UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Synthesis of macrocycles and their biological evaluation as antitumor and antibacterial
agents

Permalink
https://escholarship.org/uc/item/1r38z214
Author

Pan, Po-Shen

Publication Date
2008

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1r38z214
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO
SAN DIEGO STATE UNIVERSITY

Synthesis of Macrocycles and Their Biological Evaluation as

Antitumor and Antibacterial Agents

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in

Chemistry

by

Po-Shen Pan

Committee in charge:
University of California, San Diego
Professor William Fenical
Professor Andrew Kummel

Professor Yitzhak Tor

San Diego State University
Professor Shelli R. McAlpine, Chair
Professor Thomas E. Cole

Professor Terrence G. Frey

2008






The Dissertation of Po-Shen Pan is approved, and it is acceptable in quality and form for

publication on microfilm:

Chair

University of California, San Diego
San Diego State University
2008

il



DEDICATION

To mom and dad, and my Stephanie

v



TABLE OF CONTENTS

SIGNATURE PAGE .......oiiiiiiiieiieee ettt ettt et e il
DEDICATION .....ooittetieette ettt ettt ettt ettt et e e e et eesnneeaees v
TABLE OF CONTENTS ..ottt et A%
LIST OF ABBREVIATIONS......ooiitiiiteie ettt viii
LIST OF FIGURES ... ..ottt ettt et ix
ACKNOWLEDGEMENTS......coiiititieitteste ettt Xiv
ABSTRACT OF THE DISSERTATION.....cccuitiiiiiiiiieeiieeiie e XX
O] E:1 o113 ol PP PRRPPTI 1
INEEOAUCTION. ...ttt ettt et e s e 1
1.1 History of Cyclic Peptides........c.uviiiiiiiiiiiiiiiiieeiee e 1
1.2 Synthesis of Cyclic Peptide..........oeeeiiiiiiiiiiiiiieeiiiie e 3
1.2.1 Solid-Phase Synthesis of Macrocyclic Peptides via Head to Tail
SETALEZY .ttt ettt e e e e e e e e et r e e e e e e e e naaes 5
1.2.2 Solution-Phase Synthesis of Macrocyclic Peptides via Head to
Tl SEALEZY ..eeeeeieiiieeeeiieee ettt e e e e e e es 10
1.3 Recent Compounds Relevant and Important in Drug Discovery .................... 14
1.4 Aims of this ReS€arch ............cooiiiiiiiiiiiiic e 18
LS REFERENCES ...ttt ettt e 19
L0 E:1 o1 1<) oS PURUUPPRRP 23
Synthesis of Sansalvamide A Derivatives ..........ccccuvieerriiieeeeiiiieeeeiieee e e 23
2.1 Peptides @S DIUGS.......eeeeeiiuiiiieeiiiiie ettt e e et e e e ee e e 23
2.2 General Synthesis Strate@y.......ccuueieeriiiiireeiiiieeeeriiiee et e e e e e ee e 25
2.2.1 Synthesis of Fragment 1 ...........cccccoeeiiiiiiiiiiiiiiieeeieeeeeee e 29
2.2.2 Synthesis of Fragment 2 ...........cccceveiiiiiiiiiiiiiieeeiieee e 32
2.2.3 Synthesis of Pentapeptides 1a-2a-3b-4a-5a, 1a-2g-3L-4c-5e,
la-2m-3a-4c-5e, and1a-2a-3a-4D-5D......oeviiiiiiiiiiiiiieee e 34
2.3 A linear Approach for the Synthesis of Compound 20.............ccovvveennieennen. 37



2.4 Double Deprotection of Linear Pentapeptides.............coeevvverericiiieeeiiiieeennnee. 38

2.4.1 In-Sitts DEPTOtECLION ....ceeiuiiiieeeiiiiieeeeiiieeeeeiieeeeeireeeeeeerreeeeeeraeeeeeeneas 39

2.4.2 Stepwise Double Deprotection of Linear Pentapeptide...........cccceeenneee. 40

2.5 Macrocyclization Procedures ............occviieeriiieieeiiiiie e 42
2.6 Cbz Deprotection Procedures............cccuviieeiiiieieeiiiiieeeiiiee et 45
2.7 CONCIUSIONS ...enevtieeuiiieeiite ettt ettt ettt et e e e ettt e ettt e e bt e e sabeeesabeeesaaeeas 46
CRAPLET 3.ttt et ettt et e st et e e e 47
Structure-Activity Relationships of Sansalvamide A Analoges...........ccccovevveenueeennnn. 47
3.1 Models Of CarciNOZENESIS .....cccuvvrieeeriiiieeeeiiiieeeeiiieeeeeirteeeeeeieeeeeeeaaeeeeeenes 47
3.2 Peptides S DIUZS......eeieeiiiiiieeiiiiie ettt e e e 47
3.3 Positional Approach t0 ACHIVILY .....cceouviiieiiiiiieeeiiiie e 49
3.3.1 Structure-Activity Relationships (SAR) Position One.............ccccueeeee... 50

3.3.2 Structure-Activity Relationships (SAR) Position TWO .........cccceeeeeneeee. 53

3.3.3 Structure-Activity Relationships (SAR) Position Three......................... 55

3.3.4 Structure-Activity Relationships (SAR) Position Four.............c.cc......... 58

3.3.5 Structure-Activity Relationships (SAR) Position Five..........cccccceeeneee.. 61

3.3.6 ICs0 Determination ........cccuueeeruieeiniiieeniiee ettt 64

3.3.7 Summary of SAR 1eSUILS .....cccviiiieiiiiiieeiiee e 66

3.4 REFERENCES AND NOTES.....ccoottiiiiiiienieeieceeee et 68

L0 E:1 o1 1<) o S SRR R USRS 71
Holliday Junction Trapping Compounds............eceereuviereeriiiieeeeniiieeeeniieeeeevieeee e 71
4.1 INrOAUCTION ..einiiiiiiiiiie ettt ettt ettt 71
A ettt ettt e b e et e bt e bt e e bt e et e e aee e beennteens 74
4.2.1 Design of First Generation HJ Trapping Compounds.............ccceeeenneee. 74

4.2.2 Synthesis of First Generation HJ Trapping Compounds........................ 75

4.2.3 First-Generation ASSAYS........cceeeurreeerirreeeesirieeeeniereeeesanneeeeesnsseeessnssees 79

G TSP PUTSURTOPRUPRRPR 81
4.3.1 Design of Second-Generation HJ Trapping Compounds ....................... 81

4.3.2 Solution-Phase Synthesis of Second-Generation HJ Trapping Compounds
............................................................................................. 84

4.3.3 Solution-phase Synthesis of HJ compd 10 ...........cccceeeiiiiiiieniiiiieeee, 86

4.3.4 Assays of Solution-Phase Second-Generation HJ Trapping Compounds89
4.3.5 Assays of Solution-Phase Second-Generation HJ Trapping Compounds92
4.3.6 Solid-phase Approach of Synthesizing Second-Generation HJ Compd 10

(Initial APPIrOACH).....ceeiiiiiiiiiiiiiiie ettt et e e e e e e 92
4.3.7 Synthesis of Second-Generation HJ Compd 10 (Final Approach) ......... 94
A ettt ettt ettt e en b e et e et e nnteens 97
4.4.1 Assays of Solid-phase Second-Generation HJ Trapping Compounds .... 97
4.4.2 Non-Specific DNA Binding ASSay .........cccccveeeeerieiieeeeniiiieeeeniieeeeeenes 100
4.4.3 CONCIUSIONS ..c.vvvieeiiieeeiiiee ettt ettt ettt et e s e e 104
4.5 REFERENCES AND NOTES.......cootiiiiiiieiieeee e 106

vi



(O F:1 o113 e T PP PR SPPR 108

Synthesis of Triostin A analogue: Azatandem..............ccooveeeiniiiiniiiiinieenieenieeee 108
5.1 Introduction and Background of Triostin A .........cccocueeeviiiiniiiniieeniieenee, 108
5.2 Determination of the ring closing site of Triostin A derivatives................... 111

5.2.1 Site A: Olsen’s APProach .......cc.eeeeeeiiiiiieiiiiiieeniiiee e 112
5.2.2 Site B: Boger’s Approach...........cooevviiieeniiiiiiiniiiee e 114
5.2.3 Site C: Diederichsen’s Approach .........cccocccuvieeeiiiiiieeniiiieeeeiieee e 116
5.3 Synthetic Strategies of Azatandem ............ccceeevriiiiieeniiiieeeiiee e 118
5.3.1 Retrosynthetic Strategy of Azatandem 2b...........ccccceevviiiiieiiiiieeennnee. 118
5.3.2 Synthesis of Azatandem 2b............ccccciiiiiiiiiiiiinii e 121
5.4 SyNthesis OF 16 ...ccoeiiiiiiiiiiiieeee e e e e 122
5.5 Synthesis 0F 20........uiiiiiiiiiie et e 122
5.6 SYNthesis OF 21 ...cciiiiiiiiiiiie et 124
5.6.1 Phosphorous ylide approach .............cccceeviiiiiiiiiiiiiieiiiiee e, 124
5.6.2 Sulfur ylide Approach ..........ccccviiieeiiiiiiiiiieee e 125
5.7 Proposed Synthesis 0f 22 .......ccuiiiiiiiiiiiiiiiiiieeeieee et 127
5.8 Proposed Synthesis 0f 23 ........cciiiiiiiiiiiiiiie e 128
5.8.1 TIPS removal 1€actioN ........ceevuviieriiieiiiieeiiieeriee e 129
5.8.2 Synthesis of Methoxylaming 37..........ccceoviiiiiiiniiiiiieiiiiee e 129
5.9 Proposed Synthesis 0f 24. .........c.oiiiiiiiiiiiiiiiieeeie e 130
5.10 Proposed Synthesis 0f 25 .........oiiiiiiiiiiiiiiiieeee e 131
5.11 Proposed Synthesis 0f 2D .........ooiveiiiiiiiiiiiiiece e 133
512 SUMMATY...eiiiiiiiiiiiiieeeee e e e e e e e e e e e s e e iabaaeeeeeeeeas 134
5.13 REFERENCES AND NOTES........oiiiiiiiieieeeeee e 135

(O E:1 01153 | PP PR SRR 141

Experimental methods and supporting SPectra ............eeeeevvvreeeeriiiieeeriiiieeeeiieeeeas 141
6.1. General reMATKS .......covviiiiiiieiiiee e 141
6.2. Peptide SYNthesis.......ccoiiiiiiiiiiiiieeiiie e e 142
6.3. Biolo@ICal ASSAYS....uiiiiiiiiiieeiiiiieeeiiitee ettt e 149
6.4. Synthesis of Sansalvamide A derivatives...........cccceeeeriuiiieeeriiiieeeeniieee e, 151
6.5. Synthesis of Holliday Junction Trapping Compound..............cccceeuvrreennnnee. 169
6.6. Synthesis of Triostin A analogue: Azatandem .............cccceeevuiieeeeniiieeennnnee. 172
6.7. SUPPOTTING SPECLTA....eeeiiiiiieeiiiiieeeeiiieeeeeiieee e ettt e e e rtbeeeeesareeeeeeareeeeeenes 175

vii



Bn

Boc
DCM
DEPBT
DIPEA
DMF
Fmoc

HATU

HPLC
NMR
Oxone
TBAF
TBTU
THF
TLC
TFA
TIPS

LIST OF ABBREVIATIONS

Benzyl

N-tert-butoxycarbonyl

Dichloromethane

3-(Diethoxyphosphoryloxy)-1,2,3- benzotriazin-4(3H)-one
N,N-Diisopropylethylamine

N,N-Dimethylformamide

9-fluorenylmethoxycarbonyl
O-(7-azabenzatrizol-1-yl)-N,N,N’,N’-Tetramethyluronium
hexafluorophosphate

High-performance liquid chromatography

Nuclear Magnetic Resonance Spectrometry

Potassium peroxymonosulfate

Tetrabutylammonium fluoride
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
Tetrahydrofuran

Thin Layer Chromatography

Trifluoroacetic acid

Triisopropyl Silyl

Carboxybenzyl

viii



LIST OF FIGURES

Figure 1.1. CycloSPOrine A.........coouiiiiiiiiiiieeiiiee ettt 2
Figure 1.2, VANCOMYCIN. ..uvtiiiiiiiiiiiiiiie ettt 3
Figure 1.3. Macrocycle Synthesized via Side-Chain-to Side-Chain Strategy. .............. 4

Figure 1.4. Macrocycle (RES701-1) Synthesized via Side-Chain-to End Strategy....... 4

Figure 1.5. Macrocycle Tyrocidine A Synthesized via Head-to-Tail Strategy.............. 5
Figure 1.6. Methods for Solid-Phase Synthesis of Cyclic Peptides. ..........ccccccuvveeennnne. 6
Figure 1.7. “Cleavage-by” Macrocyclization. ..........cccccueervviiiniiiiniiieniieeniieeseeee 6
Figure 1.8. Synthesis of Macrocycles via Safety-Catch Linker Strategy.........c.c.c...... 7
Figure 1.9. Synthesis of Macrocycle via “Silicon-based linker strategy”. .................... 8
Figure 1.10. Synthesis of Macrocycle via “Backbone-Amide Linker” strategy............ 9
Figure 1.11. Solvent Effect Towards Synthesis of Aureobasidin A. .........c..ccccevueeene 11

