

vacuum resulting in a yellow oil that was purified by flash chromatography to give 3 as a 

clear thick oil (3.6 g, 85 %). Rf = 0.2 (EtOAc /pet. ether = 1:2). 1H NMR (400 MHz, 

Chloroform-d) δ 5.55 (dd, J = 10.5, 9.3 Hz, 1H), 5.40 (d, J = 3.4 Hz, 1H), 5.11 – 4.99 (m, 

2H), 4.73 (d, J = 8.0 Hz, 1H), 4.35 – 4.21 (m, 3H), 4.17 – 4.06 (m, 2H), 3.71 (ddd, J = 

10.0, 4.9, 2.5 Hz, 1H), 3.55 – 3.47 (m, 1H), 3.40 (dd, J = 10.5, 3.4 Hz, 1H), 2.09 (s, 3H), 

2.09 (s, 3H), 2.08 (s, 3H), 2.04 (s, 3H), 2.02 (s, 2H). ESI-MS (m/z) = 332.2 [M+H]+.  

 

 

5.2.5 Preparation of trichloroacetimidate (4).102 

  

Dry DBU (0.1 mL, 0.62 mmol) and trichloroacetonitrile (1.16 

mL, 11.66 mmol) were added to a solution of 3 (3.6 g, 10.8 

mmol) in dry DCM and the solution was stirred overnight. The 

reaction was filtered through a celite pad and concentrated 

under reduced pressure. The resulting red/black gum was triturated in ether:pet-ether (1:5, 

8 mL) for 20 minutes and filtered. The filtrate was concentrated to dryness under vacuum 

giving a yellow/orange gum which was dissolved with minimal ether:pet-ether (1:2) for 

recrystallization. White crystals of 4 were collected (2.6 g, 50% yield). 1H NMR (400 MHz, 

Chloroform-d) δ 8.86 (s, 1H), 6.51 (d, J = 3.6 Hz, 1H), 5.54 (dd, J = 10.5, 9.3 Hz, 1H), 

5.17 (dd, J = 10.3, 9.3 Hz, 1H), 4.35 – 4.19 (m, 2H), 4.12 (dd, J = 12.3, 2.1 Hz, 1H), 3.80 

(dd, J = 10.5, 3.6 Hz, 1H), 2.13 (s, 3H), 2.08 (s, 3H), 2.08 (s, 3H). ESI-MS (m/z) = 497.14 

[M+Na]+. 
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5.2.6 Preparation of di-tert-butyl-malate (5a).108  

A solution of commercially available N,N’-

diisopropyl-O-tert-butylisourea (95% pure, 20.1 g, 

95.0 mmol) and L-malic acid (dried under vacuum for 24h, 2.12 g, 15.8 mmol) in 

anhydrous DCM (200 mL) was stirred at room temperature for 20 h. The mixture was 

filtered, and the filtrate was concentrated, resulting in a white solid/oily mixture that was 

dissolved in pet. ether and filtered through a Celite pad. The solid and Celite pad were 

rinsed with pet. ether (2 x 50 mL). The combined filtrates were concentrated and purified 

by flash chromatography (EtOAc /pet. ether = 1:5) to provide 5a as a light-yellow oil (2.5 

g, 64.3 %). 

Alternatively, N,N-dimethylformamide di-tert-butyl acetal (3.02 g, 14.8 mmol) was 

added to a solution of L-malic acid (0.5 g, 3.7 mmol) in toluene and heated for 2 hours at 

80oC. The solution was concentrated under reduced pressure and purified by flash 

chromatography affording 5a as a clear oil (1.0 g, 54.5%). Rf = 0.44 (EtOAc /pet. ether = 

1:5. 1H NMR (400 MHz, Chloroform-d) δ 4.30 (td, J = 5.8, 4.4 Hz, 1H), 3.20 (d, J = 5.6 

Hz, 1H), 2.77 – 2.60 (m, 2H), 1.49 (s, 9H), 1.46 (s, 9H). ESI-MS (m/z) = 269.11 [M+Na]+. 

 

 

5.2.7 Preparation of di-allyl-malate (5b).96 

 

A solution of L-malic acid (5.09 g, 38 mmol) in 

distilled H2O (5 mL) was neutralized to pH 7 with a 

concentrated solution of CsCO3. The solution was 

evaporated to dryness under reduced pressure and residual H2O was removed with 

azeotropes of toluene giving di-cesium malate salt that was dried under high vacuum for 
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14 h. Allyl bromide (10.8 mL, 125 mmol) was added slowly to a suspension of di-cesium-

malate and the reaction was stirred under an inert atmosphere for 20 h and poured onto an 

ice/water mixture (250 mL), extracted with EtOAc (3 × 50 mL) and washed successively 

with 10% NaHCO3 (50 mL), H2O (3 × 20 mL) and brine (2 x 50 mL). The organic layer 

was dried (MgSO4) and the solvent was evaporated under reduced pressure. The crude 

mixture was purified by flash chromatography to give 5b (4.6 g, 57%) as clear oil. Rf = 

0.61 (EtOAc/pet.ether, 1:1 to 1:1). 1H NMR (400 MHz, Chloroform-d) δ 5.85 (ddq, J = 17.2, 

10.4, 5.8 Hz, 3H), 5.32 – 5.13 (m, 3H), 4.68 – 4.51 (m, 4H), 4.50 – 4.44 (m, 1H), 3.13 (s, 

1H), 2.90 – 2.70 (m, 2H). ESI-MS (m/z) = 237.2 [M+Na]+. 