Figure 1.12. Conformation Study of Linear Precursor via 2-D NMR Experiment. .... 12

Figure 1.13. Synthesis of Dendroamide A via Different Ring-Closing Site. .............. 13
Figure 1.14. Conformation-Directed Macrocyclization of Cyclosporine A................ 14
Figure 1.15. Tamandarin B and itS ANalOg..........ccovieiriiiiiniiiiiieeieceeceeeeeeee 16
Figure 1.16. YSNSG and CNYYSNS. ..ot 17
Figure 2.1 Sansalvamide A Depsipeptide...........eeeeriiiiieeriiiireeiiiiee e 24
Figure 2.2 Retrosynthetic Strategy via a Convergent Approach. .........ccccceeveuveenunenne 26

Figure 2.3 Amino Acids used in San A Synthesis. Compounds and Synthesized using
Amino Acids (in blue) Above Include 12, 14, 18, 20, 25, 30, 52......ccccvrrrieeeeeeeenns 27

X



Figure 2.4 Synthesis of Fragment 1 ........cc.cccoiiiiiiiiiiiiiiiicecceeeee 31
Figure 2.5 Synthesis of Fragment 2 ...........ccccooiiiiiiiiiiiiiiiiciccec e 34

Figure 2.6 Convergent Synthesis of Protected Linear Pentapeptides 14-PLP, 18-PLP,

30-PLP, and 52-PLP......cooiiiiiiiiiieiecteeet ettt 36
Figure 2.7 Linear Approach to the Synthesis of Compound 31-PLP...............cc....c... 38
Figure 2.8 In situ Deprotection of Protected Linear Pentapeptides 14, 20, 30............ 40

Figure 2.9 Stepwise Linear Double Deprotection of Compounds 18-PLP, 52-PLP.... 42

Figure 2.10 Cyclization of Double Deprotected Linear Pentapeptides 14, 18, 20, 30,

ANA 52 1o ettt et 44
Figure 2.11 Benzyl Deprotection of Compound 14, 30. .......ccooviiiiniiiiniiiiniieeniieee 45
Figure 3.1. Numbering System for San A Peptide Derivatives. .........cccocueeeviieenieenne 50

Figure 3.2. Compounds with Alterations at Position 1. Data is Represented as %

Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of 4
wells Performed in Three Assays. All Assays were Allowed to Proceed for 72 hours at

SuM Compound CONCENIIATION. .....eeeervriireeriiiieeeeiiieeeeeiiieeeeeebeeeeeeeraeeeesneneeeesennnees 52
Figure 3.3. Compounds with Alterations at Position 2. Data is Represented as %

Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of 4

wells Performed in Three Assays. All Assays were Allowed to Proceed for 72 Hours
at SUM Compound COoNnCENIIAtION. .....ccuvviireeiiiiieeeeiiieeeeeiieeeeerieeeeeereeeeeeerreeeeennes 54
Figure 3.4. Compounds with Alterations in Position 3. Data is Represented as %

Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of 4
wells Performed in Three Assays. All Assays were Allowed to Proceed for 72 hours at

SuM Compound CONCENIIATION. .....eceerurrireeriiiieeeriiieeeeeitieeeeeebaeeeeeeraeeeeseneeeesensnees 57



Figure 3.5. Compounds with Alterations at Position 4. Data is Represented as %
Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of

4 wells Performed in Three Assays. All Assays were Allowed to Proceed for 72

Hours at SpuM Compound Concentration. .............eecuveeeeeriuireeeeniuieeeeeniieeeeesnreeeeennnens 60
Figure 3.6. Compounds with Alterations at Position 5. Data is Represented as %

Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of 4

wells Performed in Three Assays. All Assays were Allowed to Proceed for 72 Hours
at SUM Compound COoNCENIIAtION. .....ccuuviireeriiiieeeriiieeeeeiiieeeeebeeeeeeereeeeeseneeeesennes 63

Figure 3.7. ICsos of Potent Compounds. Each Data Point is an Average of 4 wells
Performed in Three Assays at 50, 10, 0.5, and 0. 1MS. .....ooveeiiiiieeiniiiieeeiieee e, 65

Figure 4.1. Model of Escherichia coli RuvC Protein Bound to a Square Planar

Holliday Junction. The DNA is Shown in Yellow and the Crystal Structure of
Homodimeric RuvC in Green. Residues Important for Catalysis (Asp-7, Glu-66,

Asp-138, and Asp-141) are Highlighted in Red. RuvC is Thought to Bind this HJ
Conformation During Branch Migration as Part of a RuvABC Complex. ................. 73

Figure 4.2. Amino Acids used for the Synthesis of First-Generation HJ Trapping.... 75

Figure 4.3. Synthesis of Eight First-Generation Hexameric Macrocycles Designed to

TTAP HIS. e e 78

Figure 4.4. Effect of First Generation Compounds on RuvC Binding (panel 1) I, RuvC
with HJ DNA; II, Peptide Trapping HJ Substrate. HJ Resolution of **P-Labeled HJ

DNA (panel 2) III, Substrate Prior to Nicking; IV Nicked Duplex. ..........ccccuveeennnee. 80

Figure 4.5. Amino Acids used for the Synthesis of Second-Generation HJ Trapping
Compounds. The Amino Acids in Blue were used to Construct HI Compd 10.......... 83

Figure 4.6. Solution-Phase Synthesis of Second-Generation Macrocycles that Trap the

H o o 85

Xi



Figure 4.7. Solution-Phase Approach of Synthesizing HJ Compd 10 (4b-5a-6¢)
IMACTOCYCLE. ..ottt ettt e e et e e e ettt e e e e ntaeeeeennaaeeeennees 88

Figure 4.8. Effect of Second-Generation Compounds on RuvC Binding to 32P-
labeled HJ DNA. I, RuvC with HJ DNA; II, Peptide Trapping HJ Substrate. ............ 91

Figure 4.9. Initial Solid-Phase Approach of Synthesizing Second-Generation
IMACTOCYCLES. .nniiiiieeeiiiee et ettt e e et e e e et e e e e nsaeeeeennaaeeeennees 94

Figure 4.10. Synthesis of Second-Generation Macrocycle HJ Compd 10 using Solid-
Phase Final APproachi..........c..ooiviiiiiiiiice e 96

Figure 4.11. Second-Generation Hexameric Macrocycles Synthesized by Revised
Solid-Phase APPIOaCh. .......oiiiiiiiiiiiiiiiie ettt e 97

Figure 4.12 RuvC Gel-Shift Assay of Solid-Phase Compounds, Band I, Non-Specific
Binding to DNA; II, RuvC with HJ DNA; III, Peptide Trapping HJ Substrate. ......... 99

Figure 4.13. Gel-Shift Assay Showing the Binding of Solid-Phase Compounds (10-14)

to **P-labeled dsDNA (panel 1) I, Double-Stranded DNA Trapped by Peptide; II,
Double-Stranded DNA not Trapped by Peptide. ssDNA (panel 2) I, Single Stranded

DNA Trapped by Peptide; 11, Single-Stranded DNA not Trapped by Peptide.......... 102
Figure 4.14. Inhibition of the Growth of S. epidermidis by Compounds HJ Compd 12
and HJ Compd 14. 2.5 ul of Peptide Dilutions in LB broth (0.625, 1.25, 2.5 and

5 uM) were Spotted onto an Lawn of Bacteria in a 0.6% Agarose Overlay. Control
Samples of DMSO were used at Dilutions of 1.25, 2.5, 5 and 10%. .........ccuvveeenneee. 103

Figure 5.1. a.) Triostin A Derivatives. b.) DNA-Triostin A Complex (Triostin A is
Shown in Solid Bonds and the DNA Minor Groove is Shown in Outline Bonds.)... 109

Figure 5.2. Potential Sites for Cyclization Reaction. ............ccooeuvveniieiniiinieennnen. 112
Figure 5.3. Olsen’s Synthesis of TANDEM (Z = Cbz protecting group) ................. 113
Figure 5.4. Boger’s Synthesis of Azatriostin 28 .........coccveerrieeenieeenieeenieeenieeeneen 115

Xii



Figure 5.5. Diederichsen’s Synthesis of TANDEM Derivative 15. (Z = Cbz) ......... 117

Figure 5.6. KAHA 1igation r€action...........ceeevuieeriiiieniiiieiiiie et 118
Figure 5.7. Retrosynthetic Strategy of Azatandem 2b. .........cccoooviiiviiiiniiiiniicnnnen. 120
Figure 5.8. Synthetic Strategy for Azatandem 2b. ..........cccoooveiiviiiiniiiiniiiiniieenen, 121
Figure 5.9. Synthesis Of 16. .....ccoooiuiiiiiiiiiiiieciee e e 122
Figure 5.10. Synthesis 0f 20. ......coouiiiiiiiiiieiiieceecee e 123
Figure 5.11. Synthesis of a-Keto ESter 28 ..........coooviiiiiiiiiiiieieiieeeciiee e 124
Figure 5.12. Synthesis 0f 21 ......coiiiiiiiiiiiiieeee e 127
Figure 5.13. Proposed Synthesis of 22 ..........coviiiiiiiiiiiiiiiiiiieceeeeeeen 128
Figure 5.14. Proposed Strategy for Synthesizing 23..........ccccceeviiiiiiieiiiiieeeeniiieeens 128
Figure 5.15. TIPS Deprotection Conditions. ........c.ceeeerveerrieeenieeenieeenieeenieee e 129
Figure 5.16. Synthesis of Methoxylamine 37. ..........cccooiiiiviiiiniieiniiienieceeeee, 130
Figure 5.17. Proposed Condition to Synthesize 24..........ccoooeeeviieeniieiniiieenieenee. 130
Figure 5.18. Conditions for Disulfide Bond Formation. .............cccoceeeviiiinieennnen. 131
Figure 5.19. Synthesis 0f 25 ......oiiiiiiiiiiiiieee e 132
Figure 5.20. Hydrogenation for Disulfide Bridged Compound 41............ccccceenneee. 132
Figure 5.21. Proposed Synthesis of 2b..........coviiiiiiiiiiiiiiiiiicecccce, 133

Xiii



ACKNOWLEDGEMENTS

I would like to express my gratitude to all those who gave me the possibility to

complete this thesis.

First, I am deeply grateful to my Ph. D advisor Professor Shelli R. McAlpine
whose help, stimulating suggestions, and encouragement helped me in all the time of my
research. Throughout my dissertation-writing period, she provided encouragement, sound
advice, good company, and lots of good ideas. It is difficult to overstate my gratitude to

her for the enthusiasm and inspiration, which was always there when I needed it.

I am indebted to my many colleagues for providing a stimulating and fun
environment in which to learn and grow. I am especially grateful to Rodrigo, my dear
friend, with his encouragement, I started to love learning chemical biology. It is such a
pleasure working with him, and I will never forget the “paint ball” game we went to - that
was really fun! I am also very grateful to Vasko, my dear friend, who helped me to solve
countless biology related problems. I am sorry to drag you on Saturday to prove read my
dissertation until 4am the next day. I will never forget the time we spent smoking cigar at
Sydney opera house!! Thank you Erin, who’s not only my colleague but also my
shopping supervisor! Her suggestions on shopping were amazing and inspirational;
you’ve saved me so many times! I am very grateful to Stephanie for her help with
revising my dissertation. We’ve spent the good time in Australia, especially you
convinced me to take vodka shots! I am very grateful to Melinda, William, Rob S and

Leslie who also help me on revising my dissertation. Special thank to my brother, Eddie,

X1V



you have been a huge support throughout my study. I really enjoy the time we spent
talking not only on professional matters but also about our childhood memories, it is an

unspeakable experience to have you here.

My former colleagues supported me in my research work. I want to thank them
for all their help, support, and valuable suggestions for my work. Thank you Chris
Carroll, Ricardo Corral, Irene Medina, and Jennifer Robinson. Especially I am obliged to
Lisa Liotta as she was a “mother figure” in the lab. You taught me how to get through the
difficult times and take them as the challenge with an optimistic attitude. I also want to
thank Ahmet Kekec, you are not only my colleague, but my dear friend. You guys have

made my study at San Diego State a very unforgettable journey over all those years.

I would like to give my special thanks to my fiancé Mei-Hua (Stephanie) whose
patient and love enabled me to complete this work. You helped me get through the
difficult times, and for all the emotional support. I am especially thankful to your help
with my dissertation editing. I wish you the best for your journey to become the most

outstanding designer ever, even though I know you already are! I love you.

I cannot end without expressing my utmost gratitude to my mom and dad. You
raised me, supported me, and loved me. Without your encouragement and support, I

would never have made it. This dissertation is dedicated to you.

XV



Chapter 2 and 3, in part, has been published as it may appear in “Identification of
Sansalvamide a analog potent against pancreatic cancer cell lines”, Bioorganic and
Medicinal Chemistry Letters, 17, 2007, 5072-5077. Po-Shen Pan, Kathleen L. McGuire

and Shelli R. McAlpine. The dissertation author was the primary author of this paper.