 

5.2.8 Preparation of tri-O-acetyl-glucose-azide- αααα -di-t-butyl-malate (6).95  

 
A solution of 4 (400 mg, 0.84 mmol) with di-t-butylmalate 

(5a, 248 mg, 1.01 mmol) in dry DCM (10 mL) was stirred 

for 30 minutes with molecular sieves (4 Å) and cooled to 

-70 °C. TMSOTf (20 mL, 0.12 mmol) was added 

dropwise and the reaction was stirred for 2 h, Et3N (60 µL, 0.45 mmol) was added and the 

solution was allowed to warm to -20oC over 30 minutes, filtered through a Celite pad, and 

the filtrate was concentrated and purified by column chromatography to afford 6 as white 

solid (280 mg, 60.01% yield). Rf = 0.43 (EtOAc /pet. ether = 1:2). 1H NMR (400 MHz, 

Methanol-d4) δ 5.45 (dd, J = 10.8, 9.2 Hz, 1H), 5.23 (d, J = 3.7 Hz, 1H), 4.53 – 4.49 (m, 

1H), 4.44 (dd, J = 7.5, 4.7 Hz, 1H), 4.26 (dd, J = 12.5, 3.9 Hz, 1H), 4.04 (dd, J = 12.4, 2.5 

Hz, 1H), 3.50 – 3.47 (m, 0H), 2.80 – 2.75 (m, 2H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 

1.52 (s, 9H), 1.50 (s, 9H). ESI-MS (m/z) = 582.3 [M+Na]+. 
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5.2.9 Preparation of protected disulfide (8).95 

A solution of 6 (130 mg, 0.23 mmol) in MeOH (5 mL) and 

THF/H+ (58 mL, 0.023 mmol) was slowly added to a slurry of 

10% Pd/C in MeOH (2 mL) under an atmosphere of argon. 

The resulting suspension was hydrogenated at atmospheric 

pressure until 6 disappeared by TLC and MS (4h-6h). The solution was passed through a 

Celite pad and the filtrate was concentrated ensuring pH was maintained at pH 6-7 with 

Et3N additions as needed. The resulting brown gum (m/z = 534.2 [M+H]+) was 

immediately dissolved in acetonitrile (10 mL) to which N-Boc-Cystine (62 mg, 0.14 mmol) 

and DIPEA (100 mL, 0.57 mmol) were added and this solution was cooled to 0oC. COMU 

was added (181 mg, 0.42 mmol, and the solution stirred for 24 hours, was diluted in ethyl 

acetate (10 mL), washed with H2O (10 mL x 2), and brine (10 mL x 2). The organic layer 

was dried over sodium sulfate, concentrated, and purified by flash chromatography 

affording 14 (54 mg, 16%). Rf = 0.3 (EtOAc /pet ether = 1:10 to EtOAc). 1H NMR (400 

MHz, Methanol-d4) δ 5.33 (dd, J = 10.9, 9.4 Hz, 1H), 5.11 (d, J = 9.9 Hz, 1H), 5.06 (s, J = 

3.62 Hz, 1H), 4.48 – 4.37 (m, 4H), 4.31 – 4.22 (m, 3H), 4.17 – 4.05 (m, 3H), 3.17 – 3.08 

(m, 2H), 2.99 (td, J = 10.6, 7.8 Hz, 2H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.53 (s, 

9H), 1.51 (s, 9H), 1.48 (s, 9H). ESI-MS (m/z) = 1494.1 [M+Na]+
. 
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5.2.10 Preparation of triol-disulfide (9).95 

Sodium methoxide (12 mg, 0.221 mmol) was added to a 

solution of 8 (35 mg, 0.037 mmol) in dry methanol (5 mL), 

cooled to 0oC, and stirred for 4-6 hours (tracked by MS). The 

solution was neutralized to pH=6-7 with NH4HCO3 (1M) 

and concentrated to dryness under reduced pressure 

resulting in a yellow oil that was purified by flash chromatography giving 9 (38 mg, 85% 

yield). Rf = 0.35 (EtOAc /DCM = 1:2) 1H NMR (400 MHz, Methanol-d4) δ 5.04 (dd, J = 

7.8, 3.4 Hz, 1H), 4.89 – 4.81 (m, 1H), 4.31 – 4.24 (m, 1H), 3.86 – 3.72 (m, 4H), 3.66 – 

3.60 (m, 7H), 3.42 – 3.27 (m, 2H), 2.68 – 2.61 (m, 2H), 1.38 (s, 9H), 1.36 (s, 9H), 1.35 (s, 

9H). 

 

5.2.11 Preparation of BSSB.95 

A solution of 9 (38 mg, 0.031 mmol) in dry DCM (4 mL) and 

TFA (4 mL) was stirred for 2.5 hours at room temperature. The 

reaction was concentrated, and the residue dissolved in MeOH 

(10 mL) and passed through a SAX (Strong Anion Exchange) 

column, eluted with MeOH (50 mL). The was concentrated to dryness and sonicated with 

ether, decanted, and sonicated once more with acetone affording bacillithiol disulfide 

(BSSB, 14mg, 85% yield) as a light-yellow solid. 1H NMR 1H NMR (400 MHz, Deuterium 

Oxide) δ 4.99 (d, J = 3.5 Hz, 1H), 4.21 (dd, J = 11.0, 3.0 Hz, 1H), 3.61-3.89 (m, 6H), 3.42 

(t, J = 10.0 Hz, 1H), 3.12 (dd, J = 14.0, 6.0 Hz, 1H), 2.75 (dd, J = 14.0, 7.5 Hz, 1H), 2.62 



 

140 

 

(dd, J = 15.0, 2.5 Hz, 1H), 2.38 (dd, J 2.44 (dd, J =15.0, 11.0 Hz, 1H). ESI-MS (m/z) = 

795.14 [M+H]+. 

5.2.12 Preparation of tri-O-acetyl-glucose-azide- αααα -diallyl-malate (11). 96 

 
A solution of 4 (400 mg, 0.84 mmol) was dissolved with 

diallyl-malate (5b, 200 mg, 0.94 mmol) in dry DCM (10 

mL) and stirred for 30 minutes with molecular sieves (4 Å) 

and cooled to -40 °C. TMSOTf (20 mL, 0.12 mmol) was 

added dropwise and the reaction was stirred for 2 h after 

which Et3N (60 µL, 0.45 mmol) was added and the solution was to warmed to -20oC over 

30 minutes, filtered through a Celite pad. The filtrate was concentrated under reduced 

pressure and purified by column chromatography affording 11 as a clear oil (400 mg, 90% 

yield). Rf = 0.6 (EtOAc /pet. ether = 1:8). 1H NMR (400 MHz, Chloroform-d) δ 5.92 – 5.75 

(m, 3H), 5.42 (dd, J = 10.8, 9.2 Hz, 1H), 5.34 – 5.16 (m, 3H), 5.13 (d, J = 3.8 Hz, 1H), 

5.00 (dd, J = 10.5, 9.3 Hz, 1H), 4.66 – 4.61 (m, 2H), 4.59 – 4.53 (m, 5H), 4.46 (dd, J = 3.6, 

2.1 Hz, 1H), 4.20 (dd, J = 12.6, 3.5 Hz, 1H), 3.90 (dd, J = 12.6, 2.2 Hz, 1H), 3.23 (dd, J = 

10.8, 3.8 Hz, 1H), 2.87 – 2.78 (m, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H). ESI-MS 

(m/z) = 550.21 [M+Na]+. 