Chapter 4, in full, is a reprint of the material, as it appears in “Novel antibiotics:
C-2 symmetrical macrocycles inhibiting Holliday junction DNA binding by E. coli
RuvC”, Bioorganic and Medicinal Chemistry, 14,2006, 4731-4739. Po-Shen Pan, Fiona
A. Curtis, Chris L. Carroll, Irene Medina, Lisa Liotta, Gary J. Sharples, and Shelli R.

McAlpine. The dissertation author was the primary author of this paper.

XVi



VITA

1994-1998 Fu-Jen Catholic University

Department of Applied Chemistry
Bachelor of Science in Chemistry

1998-2000 National Chao-Tung University

Department of Applied Chemistry
Master of Science in Chemistry

2000-2002 Industrial Technology Research Institute Taiwan

IC packaging material department
Research Associate

2003-2008 University of California at San Diego /San Diego State University

Department of Chemistry and Biochemistry
Joint Doctor of Philosophy in Chemistry

PUBLICATIONS

Referred Publications

* Denotes PI on papers, order of authors indicates relative intellectual contributions,

12

11

10

where first author contributed the most after the PI contribution

A Comprehensive Study of Sansalvamide A Derivatives: Their 2008
Structure-Activity Relationships and Their Binding Mode to

Hsp90

Po-Shen Pant, Robert C. Vaskot, Stephanie A. Lapera, Melinda R.

Davis, William S. Disman, David Vander Velde, Palk Thepchatri,

James Snyder, and Shelli R. McAlpine®,

Journal of Medicinal Chemistry, 2008, submitted

Structure-Activity of Sansalvamide A Derivatives and Their 2008
Apoptotic Activity in the Pancreatic Cancer Cell Line PL-45

Rodrigo A. Rodriguez, Po-Shen Pan, Robert C. Vasko, Chung-Mao

Pan, and Shelli R. McAlpine*

Journal of the Mexican Chemical Society, 2008, in press

New Class of Potent Decapeptide Macrocycles 2007

Melinda R. Davis, Thomas J. Styers, Rodrigo A. Rodriguez, Po-
Shen Pan, Robert C. Vasko, and Shelli R. McAlpine®,
Organic Letters, v10, p177-180, 2007

Xvil



Synthesis and Cytotoxicity of FR235222 Derivatives

Erinprit K. Singh, Suchitra Ravula, Chung-Mao Pan, Po-Shen Pan,
Stephanie A. Lapera, and, and Shelli R. McAlpine*, 2007

Bioorganic & Med. Chem. Lett, 18, p2549-2554, 2008

Identification of Sansalvamide A analog potent against
pancreatic cancer cell lines
Po-Shen Pan, Kathleen L. McGuire, and Shelli R. McAlpine*

Bioorganic & Med. Chem. Lett, 17, p5072-5077, 2007

Synthesis of second generation Sansalvamide A derivatives:
Novel Templates as Potential Anti-tumor Agents

Rodrigo Rodriguez, Po-Shen Pan, Chung-Mao Pan, Suchitra
Ravula, Stephanie Lapera, Erin Singh, Thomas J. Styers, Julia
Cajica, Joseph D. Brown, Emily Parry, Katerina Otrubova, and
Shelli R. McAlpine*

Journal of Organic Chemistry, v72, p1980-2002, 2007

Synthesis of Sansalvamide A derivatives and their cytotoxicity in
colon cancer cell line HT-29

Thomas J. Styers, Ahmet Kekec, Rodrigo Rodriguez, Joseph D.
Brown, Julia Cajica, Chris L. Carroll, Po-Shen Pan, Irene Medina,
Ricardo Corral, Jennifer V. C. Johnston, Emily Parry, Stephanie
Lapera, Katerina Otrubova, Kathleen L. McGuire,* and Shelli R.
McAlpine*

Bioorganic and Medicinal Chemistry, v14, p5625-5631, 2006

Novel Antibiotics: C-2 symmetrical macrocycles inhibiting
Holliday Junction DNA binding by E. coli RuvC

Po-Shen Pan, Fiona A. Curtis, Chris L. Carroll, Irene Medina, Lisa
A. Liotta, Gary J. Sharples, and Shelli R. McAlpine*

Bioorganic and Medicinal Chemistry, v14, p4731-4739, 2006

Synthesis and novel structure-activity relationships of potent
Sansalvamide A derivatives

Katerina Otrubova, Thomas J. Styers, Po-Shen Pan, Rodrigo
Rodriguez, Kathleen L. McGuire,* and Shelli R. McAlpine*

Chemical Communications, p1033-1034, 2006

xviii

2007

2007

2007

2006

2006

2006



3 High-yielding macrocyclization conditions used in the synthesis
of novel Sansalvamide A Derivatives macrocyclization
conditions
Thomas J. Styers, Rodrigo Rodriguez, Po-Shen Pan, and Shelli R.
McAlpine*

Tetrahedron Letters, v47, p515-517, 2006

2 Synthesis and Cytotoxicity of Novel Sansalvamide A derivatives

Chris L. Carroll, Jennifer V. C. Johnston, Ahmet Kekec, Joe Brown,
Emily Parry, Julia Cajica, Irene Medina, Kristina M. Cook, Po-Shen
Pan, and Shelli R. McAlpine*

Organic Letters, v7 p3481-3484, 2005

1 Novel Antibiotics: second generation macrocyclic peptides
designed to trap holliday junctions
Lisa A. Liotta, Irene Medina, Jennifer L. Robinson, Chris L. Carroll,
Po-Shen Pan, Ricardo Corral, Jennifer V. C. Johnston, Kristina M.
Cook, Fiona A. Curtis, Gary J. Sharples and Shelli R. McAlpine*
Tetrahedron Letters, v45, p8447-8450 2004

FIELDS OF STUDY
Major Field: Organic Synthesis
Studies In Chemistry
Professor Shelli R. McAlpine

XiX

2006

2005

2004



ABSTRACT OF THE DISSERTATION

Synthesis of Macrocycles and Their Biological Evaluation as

Antitumor and Antibacterial Agents

by

Po-Shen Pan

Doctor of Philosophy in Chemistry

University of California, San Diego, 2008

San Diego State University, 2008

Professor Shelli R. McAlpine, Chair

Chapter 1
The history of the cyclic peptides was briefly introduced. The syntheses of cyclic

peptides via solid-phase strategy as well as solution-phase strategy were also discussed.

The aims of this research are listed at the end of this chapter.
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Chapter 2 and 3

Seven Sansalvamide A derivatives have been synthesized and sixty-four
Sansalvamide A peptide derivatives were tested by using *H thymidine inhibition assays
in two pancreatic cancer cell lines (PL45 and BxPC-3) to evaluate their Structure-
Activity Relationships (SAR). Six compounds show greater cytotoxicity against
pancreatic cancer cell lines than the commonly used drug, 5-FU, and demonstrate
potency on par with treatments used for other cancers. Four compounds have low
micromolar 1Csy values against BxPC-3 and PL45 and are ~20 fold more active than the
parent natural product Sansalvamide A peptide (San A). SAR studies show the inclusion
of a single N-methyl and/ or D-amino acid appears to be critical for presenting the active

conformation of the five San A peptide derivatives to their biological target(s).

Chapter 4

Holliday junctions (HJs) are formed as transient DNA intermediates during site-
specific and homologous recombination. Trapping HJs leads to bacterial cell death by
preventing proper segregation of the resulting interlinked chromosomes, making them
ideal targets for potential new antibiotics. Macrocyclic peptides designed to trap this
intermediate were synthesized in the hopes of designing compounds capable of
antibacterial activity. Ten macrocycles, both hexameric and octameric peptides, proved
they were capable of trapping HJs in vitro. Those macrocycles containing tyrosine
residues proved most effective. These data demonstrate that C-2 symmetrical

macrocycles offer excellent synthetic targets for the development of novel antibiotic

XX1



agents. Furthermore, the active compounds provide valuable tools for probing different

pathways of recombinational exchange.

Chapter 5
Triostin A is a bicyclic octadepsipeptide, a member of the quinoxaline family of
antitumor agents, and can efficiently block both transcription and replication via specific
binding at GC positions in the minor groove of dsDNA. Its derivative, Azatandem, was
shown to possess antitumor potency. Our efforts to improve the preparation of such
derivatives have provided a unique synthetic approach via use of the KAHA (a-
Ketoacid-Hydroxylamine) ligation reaction to furnish the bicyclic core. This proposed

strategy will provide structurally diverse Triostin A derivatives in an efficient manner.

xXxil



Chapter 1

Introduction

1.1 History of Cyclic Peptides

Cyclic peptides are primarily derived from natural products found in marine
sponges, tunicates, fungi bacteria and other lower animal forms."? Many cyclic peptides
are found to exhibit multiple types of biological activity including: antibacterial, antiviral,
anti-inflammatory and immunosuppression. Compared to linear peptides, cyclic peptides
are generally more resistant to enzymatic degradation by amino peptidases and carboxy
peptidases. In addition, the cyclic structure reduces the freedom of peptide conformation
and allows the cyclic peptide to have a higher binding affinity, which eventually
increases its biological potency. Thus, cyclic peptides provide promising lead compounds
for drug development."* Described here are two examples of exceptional drugs on the
market that are well-established cyclic peptides. These drugs are currently vital
compounds that are considered imperative in their respective fields for treatment and as

such they both represent examples of the future of cyclic peptide drugs.

Cyclosporine A, a cyclic peptide drug on the market (Neoral™) (Figure 1.1),° is a
metabolite produced by Tolypocladium inflatum that isolated in was 1970 at Sandoz (now
Novartis). In 1976 it was found to have very potent immunosuppressant activity.

Cyclosporine A was approved by the FDA in 1983. It is the primary drug of choice for



organ transplant patients, as it suppresses the immune response and decreases the risk of
the organ rejection. Its mechanism of action involves interrupting the signaling pathway
that is required to activate T cells.” The annual sale of cyclosporin A is approximately
one billion US dollars and is considered as one of the most successful examples of cyclic

peptides as drugs.

Figure 1.1. Cyclosporine A.

Another well known cyclic peptide drug is Vancomycin (Vancocin™)® (Figure
1.2). It was found and isolated from the soil microbe Amycolatopsis orientalis from the
jungle of Borneo in 1956,” and was later introduced to the market by Eli Lilly in 1958°. It
is a glycopeptide that possesses antibiotic activity against Gram-positive bacteria, and is
considered to be the “last resort treatment” and used when other antibiotics have failed.
Its mechanism of action involves preventing the synthesis of the peptidoglycan layer of
the cell wall, thus inhibits the growth of the Gram-positive bacteria because it can no

longer synthesize its cell wall.



Figure 1.2. Vancomycin.

1.2 Synthesis of Cyclic Peptide

Macrocyclization strategy for cyclic peptides can be summarized into 3 different
categories: (1) “Side-chain-to-side-chain” strategy,* '° (2) “Side-Chain to-End” Strategy,*
""and (3) “Head-to-Tail” Strategy.” '* In category 1: “side-chain to side-chain” strategy,
macrocyclization is carried out between the side chains of the linear precursor. The most
straightforward route to achieve side-chain to side-chain macrocyclization is to
incorporate properly protected Asp and Lys amino acids into the linear precursor
backbone so that conventional peptide coupling reaction can be performed to yield cyclic
product after the protecting groups of Asp and Lys are removed. An example of side-
chain to side-chain strategy was reported by Rana and co-workers.'> They reported the
design and the synthesis of cyclic peptide (Figure 1.3), which interrupts the HIV-1 Tat -

(TAR) RNA interactions leading to the inhibition of HIV-1 gene expression.'>."?
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Figure 1.3. Macrocycle Synthesized via Side-Chain-to Side-Chain Strategy.

(o)

In the “Side-Chain to-End” Strategy,’ macrocyclization is carried out between the
side chain to the N-or C-terminus. Yamasaki and co-workers reported a solution-phase
synthesis of an endothelin antagonis cyclic peptide, RES-701-1 (Figure 1.4) via this

method. !

|
L Gly-Asn-Trp-His-Gly-Thr-Ala-Pro-Asp-Trp-Phe-Phe-Asn-TyrTyr-Trp—OH

Figure 1.4. Macrocycle (RES701-1) Synthesized via Side-Chain-to End Strategy.

In the “Head-to-Tail” Strategy, macrocyclization is carried out between the N-and
C-termini.* This head to tail approach is the most commonly used strategy to synthesize
cyclic peptides. This chapter will focus mainly on this strategy and how it is applied
during solid-phase peptide synthesis and solution-phase synthesis. An example of cyclic

peptide, Tyrocidine A, was synthesized via this strategy (Figure 1.5)."*



Figure 1.5. Macrocycle Tyrocidine A Synthesized via Head-to-Tail Strategy.

1.2.1 Solid-Phase Synthesis of Macrocyclic Peptides via Head to Tail Strategy

Solid-phase peptide synthesis was first introduced by Merifield et al in 1963,"
and since then this technology has been significantly developed with the introduction of
new protecting groups, and solid supports, both of which offering variety of options to
synthetic chemists for their specific needs. Since 1990 there has been an increasing
amount of research that utilizes on “on-resin” cyclization. One main aspect of this
approach is to remove the cyclic peptide products after the macrocyclization procedure is
completed. This on-resin cyclization can be sorted into three different categories based on
their linking strategies (Figure 1.6). A detailed discussion of these strategies is shown

described.
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Figure 1.6. Methods for Solid-Phase Synthesis of Cyclic Peptides.