 

5.2.13 Preparation of Protected BSH 1496 

Triphenylphosphine (250 mg, 0.97 mmol) was added to 

a solution of azide (11, 200 mg, 0.39 mmol) in THF (16 

mL) and water (4 mL) and a slow evolution of nitrogen 

was observed. The reaction was monitored by MS (until 
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complete loss of the azide signal, m/z = 527.12, after 8 h), concentrated under reduced 

pressure, and residual water was removed by toluene azeotropes. The crude mixture was 

triturated with hexanes (3 × 10 mL) to remove the excess triphenylphosphine, dissolved in 

anhydrous acetonitrile (10 mL) and cooled to 0oC. N-Boc-cys-(S-Trt)-OH (185 mg, 0.40 

mmol), DIPEA (100 mL, 0.57 mmol), and COMU (250 mg, 1.17 mmol), were added and 

the reaction was stirred overnight, diluted with ice water (10 mL), extracted with ethyl 

acetate (3 x 5 mL) and the organic layer was dried over sodium sulfate, and concentrated 

under reduced pressure. The residue was purified by flash chromatography to give 14 as a 

clear gum (128 mg, 35% over two steps). Rf = 0.29 (EtOAc /pet. ether = 1:2 to EtOAc). 1H 

NMR (400 MHz, Chloroform-d) δ 7.35 – 7.09 (m, 15H), 6.38 (d, J = 9.3 Hz, 1H), 5.89 – 

5.74 (m, 3H), 5.32 – 5.11 (m, 5H), 5.03 (dd, J = 10.2, 9.4 Hz, 1H), 4.81 (d, J = 3.6 Hz, 1H), 

4.56 (d, J = 5.8 Hz, 1H), 4.51 – 4.48 (m, 2H), 4.35 – 4.19 (m, 3H), 4.13 (dd, J = 12.5, 3.6 

Hz, 1H), 3.95 (td, J = 13.2, 12.5, 4.2 Hz, 2H), 2.84 – 2.67 (m, 2H), 2.57 – 2.43 (m, 2H), 

2.01 (s, 3H), 1.92 (s, 3H), 1.75 (s, 3H), 1.36 (d, J = 1.3 Hz, 9H). MS-ESI (m/z) = 969.4 

[M+Na]+. 

 

 

5.2.14 Preparation of dicarboxylic acid (19)96 

Tetra-kis(triphenylphosphine)palladium (10 mg, 0.009 

mmol) was added to a solution of 14 (128 mg, 0.135 

mmol) and piperidine (104 mL, 1.2 mmol) in anhydrous 

THF (3 mL) and the reaction was stirred at room 

temperature for 14 hours. THF was removed under vacuum and the residue was passed 
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through a silica plug and further purified by flash chromatography affording 77 mg of 

dicarboxylic acid (19, 99 mg, 85% yield). Rf = 0.50 (MeOH/EtOAc = 1:100 to 

MeOH/EtOAc =1/1). 1H NMR (400 MHz, Chloroform-d) δ 7.28 – 7.10 (m, 15H), 5.30 (d, 

J = 8.5 Hz, 1H), 5.15 (t, J = 10.0 Hz, 1H), 4.99 (t, J = 9.7 Hz, 1H), 4.84 (s, 1H), 4.47 (d, J 

= 9.9 Hz, 1H), 4.29 (s, 1H), 4.19 (d, J = 8.8 Hz, 1H), 4.05 (q, J = 7.1 Hz, 4H), 2.75 (s, 2H), 

2.43 (s, 2H), 2.00 (d, J = 2.6 Hz, 3H), 1.95 (s, 3H), 1.88 (s, 3H), 1.32 (s, 9H). ESI-MS 

(m/z) = 867.11 [M+H]+. 

 

5.2.15 Preparation of triol-dicarboxylic acid (20) 

A solution of 19 (99 mg, 0.110 mmol) and sodium 

methoxide (18 mg, 0.33mmol) in dry methanol (5mL) 

was stirred at 0 °C for 2 hours and quenched to pH = 

7 with THF/H+ (4M, 82 µL). Methanol was removed 

under vacuum and the yellow oil was purified by flash chromatography to yield 20 (76 mg, 

90%). Rf = 0.6 (MeOH/DCM = 1:5 to MeOH/DCM = 1:3). 1H NMR (400 MHz, Methanol-

d4) δ 7.35 – 7.05 (m, 15H), 4.16 (dd, J = 7.5, 5.1 Hz, 1H), 3.97 (dd, J = 8.3, 5.1 Hz, 1H), 

3.79 – 3.50 (m, 6H), 3.29 – 3.22 (m, 2H), 2.61 – 2.42 (m, 3H), 1.35 (s, 9H). ESI-MS (m/z) 

= 741.24 [M+H]+. 

 

5.2.16 Preparation of BSH. 96 

Under an inert atmosphere, 20 (76 mg, 0.102 mmol) at 0 

°C was treated with an ice-cold mixture of TFA: CH2Cl2 

(80:20, 2 mL) and Et3SiH (4 mL). The mixture was 
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stirred at 0 °C for 30 min, and the solvent was evaporated under reduced pressure. The oily 

residue was triturated with cold ether (3 × 5 mL) and the liquid was decanted giving a white 

solid that was dissolved in H2O (1 mL), filtered and lyophilized to afford BSH (51 mg, 

quantitative). 1H NMR (400 MHz, Deuterium Oxide) δ 5.00 (d, J = 3.9 Hz, 1H), 4.11 (t, J 

= 5.4 Hz, 1H), 3.87 (d, J = 3.9 Hz, 1H), 3.81 – 3.63 (m, 4H), 3.44 (dd, J = 10.1, 9.0 Hz, 

1H), 3.26 (d, J = 0.6 Hz, 1H), 3.13 – 2.99 (m, 6H), 2.88 – 2.70 (m, 2H). ESI-MS (m/z) = 

399.16 [M+H]+. 

 

 

5.2.17 Preparation of Glucose-N-Cysteine 

N-Boc-Cys-(S-Trt)-OH (2 g, 4.65 mmol), DIPEA (2mL) 

and COMU (2g, 4.65 mmol) were added to a solution of 

D-glucosamine hydrochloride (1 g, 4.65 mmol) in dry 

acetonitrile (15 mL) at 0oC. The reaction stirred 

overnight, was concentrated under vacuum and purified by flash chromatography 

(EtOAc/pet.ether 1:1) affording a clear oil (800 mg) that was dissolved in a TFA (2 mL) 

and DCM (2 mL) mixture and stirred for 30 minutes at 0oC. The solution as concentrated 

to dryness and triturated with ether (3 x 3 mL) giving 300 mg of a yellow powder (20% 

yield). 1H NMR (400 MHz, CD3OD): d (ppm) 5.15 (d, J = 3.6 Hz, 1H), 3.85 (m, 4H), 3.7 

(m, 3H), 3.5-3.6 (m, 2H), 3.35 (m, 2H), 3.2 (m, 2H), 2.83 (m, 2H). ESI-MS (m/z) = 283.11 

[M+H]+. 
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5.3 Synthesis and characterization of S-nitrosobacillithiol 

5.3.1 Preparation of BSNO. 

Butyl nitrite (1.2 mL, 11.6 mmol) was added to BSH solution 

(2 mL, 6 mM) in HEPES buffer (25 mM, pH = 7.4) while 

protected from light and monitored by UV-Vis (λ=334 nm) 

until max absorbance was reached after 30 minutes 

confirming the formation of BSNO in solution. Further 

evidence of S-nitroso bond formation was confirmed by chemiluminescence nitric oxide 

analysis and ESI-MS (m/z = 428.11 [M+H]+). 

 

5.3.1 Nitric oxide NOA analysis. 

An aliquot (5 μL) of BSNO stock was injected into the reaction vessel of a Sievers 280 

nitric oxide analyzer chemiluminescence detector. This apparatus directly detects NO and 

can be used for S-nitrosothiol analysis. Thus, the level of NO detected was proportional to 

BSNO in solution, whose concentration was determined using a GSNO standard curve 

(Figure 5.1). The reaction vessel contained Cys at 9 mM, in 25 mM phosphate buffer at pH 

= 7.0, with 100 mM CuCl. Control aliquots were treated with Hg2Cl2 before NOA analysis. 

Addition of cysteine leads to trans-nitrosation between analyte nitrosothiols and promotes 

CysNO cleavage by Cu+ ions resulting in nitric oxide and Cu+2; the oxidized copper ion is 

reduced by Cys resulting in cystine and Cu+
. Addition of Hg+ to controls leads to RSNO 

cleavage resulting in Hg(RS)2 and NO+ which quickly reacts with water resulting in HNO2. 

Thus, the concentration of detected nitric oxide is proportional to RSNO in solution.  
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Figure 5.1. GSNO calibration curve for S-nitrosothiol quantification by NOA. 

 

5.4 Reactions of HNO and H2O2 with GSH and BSH. 

5.4.1 Incubations of Thiols with AS and 2BPA. 

Freshly prepared 1 mM solutions of thiols GSH, BSH, Cys, NAC, and GlcN-Cys, were 

prepared in HEPES buffer (25 mM, pH = 7.4) and were incubated with equimolar and 5-

fold molar excess of AS (added as a solid). The reaction products were analyzed over time 

by positive mode ESI-MS at 1 min, 5 min, 10 min, and 15 min. All samples were analyzed 

in triplicates. A second set of thiol solutions (1.2 mM) were incubated with 2BPA (0.2 mL, 

5 mM in DMSO, equimolar; 0.2 mL, 25 mM in DMSO, 5-fold excess) and the reaction 

products were analyzed over time by positive mode ESI-MS at 1 min, 5 min, 10 min and 

15 min. All samples were analyzed in triplicates. After incubation, a sample BSH and GSH 

treated with AS (1:5) was analyzed by positive mode low resolution MS and HRMS (Table 

5.1 and 5.2). 
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                    Table 5.1. Thiol and Sulfinamide m/z for Representative Mass Spectra. 

Compound Formula Exact Mass [M+H]+ 

GSH C10H17N4O6S 307.08 308.15 

GSA C10H18N5O7S 338.09 339.07 

BSH C13H22N2O10S 398.10 399.16 

BSA C13H23N3O11S 429.11 430.07 

                      Comparison of calculated mass to low resolution (observed) mass  

 

      Table 5.2. High Resolution Mass Error of Sulfinamide Molecular Weight. 

Compound Formula 
[M+H+]+ 

Error (ppm) 
Theoretical Observed 

GSA C10H18N5O7S 339.096896 339.095752 -3.37 

BSA C13H23N3O11S 429.112606 430.112358 -0.57 

        Comparison of calculated mass to high resolution (observed) mass with error (ppm). 

   

5.4.2 Incubation of GSH and BSH with Hydrogen Peroxide. 

Freshly prepared 1 mM solutions GSH and BSH in HEPES buffer (25 mM, pH = 7.4) were 

incubated with equimolar H2O2 (30% v/v). The reaction products were analyzed over time 

by positive mode ESI-MS at 1 min, 5 min, 10 min, and 15 min. All samples were analyzed 

in triplicates.  

 

 

5.5. Reduction of BSNO and GSNO by NaBH4. 

Freshly prepared BSNO and GSNO solutions (0.5 mM, 25 mM HEPES, pH = 7.4) were 

combined with solid NaBH4 (representing a 1-3 mM excess). The consumption of the S-



 

147 

 

nitrosothiol functional group was confirmed by UV-Vis (disappearance of λ = 334 nm). 

The solutions were incubated at room temperature for 15 minutes and analyzed by MS and 

HRMS.  