Strategy A: This approach, called “cleavage-by strategy”, involves the C-terminus
of the linear precursor linked to the solid support through an electrophilic linkers that is
labile simultaneously as the peptide cyclizes. The cleavage of the final cyclic peptides
from the solid support occurrs immediately after the macrocyclization reaction. An
example that utilized this methodology was reported by Kaiser and co-workers, where
they developed an oxime-based linker resin (shown in Figure 1.7) to synthesize

16
macrocycles.

Protecting Group (1) ¢ NO,
Py P, P; P, Ps Q
HOAc/ EtzN
HoN— —COO—N
Peptide Backbone 4T .

Figure 1.7. “Cleavage-by” Macrocyclization.

Due to the electrophilic nature of these linkers, this approach was initially only

compatible with synthesizing using Boc-protected amino acids. An alternative linker



strategy called “safety-catch linker” was developed to overcome this limitation.'” The
safety-catch linkers can be regarded as the protected version of eletrophilic linkers where
they are very robust and uncleavable during the preparation of linear precursor. These
linkers can later be re-activated by removing the protecting group to perform final
macrocyclization reaction. Smythe and co-workers'® utilized this strategy to synthesize

cyclic peptide shown in Figure 1.8.
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y\o | _— Fmoc Solid-Phase Peptide Synthesis ﬂ\o/@
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O Protecting Group (1)J

(o)
TEA/ TIPS HOQ DIPEA/ DMF, 5 Days } NH

4,09
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’|| l Py P, P3 Py Ps

N R N —
P, P, Py P, P;s

Figure 1.8. Synthesis of Macrocycles via Safety-Catch Linker Strategy.

Strategy B: In this approach, polar amino acid polar side chain such as Asp, Glu,
Cys, Ser, Tyr, or Lys are utilized to attach the peptide to the solid support. The final
cyclized product is removed from the solid support under proper cleavage conditions
after cyclization. This strategy minimizes the risks of dimerization and oligomerization,

which is often observed when using the other linker strategies during macrocyclization.



This is perhaps due to the fact that cyclization occurs more rapidly using method B
because the activated C-terminus is farther away from the linker connection, which
provides a clearer pathway for the nucleophile to react with the electrophile.
Unfortunately, this effective cyclization strategy requires the presence of polar side
chains within the linear precursor backbone. In order to overcome this limitation, an
alternative “silicon-based linker strategy” was developed.'” This method allows the non-
polar residues (i.e. Phe) to attach to the support, thus allowing synthetic chemists to
attach non-polar amino acid onto the solid support through the chemical manipulations.
Silverman and co-workers utilized this methodology to synthesize the Sansalvamide A

cyclic peptide.”® Their synthetic strategy is shown in Figure 1.9.

Et Et Et Et

Si Si
Boc Solid-Phase Peptide Synthesis
w9 n ¢
Q N N oMe
OMe H,N N N
BocHN H H B H
) o \( o \f o

o
N o
1) HBTU, DIPEA, NMP H
2) 2% Thioanisole and 50% TFA o NH Hb/
(o)

Figure 1.9. Synthesis of Macrocycle via “Silicon-based linker strategy”.



Strategy C: In this method, the linear peptide substrates are linked directly to the
solid support through their backbone (not side chain). An example of this method is
called backbone amide linker (BAL) strategy.”' In this strategy, the C-terminal amino
acid is linked to the resin via its o-nitrogen atom. BAL strategy allows one to select,
theoretically, any linear peptide sequence in any position of cyclization (except proline at
the C-terminus). This method is particularly appealing to synthetic chemists since it is
well known that particular amino acids at positions of cyclization can drastically altered
the yield of macrocyclization reaction. Bourne and co-workers utilized BAL strategy to
synthesize a library of cyclic peptides targeted at the Somatostatin receptor (Figure

1.10).*!

o

o/\/\)J\O O\N\I]/O
Q !
NH N
= o 0Bz HBTU DIPEA, 3h
H H OH r NH o
N X(N N °
o \ o o
NHCIZ
H NHCIZ
N
NH oo
HBr/ TFA, p-Cresol, 90min %
NHCIZ

Figure 1.10. Synthesis of Macrocycle via “Backbone-Amide Linker” strategy.
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1.2.2 Solution-Phase Synthesis of Macrocyclic Peptides via Head to Tail Strategy

Up until the late 1960’s, head-to-tail cyclic peptides were synthesized only in
solution. Despite the significant advancement of on-resin cyclization technology,
solution-phase chemistry still remains as the general synthetic method for making head to
tail cyclic peptides to date.” * Compare to on-resin cyclization, solution-phase
cyclization do not require the attachment of the first amino acid to the solid support or
optimizing the cleaving procedure, and most importantly, it can be used to prepare the

cyclic peptides in large scale.

There are a number of factors that are known to impact the yield of solution-
phase head-to-tail cyclization including, selection of the solvent,* selection of the ring-
closing site,” and the conformation of the linear precursor.>* Throughout the synthesis of
aureobasidin A, Kurome and co-workers found that the selection of the solvent played a
significant role in final cyclization step”’. By using PyBrop as the coupling reagent and
DIPEA as the base, cyclization performed in CH,Cl, gave 45% isolated yield (Figure

1.11) whereas the reaction performed in DMF gave no desired product.
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Figure 1.11. Solvent Effect Towards Synthesis of Aureobasidin A.

This interesting result was further investigated by the '"H-NMR study in CDCl;
or DMSO-d4, the Rotating frame nuclear overhauser effect spectroscopy (ROESY)
spectra indicated that linear precursor in CDCl; may possess a bent conformation (figure
1.12), which was expected in CH,Cl,; on the other hand, the one in DMSO-d4 possess a
linear stretched conformation (Figure 1.12) that was expected in DMF. Thus, it is
reasonable to conclude that the one in the bent conformation is in the better position to
form cyclized product, as opposed to the stretched conformation that would be present

in DMF. This data explains why the reaction only proceeds in CH,Cl,.
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Figure 1.12. Conformation Study of Linear Precursor via 2-D NMR Experiment.

Despite the importance of selecting an appropriate reaction solvent, choosing a
suitable ring-closing site is also an important component in the success of cyclization.
There are some criteria of choosing an appropriate ring-closing site including as the
selection of an unhindered amino acid (i.e. glycine) at either end of the linear precursor or
avoiding a cysteine at the C-terminus which may cause serious racemization during
cyclization.”® An interesting example regarding the importance of selecting a suitable
ring-closing-site was observed during the synthesis of dendroamide A. Dendroamide A is
a cyclic peptide isolated by Moore and co-workers from the terrestrial cyanobacterium
Stigonema dendroideum Fremy in 1996.%° It possesses a significant ability to reverse
multi-drug resistance in tumor cells. In 2000, Pattenden and co-workers completed the
first total synthesis of this molecule.”’ Later, Smith,*® Kelly,*” and Shin® also completed
the total synthesis of dendroamide A. Pattenden et al. carried out the cyclization at site A
obtained 91% cyclization yield, Kelly et al selected the cyclization at site B obtained 56%,

while Shin et al. did the cyclization at site C obtained 81% cyclization yield. Calculated

by CONFLEX® 5, Matsumoto and co-workers found that the distance between C and N-
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terminus for site A linear precursor was 3.73A, while the distance between C- and N-
terminus for site B was 3.93 A, and finally, the distance between C- and N- terminus for
site C linear precursor was 3.72A.** This study demonstrated the importance of selecting

a suitable ring-closing site for the efficient cyclization reaction.

Position C:
Shin et. al. 81%

oY
~ NS
fN H/Tf
NH Hr?f‘lio

0 N\7) N
Position B: \ Position A:
Kelly et. al. 56% Pattenden et. al. 91%

Figure 1.13. Synthesis of Dendroamide A via Different Ring-Closing Site.

In addition to the elements described above, conformation of the linear precursor
also plays an important role in the success of solution phase head to tail macrocyclization.
Wenger and co-workers utilized this conformational approach to design and synthesize
cyclosporine A in good yield (62%).>* (Figure 1.14) The success of this work came from
the intramolecular hydrogen bonding that directed the linear precursor into a stabilized
pre-organized conformation. Through this conformation, the C- and N-terminus of the
linear precursor were brought into a close proximity, thus facilitated the formation of the

final product.
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Figure 1.14. Conformation-Directed Macrocyclization of Cyclosporine A.

1.3 Recent Compounds Relevant and Important in Drug Discovery

Natural cyclic peptides are the class of molecules that appeared in large structural
diversity with a broad spectrum of biological activities, such as antibacterial, anti-
inflammatory, antiviral, immunosuppressive, and anticancer activities. Due to their wide
range of pharmacological applications, the design and synthesis of the cyclic peptide
analogs based on natural products continue to be a growing area in drug discovery.
However, the design of novel potent cyclic peptides based on natural products remains a
great challenge. Understanding the structure-activity relationship of these molecules
based on the role of each amino acid and their cyclized conformations is a requirement
when designing potent molecules. Two major strategies in developing novel potent cyclic
peptides are: (1) design and synthesize cyclic peptide analogs based on existing natural
cyclic peptides model or (2) cyclize linear lead peptide to enhance its biological stability

and activity. These strategies are discussed below.
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Strategy (1) was utilized in the synthesis of Tamandarin B, a cytotoxic
depsipeptide that was isolated from an unidentified Brazilian marine ascidian of the
family Didemnidae by Fenical and co-workers in 1996. It’s structure was also elucidated
by Fenical and co-workers in 2000 (Figure 1.15).>' It shows potent inhibitory growth

activity against several human tumor cell lines’'

and is considered as a promising lead
compound for chemotherapeutic development. The first synthesis of Tamandarin B was
accomplished by Joulli¢ and co-workers in 2001.°” Later, a series of Tamandarin B
analogues were synthesized and their structure-activity relationship indicated that its
biological activity was highly dependent on the structure of the side chain.”® Although
most of the structural modifications within the depsipeptide backbone were tolerated, it
was found that replacing a proline residue at the position 4 with a less structurally rigid
alanine residue dramatically diminished its biological activity with Glso = 3.90 nM in
HeLa cervical cancer cells (tamandarin B), and Glso = 1180 nM in HeLa cells (alanine
containing analog). The presence of a proline at position 4 along with leucine at position

3 appears to induce a B-turn formation that holds the cyclic backbone into a strict

conformation. This conformation, in turn, correlates with its potent biological activity.*
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Tamandarin B Tamandarin B Analog

Figure 1.15. Tamandarin B and its Analog.

Strategy (2) was utilized by Brassart-Pasco and co-workers.”> They used the
cytotoxic CNYYSNS linear peptide, which originated from Tumstatin, as a lead in their
design of the cyclic peptide YSNSG. This cyclic peptide comprised of a glycine (G)
residue along with four residues known to form a B-turn: tyrosine (Y), serine (S),
asparagines (N), and serine (S), where a p-turn was shown to be a crucial element in the
biological activity of the linear peptide CNYYSNS (Figure 1.16).” 2-D NMR
experiments (TOCSY, and NOESY) and molecular modeling (Molecular Dynamics
Simulations) proved that the incorporation of a glycine moiety permitted peptide
cyclization to constrain the B-turn and hold the cyclic backbone in the conformation that
gave the appropriate conformation for cytotoxicity, generating a cyclic compound that
possess a greater percent inhibition of tumor cell growth compared to its linear

counterpart. Upon intraperitoneal injection (I.P injection) of the linear peptide,

CNYYSNS and the cyclic peptide, YSNSG into the melanoma tumor, the cyclic peptide
showed a greater in-vivo inhibitory effect on tumors compared to the linear peptide. The
YSNSG cyclic peptide inhibited in-vivo tumor cell growth by 46% while linear
CNYYSNS only inhibited in vivo cell growth by 27%. Their work indicated that

cytotoxicity and stability could be improved upon generating the cyclic peptide from a
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similar linear precursor, and that this improved -cytotoxicity was due to the

conformational constraint placed on the side chains within the macrocycle.

o
OH o NH, HO
0
%” HS HO OH
o) o o)
0-_NH HN H H H
Hojg\u)]\/'“ N&N%N)\/NW/ENHZ
NH HN OH N TN N
H o ° o\\[/: PN OY °
° NH [ :L NH,
2 OH
HO
YSNSG CNYYSNS

Figure 1.16. YSNSG and CNYYSNS.

In summary, the research discussed above has shown the capability of
macrocycles to inhibit cancer cell proliferation. Given the success of other natural
product macrocycles of similar or larger molecular weights such as Vancomycin,
Cyclosporine A, FK506, and 17AAG,** the compounds discussed in this thesis, though
currently in the preliminary developmental stage, show potential as future
chemotherapeutic agents. That is, the promising cancer cell growth inhibition data shown
for these macrocyclic compounds and the current success of other macrocycles of similar
or larger size, demonstrate the effectiveness of a macrocyclic scaffold as a tool in the

development of new antitumor agents.
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1.4 Aims of this Research

Given cyclic peptides possess a wide spectrum of biological activity and the

design of the potent macrocycles remains a significant challenge, the aim of this research

will focus on:

1.