 

5.6. Effect of HNO on B. subtilis and endogenous BSH. 

5.6.1 Bacterial strains and culture conditions.  

Bacterial strains of B. subtilis CU1065 and HB110079 (∆bshC) were started from a single 

colony in 5 ml lysogeny broth (LB) media. Starter cultures were used to prepare a 125 mL 

pre-inoculum (LB medium incubated at 37oC, 170 RPM) that was used to grow 500 mL 

cultures in LB or Spizizen minimal medium (MM). Pre-inoculum cells used to MM 

growths were washed in PBS before incubation and collected by centrifugation. All 

growths were incubated at 37oC under shaking conditions and the optical densities were 

recorded after treatment with NaNO2, AS, and PA. Additional cultures (CU1065) were 

incubated in MM for BSH analysis and were grown until the cultures reached appropriate 

optical densities required for AS addition.  

 

5.6.2 Angeli’s salt and Piloty’s acid cell incubations.   

B. subtilis (CU1065 and HB110079) cultures were incubated in LB and MM (500 mL) in 

a 37oC shaker. AS (0.2 mM), PA (0.2-1 mM), or NaNO2 (0.2-1 mM), were added to 

individual cultures at the time of inoculation (OD 0.02-0.06) and grown concurrently to 

OD = 1.2-2.5 while optical density was recorded in 30–50-minute intervals. For 

exponential phase experiments, AS (0.2 mM), PA (0.2-1 mM), or NaNO2 (0.2-1 mM), were 

added to individual cultures during mid-log phase (OD 0.5-0.9) and grown concurrently 
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for an additional 6 hours. Optical readings were recorded throughout the length of the 

incubation in 30-50 minute intervals. For biological thiol analysis (BSH), CU1065 strains 

were grown in MM (500 mL) in a 37oC shaker to OD = 0.5 and AS (0.2 mM) was added. 

The cultures were incubated for an additional 30 minutes after AS treatment (as were 

untreated cultures) and cell pellets were collected by centrifugation and stored at -20oC.   

 

5.6.3 Analysis of biological thiols.  

All chemicals used were reagent grade or higher from Fisher Biosciences, except as noted. 

Analytical reversed phase HPLC chromatography was performed on a Waters 2475 Multi 

l Fluorescence Detector and a Waters 2695 Separation Module. Thiols were resolved by 

labeling with monobromobimane (mBBr, EMD Millipore) during cell extraction in warm 

(60 °C) acetonitrile and analyzed by high performance liquid chromatography (HPLC) 

with fluorescence detection.  

 

 

5.6.4 Cellular bacillithiol analysis. 

The redox status of BSH in B. subtilis CU1065 was estimated for exponential phase cells 

grown in minimal media. Cultures of B. subtilis (500 mL) were grown in LB media as 

described previously and harvested at OD600 = 0.51-0.57. The cell pellets from the 500-mL 

culture were frozen at -20 °C and used for analysis within 24 hours. Each cell pellet was 

resuspended in 4 mL of 25mM HEPES Buffer, 5mM DTPA, pH 8 and split into 4 equal 

portions of 1 mL cell suspension. One portion was extracted with 0.3 mL of pre-warmed 

(60 °C) acetonitrile containing 3 mM mBBr and incubated at 60 °C for 15 min, cooled to 
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room temperature, and acidified with 5 μL of 5M methanesulfonic acid. Cell debris was 

removed by centrifugation and the supernatant was diluted in 0.01N HCl for HPLC 

analysis. Another portion was extracted with 0.3 mL of pre-warmed (60 °C) acetonitrile 

containing 5 mM N-ethylmaleimide (NEM) and was incubated at 60 °C for 15 min. The 

cell debris was removed by centrifugation and an aliquot of the supernatant was combined 

with 0.3 mL of pre-warmed (60 °C) acetonitrile containing 3 mM mBBr and incubated at 

60 °C for an additional 15 min. The labeling reaction was quenched with 5 μL 5 M 

methanesulfonic acid. Cell debris was removed by centrifugation and the supernatant was 

diluted in 0.01N HCl for HPLC analysis. Another portion was combined with 100 µL of 

aqueous DTT (1.3 mM, in 25mM HEPES buffer, pH = 8, 5 mM DTPA) and incubated at 

50oC for 10 minutes. Following this, 300 µL of pre-warmed (60 °C) acetonitrile containing 

3 mM mBBr were added and the solution incubated at 60 °C for 15 min. The labeling 

reaction was quenched with 5 μL 5 M methanesulfonic acid. Cell debris was removed by 

centrifugation and the supernatant was diluted in 0.01N HCl for HPLC analysis. The last 

portion was centrifuged to collect cell debris and the cell pellet was dried in a speed vac to 

obtain the dry weight. The redox ratio was expressed as thiol/disulfide or RSH/RSSR and 

was only determined for BSH and cysteine. 

 

 

5.6.5 HPLC Methodology 

HPLC in vitro and in vivo analyses were carried out with a Waters 2475 Multi l 

Fluorescence Detector and a Waters 2695 Separation module. Fluorescence detector was 

set to λex = 385 nm and λem = 460 nm for excitation and emission wavelengths. Separation 



 

150 

 

of analytes was carried out using an Agilent Poroshell column (EC-C18, 4mm, 4.6 x 250 

mm) at 40oC with a flow rate of 0.5 mL/min. Mobile phase A was HPLC-grade methanol; 

mobile phase B 0.1% acetate buffer (v/v, pH = 3.95) prepared with ASTM-Type 1 water.  

The HPLC gradient can be seen in Table 5.3 and representative chromatograms can be seen 

in Figure 5.3 and Figure 5.4. Calibration curves for BSH, GSH, and Cys were made from 

chemical standards resulting in BSmB (16.6-17.3 min), GSmB (19.9-20.6 min) and CysmB 

(17.6-18.2 min). Standard thiols were derivatized with mBBr (in acetonitrile) in HEPES 

buffer (25 mM, pH =8, 5 mM DTPA) and incubated at 60oC while protected from light. 

The derivatization was quenched with 5 μL 5 M methanesulfonic acid and diluted in 0.01N 

HCl for quantification. Calibration curves can be seen below (Figure 5.2).  

 

     Table 5.3. HPLC Mobile Phase Gradient for Thiol Analysis. 
Time Mobile Phase A Mobile Phase B 

0 min 10% 90% 

10 min 20% 80% 

25 min 30% 70% 

27 min 100% 0% 

30 min 10% 90% 

40 min 10% 90% 



 

151 

 

 

Figure 5.2. Calibration Curves of BSmB, GSmB, and CysmB for fluorescence-HPLC 
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Figure 5.3. Reaction Progress of Cys and AS. Figure 3.8 shows the reaction progress 

(tracked by low-resolution mass spectrometry) of Cys with HNO donors at 1:1 and 1:5 

molar equivalents. The reaction was analyzed in 5-minute intervals starting from minute 

one. Cys m/z = 122.11 [M+H]+ blue; cystine m/z = 241.09 [M+H]+ orange; cystine-

sulfinamide (CySA) m/z = 153.03 (predicted) [M+H]+ gray. A) Cys 1mM: AS 1 mM; B) 

Cys 1mM: AS 5 mM C) Cys 1mM: 2BPA 1 mM; D) Cys 1mM: 2BPA 5 mM. 
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Figure 5.4. Reaction Progress of NAC and HNO Donors AS and 2BPA. Figure 3.9 

shows the reaction progress (tracked by low-resolution mass spectrometry) of NAC with 

HNO donors at 1:1 and 1:5 molar equivalents. The reaction was analyzed in 5-minute 

intervals starting from minute one. NAC m/z = 164.11 [M+H]+ blue; N-acetylcystine m/z 

= 325.12 [M+H]+ orange; N-acetylcystine-sulfinamide (NAC-SA) m/z = 195.13 [M+H]+ 

gray. A) NAC 1mM: AS 1 mM; B) NAC 1mM: AS 5 mM; C) NAC 1mM: 2BPA 1 mM; 

D) NAC 1mM: 2BPA 5 mM. 
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Figure 5.5. Representative Chromatogram of CysmB and GSmB.  
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Figure 5.6. Representative Chromatogram of BSmB in AS Treated CU1065. 
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Figure 5.7. 400 MHz 1H NMR Spectrum of Di-t-butyl-malate (5a) in CDCl3. 
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Figure 5.8. 400 MHz 1H NMR Spectrum of Diallylmalate (5b) in CDCl3. 
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Figure 5.9. 400 MHz 1H NMR Spectrum of Azide (2) in CDCl3. 
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Figure 5.10. 400 MHz 1H NMR Spectrum of Tri-O-Acetyl-Glucose-Azide (3) in CDCl3. 
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Figure 5.11. 400 MHz 1H NMR Spectrum of Trichloroacetimidate (4) in CDCl3. 
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Figure 5.12. 400 MHz 1H NMR Spectrum of 6 in CD3OD. 
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Figure 5.13. 400 MHz 1H NMR Spectrum of 8 in CDCl3. 
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Figure 5.14. 400 MHz 1H NMR Spectrum of 9 in CD3OD. 
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Figure 5.15. 400 MHz 1H NMR Spectrum of BSSB in D2O. 
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Figure 5.16. 400 MHz 1H NMR Spectrum of Azide (11) in CDCl3. 
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Figure 5.17. 400 MHz 1H NMR Spectrum of 14 in CDCl3 
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Figure 5.18. 400 MHz 1H NMR Spectrum of 19 in CD3OD (Unpublished). 
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Figure 5.19. 400 MHz 1H NMR Spectrum of 20 in CD3OD.  
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Figure 5.20. 400 MHz 1H NMR Spectrum of BSH in D2O.  
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Figure 5.21 400 MHz 13C NMR Spectrum of BSH in D2O.  
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Figure 5.22 400 MHz 1H NMR Spectrum of Glucosamine-N-Cysteine in CD3OD.  

 

 

 

 

 

 

 

 

 

 

 



 

172 

 

CHAPTER 6 

 

 

 

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

 

 

 

 

Alberto Negrellos† and S. Bruce King† 

 

†Department of Chemistry, Wake Forest University, Winston-Salem, NC 27109 

 

 

 

 

 

This chapter provides a conclusion to the work of Chapter 2-4. Suggestions of future work 

include: 1) addressing challenges that remain for BSH synthesis; synthesis of standard 

bacillithiol sulfinamides (including the cyclic form); and assessment of the prevalence of 

sulfinamide formation in bacterial systems.  
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6 GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

6.1 Chapter 2 

6.1.1. Challenges due to bacillithiol scarcity 

 The synthesis of bacillithiol (BSH) remains a major obstacle for the advancement 

of redox biochemistry in BSH producing bacteria. Although the current synthetic routes 

were published over a decade ago, BSH related publications have not increased greatly. A 

simple search of the literature (since 1990) for “glutathione” using Google Scholar gives 

2.17 million hits for publications (paper/reviews), while “bacillithiol” gives roughly 1,200. 

The availability of BSH itself is scarce and although this thiol can be purchased 

(Carbosynth), the cost per milligram creates a significant barrier to entry not easily 

overcome. This barrier limits the range and scope of experimentation, and in a sense creates 

a monopoly in areas of research which require reasonable quantities of the compound.  

 

6.1.2 Challenges in the synthesis of bacillithiol and bacillithiol disulfide 

Chapter 2 addressed the syntheses of BSSB and BSH in detail and emphasized 

challenges therein.  For Armstrong & Sulikowski’s route, the reduction of di-t-butyl 

protected azide (6) to form amine (7) represented the biggest obstacle (Scheme 2.13). High 

pressure hydrogenation of 6 as reported did not yield 7, while low pressure hydrogenation 

resulted in significant deacetylation during work up. Efforts to reduce the reactivity of the 

amine by protonation with quantitative HCl resulted in t-butyl deprotection during work 

up. The complex product mixture from this step made ligation of cystine difficult, and more 

importantly, resulted in significant material loss after seven synthetic steps.  
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For Hamilton’s route, the major synthetic obstacle was the synthesis of tri-O-

acetylglucose-azide (3) from D-glucal (10). Although azido nitration of 10 was achieved, 

the complex product mixture could not be separated. Moreover, hydrolysis of the product 

mixture (10a-c) failed in various conditions. Other notable challenges included reduction 

of diallyl protected azide (11) and coupling of 11a with N-Boc-cys(S-trt)-OH (18) which 

never exceeded 35% yield.  