Synthesizing cyclic peptide derivatives using either solution-phase or solid-phase via
the head-to-tail strategy.
Evaluation of biological activity of the synthesized macrocycles through “H labeled

thymidine incorporation assays.



10.

11.

12.
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Chapter 2

Synthesis of Sansalvamide A Derivatives

2.1 Peptides as Drugs

In this chapter I’ll be describing the synthesis of 7 Sansalvamide A derivatives
and my completed molecules are shown in Figure 2.3. Rational drug design utilizing
natural products as templates offers a powerful methodology for new drug discovery' and
offer particularly relevant templates. Moreover, the continuous discovery of novel
naturally occurring peptides has encouraged the development of peptide drugs. Peptide
drugs are used as HIV protease inhibitors,” osteoporosis treating drugs,’ antibiotics,”
immunosuppressant,” and anti-tumor agents.>’  To date there are 720 clinically used
peptide drugs or candidates; 38% of these are in clinical trials, 56% are in advanced
preclinical phases and 5% are on the market.® Moreover, peptides are relatively
straightforward to synthesize, have commercially available chemical diversity, and can be
rapidly assembled. However, the appeal of using peptides as drugs is diminished because
they require a relatively large molecular structure to define their three dimensional
conformation, and they are rapidly cleared from the body (with half-lives often
measurable in minutes). Furthermore, membrane transport is also a challenge due to the
hydrophilicity of peptides.” These obstacles have made cyclic peptides very attractive
lead drug candidates because they tend to have greater binding affinity for protein targets
than their linear counterparts. Because cyclic peptides are constrained, they require fewer
amino acids to define their 3-D structure. In addition, they are more lipophilic than linear

counterpart, which facilitates their membrane transportation.'’ Further, they degrade
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slower than linear peptides because proteases have difficulty cleaving amide bonds

. 1, 12
located in a macrocycle.'"

Thus, there is great potential in developing macrocyclic
peptides into drug candidates. Sansalvamide A (Figure 2.1) was isolated from a marine
fungus (Fusarium sp.) in 1999 by Fenical et al. off the coast of San Salvadore island in
the Bahamas. Initial testing showed that it exhibits antitumor activity in the NCI’s 60 cell
line panel (ICso = 42.5uM).'" > ¥ TIts novel cyclic depsipeptide structure presents a

unique alternative to many chemotherapeutic agents currently on the market, thus,

making it a promising structure for further development.

Amino Acid 4 Amino Acid 3

AmlnoAcldS)\j\NH HN Amino Acid 2

Amino Acid 1

Figure 2.1 Sansalvamide A Depsipeptide.

San A depsipeptide was first synthesized by Silverman et al. in 2000,'> ' and
initial testing by Silverman has demonstrated its potency against pancreatic, colon, breast,

17, 18
prostate, and melanoma cancers.'”

Recent work by our group has shown that San A
peptide derivatives are potent against the drug-sensitive colon cancer cell line HT-29.

This clearly indicates the potential of this class of compounds as a platform useful in

targeting multiple cancers.
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2.2 General Synthesis Strategy

San A is composed of four L-amino acids and one a-hydroxy-acid. However, only
the peptide analogues, involving the exchange of the hydroxy acid in position 4 with an
amino acid, were synthesized because initial testing of the San A peptide showed greater
potency than the San A depsipeptide.'® The peptide analogues also have the advantage of
being more stable by resisting degradation to ring opening saponification by lipases, and
the peptide core structure can serve as a scaffold where substituents can be interchanged
around this general core structure (Figure 2.1). A convergent approach, involving two
fragments (Figure 2.2), is amenable to inserting L-and D-amino acids systematically, thus
allowing the incorporation of diversity around the peptide backbone via a relatively

19-21

standard synthetic route. This method is a general, rapid, high-yield approach that

enables large-scale synthesis needed for extensive biological studies.
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Amino-Acid 4 Amino-Acid 3

Amino-Acid 5 o Amino-Acid 2

Amino-Acid 1
Fragment 2 R=H or Me Fragment 1

Figure 2.2 Retrosynthetic Strategy via a Convergent Approach.

A variety of L and D-amino acids were used (Figure 2.3) to construct a library of
San A analogues that could later be utilized to study the molecule’s structure activity
relationship (SAR). The amino acids that I used to construct seven San A analogues are

shown in blue while amino acids used by my colleagues are shown in black.
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Compound 12

o ke
A4
H
NH

Compound 14 Compound 18 Compound 20

_OH
/'\fo

o Hfzjaz\ (o]
\?\NH HNTY \?\NH HN Ny

[¢) o o

Compound 25 Compound 30

Compound 52

Figure 2.3 Amino Acids used in San A Synthesis. Compounds and Synthesized using
Amino Acids (in blue) Above Include 12, 14, 18, 20, 25, 30, 52.
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The analogues were designed to explore alterations at individual positions in
order to explore a relationship with potency. Structure activity relationships (SAR) of San
A analogues were compiled for a series of compounds and will be discussed in successive

chapters.

It has been theorized by Garland Marshall** and others® ** that N-methyl groups
lock the macrocycle into a favorable conformation that might potentially improve the

binding affinity of the molecule to the biological target.

I have synthesized seven San A derivatives, which are 12, 14, 18, 20, 25, 30, and
52. These seven derivatives were part of a larger group of analogs that explored the
effects of N-methyl and p-amino acids on biological activity. A number of compounds
were made by colleagues that explored the role of relative and absolute configurations at
positions 1 and 2. In compound 18, which was differentiated from the San A peptide 1
(Figure 2.3) by incorporating amino acid 3b (D-valine) and compound 20, which
contained amino acid 3d (N-methyl-D-valine) were designed to explore the effect of
stereochemistry on cytotoxicity at position 3. There are two deviations from the San A
peptide 1 in compound 52: D-leucines were incorporated into positions 4 and 5. In
compounds 25 and 30, L-valines were used in position 2, 4, and 5 rather than L-leucines
seen in the San A peptide 1 to explore the effect of lowering the molecular weight while
maintaining stereochemistry and similar steric constraints compared to 1. Further,
incorporating a D-serine (compound 25) or a Benzyl protected D-serine (compound 30) at

position 3 provides compounds that would explore how changing the compound’s
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hydrophobicity altered its cytotoxicity. The same rational was applied to the design of
compound 12 and compound 14, with the D-serine or benzyl protected serine
incorporated into position 2, and L-valines at positions 3, 4, and 5. By comparing the
potency of compounds 25 and 12 to 1 one could establish the importance of a polar
moiety at positions 2 and 3. Further, by comparing the cytotoxicity of 30 and 14 to 1, 25,
and 12 it will be possible to establish the importance of hydrophobic elements at

positions 2 and 3.

2.2.1 Synthesis of Fragment 1

A solution phase synthesis strategy was used in part because of the hydrophobic
nature of most of the amino acids used in the construction of San A analogues and to
facilitate large scale synthesis of biologically active derivatives. Deprotected tripeptides
(Fragment 1) were synthesized using the conditions outlined in Figure 2.4. Compounds
18, 20, and 52 were made using the same starting dipeptide, la-2a. Residue la, H-L-
phenylalanine-methyl ester, was coupled with residue 2a, Boc-L-leucine-OH. This
coupling reaction involved 1.0 equivalents of the free acid (residue 1), 1.1 equivalents of
the free amine, (residue 2), 1.1 equivalents of the coupling agent 2(1-H-benzotriazole-1-
yl)-1,1,3-tetramethyluronium tetrafluoroborate (TBTU), and 4 equivalents of
diisopropylethylamine (DIPEA). All starting materials were dissolved in anhydrous
methylene chloride to a concentration of 0.1 M. The reactions were allowed to run for

approximately 30 minutes to 1 hour and monitored via TLC. After the reaction was
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completed, the crude reaction products were isolated by diluting the crude reaction with
excess ethyl acetate followed by washing with 0.1M HCl(,q) to remove excess free amine,
then washing with saturated sodium bicarbonate three times to remove coupling agent by
product and excess coupling agent. The resulting dipeptide was isolated upon drying the
combined organic layers over sodium sulfate, filtering, and concentrating down via rotary
evaporator. 'H NMR was used to identify the product and verify its purity. The reaction

resulted in the dipeptide 1a-2a (95% yield).

Following the synthesis of this dipeptide, 20% trifluoroacetic acid (TFA) in
methylene chloride (0.1M) with anisole (2 equivalents) were used to remove the -
butoxycarbonyl (Boc) protecting group on the amine of residue 2 to obtain the dipeptide
la-2a-NH,. Reactions were monitored via Thin Layer Chromatography (TLC). To be
noted, TLC samples were obtained with methylene chloride along with DI water in order
to remove excess TFA. Upon completion (ca. 30 minutes, verified by TLC), the crude
amine deprotected dipeptides were concentrated and quantitative yields were assumed
based on 'H NMR. The same procedure was utilized to synthesize dipeptides 1a-2g-NH,,

and 1a-2m-NHj (yields for 1a-2g and 1a-2m coupling shown in (Figure 2.4).
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Amino Acid 1a Amino Acid 2m
Dipeptide 1a-2m-NH,
1a-2m-3a Coupling yield 90%

Conditions: (a) TBTU (1.1eq), DIPEA (4.0 eq), CH,Cl, (0.1M);
(b) anisole (2.0 eq), 20% TFA, CH,Cl, (0.1M)

Figure 2.4 Synthesis of Fragment 1

Three different amino acids were then used to couple to the free-amine dipeptides
to generate five different tripeptides. The dipeptide 1a-2a-NH, was coupled with residue
3a (Boc-L-valine-OH (1.0 equivalents)), with residue 3b (Boc-N-methyl-D-valine-OH
(1.0 equivalent)), with residue 3d (Boc-N-Me-D-Val-OH (1.0 equivalent)), and dipeptide
la-2g-NH, was coupled with residue 3L (Boc-D-Bn-Ser-OH (1.0 equivalent)), and
dipeptide 1a-2m-NH; was coupled with residue 3a (Boc-L-valine-OH (1.0 equivalents)),

in order to obtain the tripeptides: 1a-2a-3a, 1a-2a-3b, 1a-2a-3d, la-2g-3L, and la-2m-3a,
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respectively (for yields see Figure 2.4). These reactions were performed by using 1.1
equivalents of TBTU and 4 equivalents of DIPEA, and anhydrous methylene chloride
(0.1M). These reactions were allowed to run for approximately 45 minutes to 1 hour and
monitored via TLC. After the reactions were complete, the crude reaction products were
isolated by diluting the crude reactions with excess ethyl acetate followed by washing
with 0.1M HClq to remove excess free amine, then washing with saturated sodium
bicarbonate three times to remove coupling agent byproduct and excess coupling agent.
The resulting pure tripeptides were isolated upon drying the combined organic layers
over sodium sulfate, filtering, and concentrating via rotary evaporator. 'H NMR
spectroscopy was used to identify the product. These reactions resulted in the tripeptides
la-2a-3a (90%), la-2a-3b (87%), 1a-2a-3d (94%), la-2g-3L (80%), and 1a-2m-3a (90%).
The amine protecting group of these tripeptides were then removed by using 20% TFA in
methylene chloride with anisole (2 equivalents) to yield the free amine (Fragment 1) in

quantitative yields.

2.2.2 Synthesis of Fragment 2

The free acid dipeptides (Fragment 2) were synthesized by coupling residue 4 to
residue 5 (Figure 2.5). Residue 4a (H-L-leucine methyl ester) was coupled with residue
5a (Boc-L-leucine-OH). This coupling reaction involved 1.0 equivalent of the free acid
(residue 5); 1.1 equivalents of the free amine (residue 4); 1.1 equivalents of coupling

agent TBTU and 4 equivalents of DIPEA in 0.1M anhydrous methylene chloride. The
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reaction was allowed to run for approximately 1 hour and monitored via TLC. After the
reaction was completed, the crude reaction product was isolated up by diluting the crude
reaction with excess ethyl acetate followed by washing with 0.1M HClq) to remove
excess free amine, then washing with saturated sodium bicarbonate three times to remove
coupling agent byproduct and excess coupling agent. The resulting pure dipeptide was
isolated upon drying the combined organic layers over sodium sulfate, filtering, and
concentrating down via rotary evaporator. 'H NMR was used to identify the product and
verify its purity. The reaction resulted in the dipeptide 4a-5a (92% yield). The same

procedure was applied to synthesize and purify 4b-5b (91%), and 4c-5¢ (94%).

Following the synthesis of these dipeptides, lithium hydroxide (8.0 equivalents) in
methanol to a concentration of 0.1M was used to hydrolyze the methyl ester on residue 4
of all three dipeptides to produce the free-acid (Figure 2.5). Reactions were allowed to
proceed for one to three hours and monitored via TLC. The crude reaction mixtures were
dissolved in an excess of methylene chloride and extracted with IM HCluq. The
combined organic layers were dried over sodium sulfate, filtered, and concentrated via
rotary evaporation. This work-up procedure served as the only purification approach
throughout the synthesis of fragment 2. "H NMR was used to identify the structure of the
products. This afforded three pure dipeptides: HO-4a-5a (87% yield), HO-4b-5b (85%

yield), and HO-4c-5e (83% yield).
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(b) LIOH (8eq), CHzOH (0.1M).