Altogether, minor yet significant changes were made to both syntheses. The 

procedure for generating D-glucose azide (1) was updated with a new diazotransfer 

method99, recrystallization conditions giving pure α-tricholoroacetimidate (4) were 

developed, and conditions for coupling 4 with di-t-butyl malate (5a) were optimized, 

reducing t-butyl deprotection of 6. Also, Staudinger reduction conditions for 11 were 

optimized, increasing the formation of 11a over aza-ylide (11b). The allyl deprotection of 

protected BSH (14) was also updated, replacing imidazole with piperidine, which gave 

significantly higher yields. A minor but significant correction to the flash chromatography 

conditions in this step was corrected. After adopting these changes and combining elements 

of both syntheses, BSH was successfully synthesized in practical amounts.  

 

6.1.3 Future directions for the synthesis of bacillithiol    

 Despite the optimization of various steps in the syntheses of bacillithiol and 

bacillithiol disulfide, the most obvious challenge of these routes (including our combined 

approach) is the length and complexity of the steps. Armstrong & Sulikowski achieve 

BSSB in 9 linear steps or 12 total steps considering the synthesis of TfN3 and malate (5a), 
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while Hamilton achieves BSH in 9 linear or 11 total steps considering malate (5b) activated 

cysteine (13). Our combined approach gave BSH in 10 linear steps (12 steps considering 

the synthesis of TfN3 and 5b). Accordingly, new synthetic strategies which reduce the 

number of linear synthetic steps could prove valuable. For example, any strategy that 

bypasses trichloroacetimidate (4) would cut the number of synthetic steps. A potential 

approach could make use of D-glucal (10) where iodine and cupric acetate give iodinated 

α-glycoside alcohols.105 The iodo-glycoside could be easily transformed into amine (11a) 

or into azide (11) via a substitution reaction using ammonia or sodium azide (Scheme 6.1). 

This strategy would form protected bacillithiol in 3-4 steps, versus the reported 6-7 steps.  

  

Scheme 6.1. Potentially Shorter Synthesis of Bacillithiol.  
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6.2 Chapter 3 

6.2.1 Malic acid in bacillithiol promotes sulfinamide formation 

 The reaction of HNO with thiols generally produces disulfides as the predominant 

product. Some thiols also produce sulifnamide after HNO treatment, albeit to a lower extent 

(requiring excess HNO). Of the biological thiols, glutathione forms the sulfinamide and 

disulfide, while cysteine and N-acetycysteine only form disulfides after HNO exposure.146 

This work showed that bacillithiol deviates from this reaction paradigm of thiol and HNO 

chemistry, as  it preferentially forms sulfinamide (including a proposed cyclic sulfinamide) 

over the disulfide product at low and high concentrations. Moreover, the observed 

chemistry appears to be strongly influenced by the malic acid fragment of bacillithiol, since 

in its absence (GlcNCys), sulfinamide formation is comparable to glutathione.   

 The formation of sulfinamide was shown to form through the N-

hydroxysulfenamide, which forms from the reaction of HNO and GSH/BSH or from the 

reduction of GSNO/BSNO. This finding has physiological relevance given that a putative 

S-nitrosobacillithiol reductase (BSNOR, present in S. aureus) has been reported.89 The 

natural question is, does BSNOR lead to bacillithiol sulfinamide? And if so, are there 

biochemical effects? Could bacillithiol sulfinamide(s) be reactive redox derivatives? 
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6.2.2 Treatment of bacillithiol with HNO forms a second proposed cyclic-sulfinamide. 

 The formation of sulfinamide from BSH as a higher ionizable species (relative to 

glutathione sulfinamide) was a surprise, as was the discovery of an additional product after 

HNO treatment. English et al, reported the potential formation of a cyclic sulfinamide for 

GSH (with excessive HNO treatment).121 This work corroborated their findings 

independently (the same m/z = 322.07 for cGSA was observed) and showed that BSH 

forms a cyclic sulfinamide (after loss of ammonia) to a significantly greater extent relative 

to GSH. The formation of the cyclic sulfinamide was severely reduced in the absence of 

malate group, which is believed to stabilize the protonated amine of cysteine, facilitating 

the proton transfer needed for the formation of sulfenium ion required for sulfinamide and 

cyclic sulfinamide formation in our proposed mechanism.  This suggests the 

microenvironment of thiols affects the fate of biological N-hydroxysulfinamides formed 

from HNO or RSNO.  In line with this thought, Toscano et al123 has shown that C-terminal 

cysteines give different product profiles compared to N-terminal cysteine after HNO 

exposure, showing that the microenvironment affects product distribution. Thus, a 

structural or environmental motif could promote water loss in N-hydroxysulfenamides, 

giving prevalent sulfinamide formation (Scheme 6.2). Accordingly, one could envision that 

this modification could be yet another redox switch in cells, or be a harmful modification 

caused by HNO that alters protein function.  
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Scheme 6.2. Possible Sulfinamide Formation Arising from Favorable Microenvironment. 

 

 

6.2.3. Future directions  

 The immediate step towards exploring the chemical biology of bacillithiol 

sulfinamides will require synthesizing chemical standards of open chain and cyclic 

bacillithiol suflinamide. To do this, BSH could be directly reacted with HNO (at 1:5 molar 

excess) from AS in volatile buffer, resulting in BSSB, BSA and cBSA. The products could 

be isolated by reverse phase flash chromatography and characterized by NMR 

spectroscopy. Alternatively, synthesis of hexa-O-benzyl-bacillithiol disulfide, followed by 

dithiothreitol (DTT) treatment and HNO, could provide sulfinamide formation (Scheme 

6.3). Importantly, this structure would provide the malic acid and amine required for 

sulfinamide formation, while the benzyl protecting groups would avoid the possible 

hydrolysis of sulfinamides which deprotection of acetates could introduce.  
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Scheme 6.3. Proposed Synthesis of BSA and cBSA. 