Figure 2.5 Synthesis of Fragment 2

2.2.3 Synthesis of Pentapeptides 1a-2a-3b-4a-5a, 1a-2g-3L-4c-5e, 1a-2m-3a-4c-Se,

and 1a-2a-3a-4b-5b

Linear pentapeptides la-2a-3b-4a-5a, la-2g-3L-4c-5e, la-2m-3a-4c-5e, and la-
2a-3a-4b-5b were synthesized using Fragments 1 and 2 (Figure 2.6). The dipeptide free-
acid, fragment 2 (1.0 equivalent) was coupled with 1.1 equivalents of the tripeptide free-
amine (Fragment 1). Free-acid dipeptide HO-4a-5a was coupled with the free-amine 1a-
2a-3b-NH; (Figure 2.6a), free-acid HO-4b-5b was coupled with the free-amine tripeptide
la-2a-3a-NH, (Figure 2.6b), free-acid HO-4c-5¢ was coupled with the free-amine

tripeptide 1a-2g-3L-NH, (Figure 2.6¢), and free-acid dipeptide HO-4c-5¢ was coupled
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with the free-amine la-2m-3a-NH, (Figure 2.6d). These reactions were performed by
using 0.7 equivalents of TBTU, 0.7 equivalents of 2-(H-7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU) (0.7 equivalents) and 4.0 equivalents
of DIPEA in a solution of anhydrous methylene chloride and acetonitrile (1:1) to 0.1M.
Reactions were allowed to proceed for 1-2 hours and monitored via TLC. Upon
completion the crude reaction was diluted with ethyl acetate and washed first with 1M
HClq) followed by washing with saturated sodium bicarbonate. Three to four washes
were required with sodium bicarbonate to remove excess coupling agents and its
byproduct. The combined organic layers were dried over sodium sulfate, filtered, and
concentrated via rotary evaporator. Pure linear pentapeptide was purified by flash column
chromatography using silica gel and ethyl acetate-hexanes as the gradient system.
Structures of the products and their purity were confirmed by using NMR and LCMS.
This resulted in the following protected linear pentapeptides (PLP): Compound 14-PLP
(la-2m-3a-4c-5e, 71% yield), Compound 18-PLP (la-2a-3b-4a-5a, 70% yield),
Compound 30-PLP (la-2g-3L-4c-5e, 66%), and Compound 52-PLP (la-2a-3a-4b-5b,

77% yield).
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Figure 2.6 Convergent Synthesis of Protected Linear Pentapeptides 14-PLP, 18-PLP,

30-PLP, and 52-PLP.
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2.3 A linear Approach for the Synthesis of Compound 20

Compound 20 was not synthesized via the convergent two-fragment method. The
N-methyl amine at position 3 of fragment 1 causes steric hindrance, which results in
reduced pentapeptide yields. Since an individual amino acid is much smaller than the
dipeptide, coupling a single amino acid to Fragment 1 rather than the Fragment 2
dipeptide improves the overall yield for the pentapeptide synthesis. Since compound 20
contains an N-methyl at the position 3, it was synthesized via this linear approach
(Figure 2.7). The free amine tripeptide 1a-2a-3d-NH, (1.1 equivalents) was coupled with
the free acid 4a, Boc-L-leucine-OH (1.0 equivalent). In addition to 0.7 equivalents of
TBTU, 0.7 equivalents of HATU were used to facilitate coupling of the secondary amine.
DIPEA (4.0 equivalents) was then added to the reaction along with anhydrous methylene
chloride and acetonitrile (1:1 ratio) resulting in the tetrapeptide 1a-2a-3d-4a (74% yield).
The amine protecting group on residue 4a was removed with 20% TFA in methylene
chloride (0.1M) with 2 equivalents anisole to yield the free amine la-2a-3d-4a-NH,. In
order to form the pentapeptide, the free amine linear tetrapeptide la-2a-3d-4a-NH, (1.1
equivalents) was coupled with the free acid 5a Boc-L-leucine-OH (1.0 equivalent) with
TBTU and HATU (0.7 equivalents each) and DIPEA (4 equivalents) in anhydrous
methylene chloride and acetonitrile (1:1 ratio, 0.1M). The reaction was monitored via
TLC. Upon completion, the crude reaction mixture was subjected to an acid-base wash
followed by flash column chromatography with silica gel and an ethyl acetate-hexane
gradient. '"H NMR and LCMS were used to identify the product and its purity. The result

was the linear protected pentapeptide: 20-PLP (1a-2a-3d-4a-5a, 60% yield).
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(b) 20% TFA, CH,Cl, (0.1M)

Figure 2.7 Linear Approach to the Synthesis of Compound 31-PLP

2.4 Double Deprotection of Linear Pentapeptides

In order to cyclize the linear pentapeptide, both ends must first be deprotected.
The Boc protecting group is removed to reveal the free amine at position 5. The methyl
ester is then removed to reveal the free acid at postion 1. Two different methods for the
double deprotection of the linear pentapeptide and cyclizing the linear precursor in situ®

were utilized in my synthesis of seven San A derivatives.
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2.4.1 In-Situ Deprotection

The Compound 14-PLP (1a-2m-3a-4c-5e), 20-PLP (1a-2a-3d-4a-5a), and 30-PLP
(la-2g-3L-4c-5e) were acid and amine deprotected using concentrated HCI (8 drops per
0.3 mmols of linear pentapeptide) in tetrahydrofuran (THF) (0.05M). Anisole (2.0
equivalents) was added to the reaction and the resulting reaction was stirred at room
temperature. According to TLC and LCMS analysis, which were used to monitor the
reaction, it took approximately four days. Interestingly, LCMS data indicated the reaction
was ~50% complete after the first day. An additional three drops of concentrated HCI per
0.3 mmol of peptide were added on the second and on the third day resulting in a total of
15 drops of concentrated HCL. On the fourth day, verification of the presence of the free-
amine and the free-acid and disappearance of the starting linear protected pentapeptide
permitted workup. The reaction was concentrated in vacuo and the double deprotected

linear peptide (DLP) in quantitative yield was assumed (Figure 2.8).
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Figure 2.8 In situ Deprotection of Protected Linear Pentapeptides 14, 20, 30.

2.4.2 Stepwise Double Deprotection of Linear Pentapeptide

The in situ deprotection method using only HCI is slow, often taking a minimum
of 3 days for completion. Thus, an alternate method was developed and utilized for
compounds 18-PLP and 52-PLP (Figure 1.9). Protected linear pentapeptides were first
acid deprotected by adding 10 equivalents of lithium hydroxide to 1.0 equivalent of

protected linear pentapeptide in methanol (0.1M). These reactions were allowed to
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proceed for 3-4 hours and monitored via TLC. Upon completion, the reactions were
washed with 10% hydrochloric acid in DI water. In order to remove the excess lithium
hydroxide, the aqueous layer was washed multiple times with fresh methylene chloride.
The organic layers were then combined, dried over sodium sulfate, filtered, and
concentrated via rotary evaporator. 'H NMR and LCMS confirmed structure of products
and their purity. This resulted in two free-acid linear pentapeptides (ALP): Compound
18-ALP (HO-1a-2a-3b-4a-5a, 75% yield) and Compound 52-ALP (HO-1a-2a-3a-4b-5b,

70% yield).

The Boc group was then removed with 20% TFA in methylene chloride (0.1M)
and anisole (2.0 equivalents) to produce the double-deprotected linear pentapeptides
(DLP): Compound 18-DLP (HO-1a-2a-3b-4a-5a-NH,), and compound 52-DLP (HO-1a-
2a-3a-4b-5b-NH,). All reactions were verified by LCMS to observe the free—acid and
free-amine and as is typical in these deprotection reactions quantitative yields were
assumed. Overall, this second method of a stepwise double deprotection resulted in the
rapid recovery (~1 day) of a much cleaner product than the in situ approach. This was

confirmed by LCMS analysis.
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Figure 2.9 Stepwise Linear Double Deprotection of Compounds 18-PLP, 52-PLP.

2.5 Macrocyclization Procedures

The double deprotected linear pentapeptides (DLPs) were concentrated in vacuo
and combined in a flask with three coupling agents: TBTU and HATU (0.7 equivalents
each), DEPBT  (3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4-(3H)-one) (0.2
equivalents) along with DIPEA (6.0 equivalents) in anhydrous methylene chloride:
acetonitrile (1:1 ratio, 0.1M) solution. Reactions were performed at a concentration of
0.007M and monitored via LCMS and were generally allowed to proceed three hours for

compounds 18, 20, and 52. Due to solubility problems, dimethyl foramide (DMF) was
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added to the reaction mixture of compounds 14 and 30 respectively dropwise, until the
reaction became clear. The more dilute reactions (0.0008) that were forming compounds
14 and 30 were allowed to proceed for a longer period of time (5-6 hours). Upon
completion, the crude reaction mixtures were washed with saturated ammonium chloride
three times. The organic layers were combined, dried over sodium sulfate, and
concentrated via rotary evaporator. Flash column chromatography using an ethyl acetate-
hexanes gradient over silica gel was used to isolate macrocyclic peptides. These
macrocycles underwent further purification by reversed-phase HPLC using DI water:
acetonitrile and 0.1% TFA gradient to afford macrocycles: 1a-2m-3a-4c-5¢ (compound
14, 11% yield), 1a-2a-3b-4a-5a (compound 18, 16% yield), 1a-2a-3d-4a-5a (compound
20, 4% yield), 1a-2g-3L-4c-5¢ (compound 30, 9% yield), and 1a-2a-3a-4b-5b (compound
52, 8% vyield). '"H NMR and LCMS confirmed structure of products and their purity

(Figure 2.10).
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Figure 2.10 Cyclization of Double Deprotected Linear Pentapeptides 14, 18, 20, 30,

and 52.



2.6 Cbz Deprotection Procedures

The benzyl protected compound 14 and 30 were deprotected by using the
following procedure: compound 14 and 30 were dissolved in ethanol (0.1M), and then
Pd-C (10%) was added to the reaction, and then H, gas was bubbled into the reaction.
The reactions were performed under H, at room temperature for 8 hours and monitored
by TLC. Upon completion, reactions were filtered through celite to remove the Pd-C.
This isolated crude reaction products were then purified by reversed-phase HPLC. 'H

NMR and LCMS confirmed structures of the resulting compounds, 12 yield 25% and 25

yield 35% (Figure 2.11).
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Figure 2.11 Benzyl Deprotection of Compound 14, 30.
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2.7 Conclusions

The described work resulted in the completion of seven compounds (Figure 2.3),
which were added to the existing series of San A analogues that were produced by our
laboratory. These compounds have diversity in conformational space (L-versus D-amino
acids), and variation in their polarity (hydrophobic versus hydrophilic groups). Overall,
the reactions gave pure products, thus providing copious amounts of material that is later
used for biological testing. Thus, this work presents a general method for building cyclic
pentapeptide libraries that can be used to explore the structure activity relationship (SAR)
of San A derivatives. The SAR of these compounds is discussed in Chapter 3. A diverse
set of San A analogs that were tested against multiple cancer cell lines will highlight key
structural features that are important for cytotoxicity against cancer cells. This data will
then be useful in designing new and more potent compounds as future chemotherapeutic

agents.

Chapter 2 in part, has been published as it may appear in “Identification of
Sansalvamide a analog potent against pancreatic cancer cell lines”, Bioorganic and
Medicinal Chemistry Letters, 17, 2007, 5072-5077. Po-Shen Pan, Kathleen L. McGuire

and Shelli R. McAlpine. The dissertation author was the primary author of this paper.



Chapter 3

Structure-Activity Relationships of Sansalvamide A Analoges

3.1 Models of Carcinogenesis

In this chapter, I will discuss structure-activity relationships data on 64
sansalvamide A derivatives. 7 of which were synthesized by me and described in chapter
2 and 57 of which were made by colleagues. Of the 128 growth inhibition numbers from
*H-labeled thymidine uptake assays discussed here I gathered 88 of the growth inhibition
numbers, the rest were gather by my colleagues, Robert C. Vasko. Pancreatic cancer is
the fifth most deadly cancer in the U.S. Only 10% of patients are eligible for surgery*®,
and less than 20% of pancreatic cancers respond to the current drugs of choice, the most
common of which is Gemcitabine (2,2-difluorodeoxycytidine).”” The five-year survival
rate for patients with pancreatic cancers is less than 5%.”® With such a poor rate of
response to current chemotherapeutic methods, there is an immediate need for new and

effective pancreatic cancer treatments.

3.2 Peptides as Drugs

Peptides are often considered poor drugs for two reasons: poor cell permeability

and rapid degradation within cells.' '°

This is because in order for linear peptides to
achieve well define 3-Dimensional (3-D) conformations that will bind appropriately to

their protein targets, they are often composed of extended sequences of amino acids that

47
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lead to decrease in cell permeability. Cyclic peptides, such as Sansalvamide A (San A),
have better “drug-like” qualities than linear peptides because a smaller number of amino
acids define a more conformational restrained 3-D structure thus they are more cell
permeable than linear peptide drugs. In addition, cyclic peptides degrade much slower
than linear peptides because proteases have difficulty cleaving amide bonds located in a
macrocycle. San A analogs also have the advantage that they are lipophilic and therefore
they have rapid membrane absorption.'® Finally, cyclic peptides tend to have a greater
binding affinity for protein targets than their linear counterparts or smaller molecules
because they have restricted bond rotation and are conformationally constrained.” In
summary, cyclic peptides have commercially available chemical diversity (i.e. amino
acids), possess defined 3-D structures that have good binding affinity for protein targets,

are effective at penetrating cell membranes, and are relatively stable within cells.'" '?