 

6.3 Chapter 4  

6.3.1. Effects of HNO on Bacillus subtilis viability 

 The growth profile of B. subtilis wild type (CU1065) and ∆bshC  (HB110079) was 

assessed after HNO treatment. HNO (Angeli’s salt or 2-bromo-Piloty’s acid) was added 

immediately after incubation and during the mid-log phase. Overall, HNO was shown to 

be toxic for both CU1065 and HB110079, affecting the ∆bshC strain (lacking BSH) more 

severely. From this we determined that BSH provides protection to B. subtilis. Total thiol 

analysis of endogenous BSH in CU1065 minimal medium growths showed the effect of 

HNO on the redox state of intracellular BSH. Surprisingly, significant quantities of BSH 

were recovered from mBBr derivatization alone, not counting BSH in the form of BSSB 

or associated with protein (freed by DTT treatment). In fact, compared to the controls, AS 
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treated cells contained 1.65 mmol/g (dry weight) of BSH compared to 2.20 mmol/g in 

untreated CU1065 cells (Figure 4.6A), representing a difference of 26.4 %. Given the 

decline in OD observed in these cells after 30 minutes, we expected a larger decrease in 

intracellular BSH. This likely suggests that HNO is affecting various parts of the cell in 

such a way that BSH is only partially consumed, and yet causing severe damage.  

 

6.3.2. Observed phenotype by HNO may be due to reactivity with metals 

 

 Metals such as Fe3+
, Mn3+, Co3+, and Cu2+

 have been shown to react with HNO, 

especially when bound to a ligand such as porphyrin. Thus, HNO could be damaging cells 

as it permeates the membrane, reacting with protein cofactors (Figure 6.1). Intracellularly, 

HNO may be disassociating Fe-S clusters (important in many biological processes) by 

forming a stable FeII-HNO adducts147,148 which may also liberate S0 leading to reactive 

sulfur species generation (RSS) as previously suggested.48 This would explain why the 

BSH pool is not entirely consumed by HNO, and why RSS increases after HNO treatment 

have been observed.92  On the other hand, maintaining a constant BSH level (after HNO 

treatment) might come at significant cost in “redox” currency, since sulfinamides are not 

know to be recyclable.  
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Figure 6.1. Movement of HNO into B. subtilis. 

 

6.3.3 HNO decreases the bacillithiol pool  

 In alignment with our in vitro experiments, the total thiol pool of BSH, including 

BSH and reversibly oxidized forms of BSH, was decreased after HNO treatment in vivo. 

Total BSH for untreated CU1065 cells in minimal media was 2.97 mmol/g (dry weight) 

whereas AS total BSH for the same was 2.00 mmol/g (Figure 4.6), representing a difference 

of 32.6%. From this, we conclude that HNO changed BSH to a specie(s), likely 

BSA/cBSA, which could not be recovered by DTT treatment, consistent with our previous 

results. As previously mentioned, it is unclear what effect BSA and cBSA could have on 

the chemical biology of B. subtilis, if any, which highlights the importance of generating 

standards of bacillithiol sulfinamide.  
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6.3.4. Future directions 

 Given the literature regarding the reactivity of HNO, it worth investigating the 

effect that HNO has on the metal content of lysogeny broth and minimal media. Weng Fu 

et al. analyzed LB broths by ICP-MS to gain an understanding of the typical metal content 

of broths and their possible effect on bacterial growth (an area that is often neglected).149 

A table of metal content in lysogeny broth from their study as well as a table of metal 

content in Spizizen minimal medium can be seen below (Table 6.1 and Table 6.2.)149 

Notably, the amount of AS added in these experiments (0.2 mM) is well below the average 

metal content, yet the majority of these metals do not react with HNO. The concentration 

of metals such as copper, manganese, and cobalt (known to react with HNO when part of 

a complex) is low enough in LB medium to potentially be consumed to some degree by 

HNO.  Given the lack of cell growth for HB110079 incubated with AS in minimal medium, 

it is possible that HNO depleted essential metal cofactors (trace metals). Studies by 

Tchounwou show that CuSO4 (Cu2+) can react with (HNO) producing significant amounts 

of NO after reducing copper to Cu+(known to be toxic to cells).145 Other work has shown 

similar results in Cu2+ complexes. Interestingly, Spizizen minimal medium includes CuCl2 

as well as sodium citrate, both of which are known to form copper-citrate complex.150 Thus, 

it seems reasonable that HNO could react to some degree with metals such as copper in 

minimal medium depleting metal cofactors required for growth.  
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Table 6.1. Concentration of heavy metals in LB broth determined by ICP-MS (adapted from Wenfa).149 

Element Concentration (mM) Element Concentration (mM) 

7Li 8.44 57Fe 19.84 

11B 1.14 59Co 0.00 

24Mg 8.24 60Ni 0.03 

27Al 0.22 63Cu 0.26 

43Ca 4.71 66Zn 0.013 

53Cr 1.41 106Cd 0.129 

55Mn 0.02 137Ba 0.00 

56Fe 6.69 209Bi 0.01 

Concentrations shown in mM were converted from parts per million. 

 

            Table 6.2. Trace metals in Spizizen minimal medium 

Metal Salt Concentration (mM) 

Mg2+ MgCl2•6H2O 0.615 

Ca2+ CaCl2 0.050 

Fe2+ FeCl2•6H2O 0.055 

Mn+ MnCl•4H2O 0.006 

Zn2+ ZnCl2 0.012 

Cu2+ CuCl2•2H2O 0.003 

Co2+ CoCl2•6H2O 0.003 

Mo+6 Na2MoO4•H2O 0.002 

            The oxidation state of trace metals was determined from the respective salts in MM 
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6.4 Summarized suggestions for future work  

1. Develop a shorter synthetic route for the synthesis of bacillithiol that maintains a 

high degree of modularity. 

2. Synthesize and characterize bacillithiol sulfinamide and cyclic bacillithiol 

sulfinamide. 

3. Investigate the possibility of protein sulfinamide formation through high resolution 

mass spectrometry, taking advantage of the specific mass differences of 

sulfinamides.  

4. Confirm the formation of sulfinamide from HNO treatment in vivo 

5. Assess the reactivity of HNO with growth medium to ensure toxicity effects are 

directly caused by HNO rather than secondary products of the medium.    

6. Assess whether HNO has a bactericidal effect on B. subtilis through cell viability 

or survival cell fraction assays. 
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