Although major efforts have been made, few truly novel classes of compounds
have been identified that have activity against drug-resistant pancreatic cancer tumors.'’
With this in mind, my work elucidates an understanding of the complex structure-activity
relationship (SAR) of sixty-four San A derivatives against two drug-resistant pancreatic
cancer cell lines (PL45, BxPC-3).” This SAR study describes an overview of the
cytotoxicity in cell-based assays for the San A clan of molecules and establishes a
relationship between the 3-D structures of the active compounds’ side chain and their
growth inhibition against two cell lines.

We have discovered that there are two factors important for potency: a single N-

methyl and / or a single pD-amino acid. This theory is validated by several current
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examples described in the recent literature, where cyclic peptides, specifically
pentapeptides, with a single D-amino acid lock the macrocycle into a strict

22-24

conformation. Further, it is well established that these cyclic pentapeptides mimic

beta and gamma turns and serve as templates for the appropriate positioning of suitable

binding motifs for proteins.**>'

3.3 Positional Approach to Activity

To date, there is still an incomplete understanding of the structure-activity
relationship (SAR) of San A, especially in drug-resistant pancreatic cancers. Thus, it is
crucial to evaluate the key SARs for targeting drug-resistant pancreatic cancers so that
future analogs will have greater potency. Initially, there was no known target for San A in
cancer cell lines; therefore a medicinal chemistry approach was used to evaluate
structural features that are key to potency. This approach involves synthesizing of
compound analogues that have both single and multiple key changes and testing them for
potency. The core peptide structure serves as a scaffold and compounds’ potency are
organized by changes to the amino acids at each position (1-5) around the peptide
macrocycle backbone (Figure 3.1). Cell proliferation was monitored by measuring how
much *H-thymidine was incorporated into a cell’s DNA. This data can be analyzed to
determine a particular compound’s activity. *H-thymidine uptake assays were performed
using two distinguishable pancreatic cancer cell lines: PL45 and BxPC-3. Data shown

gives percent growth inhibition at SuM concentrations.
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Figure 3.1. Numbering System for San A Peptide Derivatives.

3.3.1 Structure-Activity Relationships (SAR) Position One

Sixty-four San A analogs have been tested for cytotoxicity against two drug-
resistant pancreatic carcinoma cell lines (PL45, BxPC-3). The use of two cell lines
ensures that our compounds are consistently inhibiting drug-resistant pancreatic cancers.
In addition, it clearly establishes the structure-activity relationship (SAR), and determines
the key features necessary to inhibit growth of pancreatic cancer cells. Potency exhibited
by the San A peptide (compound 1) is shown so that comparisons can be made between
the natural product peptide and our synthetic analogs. The histogram in Figure 3.2 shows
the percent inhibition of growth produced by the addition of compounds (5uM
concentration) that have changes at position 1 to two pancreatic cell lines. Any value
below or equal to 45% growth inhibition is not considered a lead structure. Compared to
compound 1, two compounds show a moderate increased potency against PL45 and

BxPC-3: Compound 2, which incorporated a D-phenylalanine, and compound 3, which
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incorporated a N-methyl-L-phenylalanine at position 1. Compound 4 places a constrained
aromatic moiety, an L-tetrahydroisoquinoline amino acid (aa), at position 1. Compound 4
shows a limited improvement on potency compared to compound 1 against both cell lines
suggesting that restraining the rotational freedom at position 1 may not be a significant
factor in increasing potency. Finally, compounds 5 and 6 were designed to determine
whether an H-bonding element would improve the cytotoxicity against pancreatic cancer
cell lines (PL45, BxPC-3). Figure 3.2 shows that compound 5’s potency is slightly
increased against PL45 compared to that of compound 1 but it is not as effective in
BxPC-3. Interestingly compound 6 is significantly less potent than compound 1, possibly
due to steric hindrance of the tryptophen residue when San A is binding to its biological

target.

Overall, two compounds 2, and 4 in this series showed improved potency over the
compound 1 and greater than 45% growth inhibition against both cell lines. This
compound contained a D-phenylalanine, compound 2, and a L-tetrahydroisoquinoline,

compound 4, at position 1.
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3.3.2 Structure-Activity Relationships (SAR) Position Two

The histogram in Figure 3.3 shows the percent inhibition of growth by
compounds with changes at position 2. There is no improvement in growth inhibition for
compound 7, which incorporated a N-methyl-L-leucine at position 2, over compound 1.
Replacing a L-leucine at postion 2 (compound 1) with a D-leucine at position 2
(compound 8) slightly decreased potency against BxPC-3, but incorporation of N-methyl-
D-leucine at position 2 (compound 9) dramatically decreased the potency against both cell
lines. Comparing compound 11, which incorporates a D-phenyl alanine at position 2 to
compound 13, which incorporates a D-serine at position 2, indicates that a hydrophobic
element at position 2 slightly improves the potency against PL45. Yet, both compounds
show decreased potency against BxPC-3. Interestingly, placing a N-methyl-D-phenyl
alanine at position 2 (compound 10) dramatically reduced the potency against both cell
lines. Compound 12 and 14 share similar features except compound 12 incorporates a D-
serine at position 2 and compound 14 has a benzyloxy protected D-serine at position 2.
Both compounds are inactive compared to compound 1. Moreover, the potency of
compound 12 over both cell lines dropped significantly.

Overall, none of the compound in this series demonstrated a clear improvement in

growth inhibition.
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Hours at SuM Compound Concentration.



55

3.3.3 Structure-Activity Relationships (SAR) Position Three

The histogram in Figure 3.4 shows the percent inhibition of growth by
compounds with changes at position 3. Compound 15 incorporates an N-methyl-valine at
position 3, compound 18 a D-valine, and compound 20, a N-methyl-D-valine at position 3.
Only compound 18 shows greater than 45% growth inhibition against both cell lines. In
contrast to 1, which contains an isopropyl moiety at position 3, compounds containing a
methyl (compound 16) or an ethyl (compound 17) moiety at position 3 are tested. Both of
these compounds showed significantly reduced potency against PL45, although,
compound 17 still remains active against BxPC-3. Similar to compound 17, compound 27
contains an ethyl moiety at position 3 along with a D-leucine at position 2 and shows no
improvement in potency compared to 1. Interestingly, placing either a hydrophilic
element at position 3 (compound 22) or a hydrophobic element at position 3 (compound
26) does not help to increase the potency against either cell lines. This trend was also
observed with compounds 25 and 30. Compound 23 and 24 share an almost identical core
structure except compound 23 has an isopropyl moiety at position 3 and 24 has an ethyl
moiety at position 3. Both compounds are inactive against PL45; yet, compound 23
shows excellent potency against BxPC-3. Compound 19 which incorporated a D-
phenylalanine at position 1, a D-leucine at position 2, and a D-valine at position 3 shows
significant potency against PL45. Compounds 21 and 29 involved alterations at both
position 2 and 3. Compound 21 showed similar potency compared to 1 against PL45 but
showed no potency against BxPC-3. Compound 29 showed greatly decreased potency

relative to 1 against BxPC-3; yet, has improved potency against PL45. Analogously,
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compounds 24 and 28, which both contain a D-methylalanine at position 3, were both
inactive against both cell lines. Interestingly, 18, which contains a D-valine at position 3,
is excellent against both cell lines, yet 23, which contains L-valines substituted at
positions 2, 4, and 5 in addition to a D-valine at position 3 only showed greater than 45%

growth inhibition against BxPC-3.

Overall, only 18 demonstrated a clear and significant improvement in growth
inhibition against both cell lines. One compound, 19, showed greater than 45% growth
inhibition against PL45 and one compound 23 showed a significant increase in growth

inhibition against BxPC-3.
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3.3.4 Structure-Activity Relationships (SAR) Position Four

The histogram in Figure 3.5 shows the percent inhibition of growth by
compounds with changes at position 4. Compound 31, which incorporates a D-leucine at
position 4, shows excellent inhibition against BxPC-3 but not PL45, whereas compound
32, which incorporates an N-methyl moiety at position 4, showed some promise against
PLA45, not against BxPC-3. Compound 33, which has D-leucine at position 4 along with
D-phenylalanine at position 1 and a D-leucine at position 3, exhibited greater than 45%
growth inhibition against BxPC-3 but not PL45. Compounds 35, 36, 37, 39, and 44 all
contain a lysine at position 4, as well as other changes. All five compounds are uniformly
non-toxic against both cell lines. Interestingly, the hydrophobic compound that are
structurally related to these five polar compounds, 40, 41, 42, 43, and 46 respectively, are
also non-toxic and show very limited potency against these cell lines. Further, the
incorporation of an N-methyl D-valine, and a cyclohexyl moiety at position 4 produced
compound 34, which is relatively potent against both cell lines. In addition both
compound 38, and 45 incorporate the same cyclohexyl moiety at position 4 as seen in
compound 34, where 38 incorporates a ethyl moiety at position 3, and 45 contains a N-
methyl-D-phenyl alanine at position 2. Compound 38 shows the same potency against
both cell lines relative to 1 and compound 45 shows similar potency as 34 against PL45
but reduced potency against BxPC-3. Finally, incorporation of a Cbz protected arginine,
47, at position 4 along with a hydrogen bonding element at position 1 clearly decreases

the potency against both cell lines.
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Overall, one compound 31, which has a D-leucine at postion 4, was found to be
significantly potent against BxPC-3, and one compound 33, which has D-leucine at
position 4 along with D-phenylalanine at 1 and a D-leucine at 3, was found to be potent
against both cell lines. Both of these compounds were found to be the most potent against
BxPC-3. Only compound 34, which contains a cyclohexyl moiety at position 4 and a N-
methyl D-valine at position 3, exhibited greater than 45% growth inhibition against both

cell lines.



c 50

2

=

)

z

s T I

5 40

£

o T T T . I T

BE 20%

0% L . . .L | i T . T.,
1 31 32 33 34 35 36 37 3

PL45 5uM  25% 24% 44% 23% 46% 20% 0% 0% 24%

M BxPC3 5uM 42% 74% 2% 62% 52% 16% 28% B8% 42%

o. n/
NH HN o
o

o
N o
H
NH HN

Compound 1
San A Peptide

Compound 35

Compound 31

HN

Compound 32

Compound 36

CbzHN

LHMM

BzCHN

LLKKHA?"

o

Compound 40

d

Compound 41

T/O
N o
mlo \©

Compound 45

Compound 37

60

T T
T T
| I
. . Ti T - X T
a2 3 44 5 46 47
o0

39 40 41 . 4: 45
0% 29% 12% 0% 44% 26% 44% 2%
0% 29% 38% 8% 0% 30% 23% 36% 38%

o

Compound 33

NH,

Compound 38

BzCHN

Compound 42

BzCHN

Compound 46

CbzHN

Compound 43

Compound 44

NHCbz
CbzN”"NH

Compound 47

Figure 3.5. Compounds with Alterations at Position 4. Data is Represented as %
Growth Inhibition Relative to 1% DMSO Control. Each Data Point is an Average of
4 wells Performed in Three Assays. All Assays were Allowed to Proceed for 72
Hours at SuM Compound Concentration.



61

3.3.5 Structure-Activity Relationships (SAR) Position Five

The histogram in Figure 3.6 shows the percent inhibition of growth by
compounds with changes at position 5. Compound 48 incorporates an N-methy-L-leucine
at position 5, compound 49 a D-leucine, and compound 54 an N-methyl D-leucines. Of
these three compounds both 48 and 54 exhibit greater than 45% growth inhibition against
both cell lines, and 49 is very potent against PL45. In contrast to 49, structurally similar
compound 50, which contains an N-methyl-L-leucine at position 4 and D-leucine at
position 5, showed significant potency against BxPC-3 but decreased potency against
PL45. Compound 51, which involved alterations at positions 1, 4, and 5 also showed
promising potency against both cell lines. Incorporating a D-leucine at positions 4 and 5
gave compound 52, which showed excellent growth inhibition against both cell lines.
Compounds 55 and 56, which contain a D-leucine at postion 5 and are structurally similar
to compound 49, showed poor growth inhibition against both cell lines. Compound 57,
which is similar to potent compound 48 also showed poor cytotoxicity against these two
cell lines. It is important to note that compounds 56, and 57, which both contain the
potent residue from 18 (a D-valine at position 3) as well as substitutions at position 5,
both have reduced potency compared to the parent compounds 1, 48, 18, or 49. Thus,
combined features do not generate synergistic cytotoxic effects. Compound 58 and
compound 64 have almost identical features except compound S8 incorporates an L-
lysine at position 5 and compound 64 incorporates a Cbz protected lysine at position 5.
Interestingly, only compound 64 shows activity against both cell lines. This indicates

perhaps the active site of the biological target is more accessible to the hydrophobic
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molecule. This trend was also observed in compound 59, and 62. Compound 60, which
contains a N-methyl-L-valine at position 3, a D-leucine at position 4 and a D-phenyl
alanine at position 5 is the most potent San A derivative discovered to date. It is
interesting to note that compound 60 is also the only compound that incorporates a D-
phenyl alanine at position 5. This suggests that incorporating a D-aromatic moiety into the
molecule at position 5 will help it bind to its biological target. Finally, compound 53, 61,
and 63 include substitutions at three different positions relative to San A 1. They were
synthesized in order to explore whether multiple specific features that appear to be
critical to potency, can be utilized synergistically to improve activity over the parent
compound. The growth inhibition data indicates that only compound 53 shows greater
than 45% inhibition potency against PL45, while compound 61 and 63 show the same

potency against both cell lines relative to 1.

Overall, six compounds were found to be active (growth inhibition = 45% for
both cell lines) in this series: 48, 51, 52, 54, 60, and 64. Three out of six contain at least
two D-amino acids: compounds 51, 52, 60. Compound 60, the most potent compound in
all series, is composed of two D-amino acids including a unique D-phenyl alanine at
position 5. This information perhaps suggests that having two D-aas next to each other in
the core structure may facilitate the San A derivatives in presentation to its biological
target by inducing an appropriate conformation. In addition, the compounds that contain
hydrophilic elements exhibit greatly reduced potency over both cell lines indicating that
hydrophobic elements are the key for the molecule to access the biological target’s active

site.
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3.3.6 IC5y Determination

Inhibition constants were calculated for the most potent compounds by plotting
five concentrations (50, 10, 0.5, and 0.1uM) and extracting data from the curves. All
relationships are exponential in nature. We have identified 6 compounds 18, 34, 52, 54,
60, 64 that show low micromolar potency against pancreatic cancer cell lines. The 1Cs
values for the most potent compounds are shown in Figure 3.7. Compound 18, 54, 60
and 64 have low micromolar ICsy values against BxPC-3 and PL45 and are ~20 fold
more active than the parent San A peptide 1. Compound 52 shows ~14 fold more
selectivity against pancreatic cancer than the San A petpdie 1. Finally, compound 34 has
low micromolar activity against PL45 and is ~10 fold more active than the San A peptide

1.

Gemzar® (Gemcitabine), a current drug on the market, is an anticancer drug used
primarily for the treatment of pancreatic cancer. It is used as a control where its activity is
compared to the San A derivatives. Although San A analogues 18, 34, 52, 54, 60, 64 are
less effective than this drug, they show promising result as they all possess low
micromolar potency against PL45 and BxPC-3. Since San A is structurally different from
Gemzar®, which is a nucleoside analog, it is most likely inhibiting cell growth via a
different mechanism. Our preliminary data indicates that San A analogues disrupt Hsp90-

IP6K2 binding, which leads to apoptosis.
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3.3.7 Summary of SAR results

The most important features to emerge from this SAR study includes the
incorporation of a D-phenylalanine at position 1, a b-valine at position 3, and an N-methyl
or D-leucine or D-phenylalanine or N-methyl D-leucine at position 5. It is important to
note that compounds 50 and 51 are both potent against BxPC-3. However, compound 50,
which is structurally very similar to compound 51, indicated that specific residues at a
single position are not the only controlling factor for cytotoxicity, where compound 50
features a N-methyl-D-leucine with a L-phenylalanine and compound 51 features a N-
methyl-D-leucine with a D-phenylalanine at position one. Thus, a single feature or
position is not responsible for potency as both compounds maintain cytoxicity in against
pancreatic cancer. Rather, as is typical in complex systems, there are several determining
factors. It seems that a key connection between potency and structure involves
constraining the macrocycle into its preferred and active conformation. Further, because
all compounds are cyclic peptides, they have restricted bond rotations, and are
conformationally constrained, suggesting that their binding affinity for their target is
greater than any small molecule.”” Recent publications highlight that a single N-methyl
and/or D-aa is a key structural component required to maintain a dominant conformation
in macrocycles with five amino acids.”>** Thus, the inclusion of a single N-methyl and/or
D-aa, as seen in the six most potent compounds, appears to be critical for presenting its
active conformation of San A. In addition, all active compounds are lipophilic. Thus they
are rapidly absorbed through membranes.'’ Indeed, any hydrophilic element that was

substituted into the macrocycle greatly diminished their potency. Finally, these
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macrocycles are relatively straightforward to synthesize and can be made on a multi-gram
scale for further biological studies. Given that San A derivatives share no homology to
other classes of chemotherapeutic agents and they are potent at levels that are on par with
other drugs on the market, these compounds represent promising leads for new cancer

therapeutics.

Chapter 3, in part, has been published as it may appear in “Identification of
Sansalvamide a analog potent against pancreatic cancer cell lines”, Bioorganic and
Medicinal Chemistry Letters, 17, 2007, 5072-5077. Po-Shen Pan, Kathleen L. McGuire

and Shelli R. McAlpine. The dissertation author was the primary author of this paper.
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Chapter 4
Holliday Junction Trapping Compounds

4.1 Introduction

In this chapter, I will describe 26 Holiday Junction trapping compounds. 1 of
which was synthesized by me, 25 of which were made by my colleagues. All of the in-
vitro DNA gel shift asssays and in-vivo growth inhibition assays were done by the
collaborators Fiona A. Curtis and Gary J. Sharples. The emergence of new microbial
pathogens, coupled with a dramatic rise in the incidence of drug resistance, poses a
considerable challenge to human health.'” We face the possibility of a post-antibiotic era
where relatively minor hospital procedures can lead to life-threatening, untreatable
infections. To combat this threat, we need new antibiotics that target unique sites in
resistant strains of bacteria. The Holliday Junction (HJ) is an intermediate formed during
site-specific recombination of replicating DNA.* The HJ occurs between two
complimentary strands and it possesses C-2 symmetry (Figure 4.1). In bacterial DNA,
the HJ is generated by the site-specific recombinase, Xer C/D, that controls gene
expression and it is resolved by the HJ-specific endonuclease, Ruv C, to complete genetic
recombination (Figure 4.1). Thus, HJs represent potential targets for a new spectrum of
antimicrobials, as their generation and resolution are critical for DNA recombination and

repair.
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Recombinational processes are vital for accurate chromosomal segregation and
DNA repair, they salvage stalled replication forks, and they generate the rearrangements
that fuel evolution.” Blocking recombination reactions by trapping the HJ intermediate
prevents transmission of the genetic material to daughter cells leading to bacterial death.
Research by Segall and coworkers has shown bacterial growth inhibition by trapping the
HJ intermediate during site-specific recombination.® Their studies have identified several
linear dodecapeptide lead compounds that trap the HJ and are bactericidal.” One of the
most potent compounds contains the sequence Lys-Trp-Trp-Cys-Arg-Trp and is
dimerized via a disulfide bridge between the cysteine residues.® Both this dimerized
hexapeptide and the HJ intermediate possesses C-2 symmetry. These linear
dodecapeptides inhibit cell growth of Gram-positives bacteria (e.g., Staphylococcus
aureus) in a dose-dependent manner and represent a new class of antibiotics reminiscent
of the quinolone/ fluoroquinolone group, which stabilize a normally transient

intermediate.
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Figure 4.1. Model of Escherichia coli RuvC Protein Bound to a Square Planar
Holliday Junction. The DNA is Shown in Yellow and the Crystal Structure of
Homodimeric RuvC in Green. Residues Important for Catalysis (Asp-7, Glu-66,
Asp-138, and Asp-141) are Highlighted in Red. RuvC is Thought to Bind this HJ
Conformation During Branch Migration as Part of a RuvABC Complex.
Crystallographic studies indicate that the lead linear dodecapeptides bind at the
HJ center.” However, these leads are problematic. Since they are not rigid, these
dodecapeptides lack distinct structure making it difficult to determine more detailed
interactions between the DNA, mediating proteins, and the peptide leads. In addition,
their large molecular weights (typically between 1800 and 2000 Daltons) contribute to
poor solubility in an aqueous system. The disulfide bridges are also very easily reduced
within the intracellular environment and, upon reduction, the compounds do not sustain
their active conformation. The goal for this project was to synthesize C-2 symmetrical
macrocyclic compounds that trap bacterial HJs and stop site-specific recombination. We

anticipate this will result in bacterial cell death and, consequently, a new class of potent

antibiotics. The use of macrocyclic structures was chosen to reduce the size of the
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compound, which in-turn increases solubility, thus allowing the elucidation of their

biological mechanism of action.

4.2
4.2.1 Design of First Generation HJ Trapping Compounds

Our laboratory has synthesized eight first-generation macrocyclic compounds that
trap the HJ and the amino acids used to construct these macrocycles are shown in (Figure
4.2). Their biological activity was tested and is discussed later in the chapter. The design
of these compounds addressed the issues described above including: poor solubility,
stability, rigid conformation and the amino acid units were chosen based on the active
linear dodecapeptide leads from the Segall laboratory.® The space within the HJ
intermediate was measured to be approximately 25A by 10A; hence, six to ten amino
acids were required to construct macrocycles that fit into this space.® ° In addition,
aromatic residues were also selected due to their expected importance in n-stacking with
DNA base pairs. Thus our compounds consisted of a macrocyclic scaffold to maintain
their structural rigidity, and eliminated the multiple conformations typically seen with
linear lead compounds. Our initial design involved a macrocycle with six amino acid
residues. This design reduced the molecular weight significantly to 700-850 Daltons (the
linear lead peptides possess 1800-2000 Daltons) and, therefore, these macrocycles will
have improved solubility in an aqueous system. In addition, since disulfide bridges are

easily reduced within the intracellular environment, they were omitted from the design. In



order to be consistent with the HJ binding site and the linear peptide leads,

generation compounds maintained C-2 symmetry.
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Figure 4.2. Amino Acids used for the Synthesis of First-Generation HJ Trapping

Compounds.

4.2.2 Synthesis of First Generation HJ Trapping Compounds

In order to simplify the synthesis of the macrocycles, while allowing easy

exchange of amino acids, a combinatorial approach was chosen. This method allowed for

easy and rapid assembly, as well as diversity by enabling variation of amino acid residues

to be placed at each position.'® Eight first-generation C-2 symmetrical macrocyclic
p p g g y y
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hexapeptides were synthesized using hydrophobic amino acids (Figure 4.3). Specially,
phenylalanine and tryptophan were used because they were present in the lead
compounds.' The general synthesis procedures for synthesizing first-generation
hexameric macrocycles are shown in (Figure 4.3). The acid-protected residue 1 and N-
Boc-protected residue 2a—f were coupled using HATU (1.2 eq), and DIPEA (6.0 eq) to
give the dipeptide 1-2-Boc (80-94% yield, 8 examples). Deprotection of the amine on
residue 2 using TFA gave the free amine 1-2-NH; (assume quantitative yields). Coupling
of this dipeptide to amino acid 3a-b gave the desired tripeptide in good yield (65-94%, 8
examples). The tripeptide was separated into two equal aliquots. The acid was
deprotected in one aliquot using sodium hydroxide (6.0 eq) in methanol (0.1M), while the
amine was deprotected in the other using 20% TFA in dichloromethane (0.1M). These
two tripeptides were coupled together using HATU (1.2 eq), DIPEA (6.0 eq) in
acetonitrile (0.1M) yielding eight examples of linear hexapeptides (19-73% yield). These
linear hexapeptides were subjected to 20% TFA in dichloromethane (0.1M) to remove
the Boc-protecting group of the amine. Upon completion, the reaction was concentrated
in vacuo, and the free-amine hexapeptide substrates were acid deprotected by adding
sodium hydroxide (6.0 eq) in methanol (0.1M). Following acid deprotection, the reaction
was concentrated in vacuo and subjected to HATU, TBTU, and DEPBT coupling
reagents (0.75 equivalents each), and DIPEA (6.0 equivalents) in acetonitrile or
dichloromethane (0.005-0.01M). Macrocyclizations took approximately four days due to
the dilute concentration and was required to maximize the yield. The final compounds

were purified using reversed-phase HPLC and confirmed via LCMS.'® These eight,
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uniquely designed, macrocyclic compounds (Figure 4.3) were tested for their ability to

trap HJs in vitro.
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4.2.3 First-Generation Assays

The eight first-generation hexameric macrocycles were tested for their ability to
trap the HJ in an in-vitro site-specific recombination assay.'® Three of these compounds
(Figure 4.4) successfully trapped the HJ in a manner similar to the linear lead Lys-Trp-
Trp-Cys-Arg-Trp. Here we utilized the Escherichia coli RuvC protein to probe the effect
of these three compounds on homologous recombination reactions in vitro. RuvC is a HJ-
specific endonuclease that eliminates 4-way junctions formed by homologous
recombination or replication fork resolution.'””> RuvC (200 nM) forms a single complex
with a model HJ DNA substrate (0.3 nM) labeled with **P (Figure 4.4, panel 1, lane B).
At 1 uM the peptide trapped a significant amount of HJ substrate (panel 1, II), with the
free HJ clearly accumulating in the presence of the three macrocycles (Figure 4.4, lanes
E, H, and K, panel I, band II) when compared to the control reaction (lane N, panel I,
band II). Each of the compounds also reduced the number of complexes formed by the
structurally unrelated RusA HJ resolvase' (data not shown), indicating that inhibition is
due to an interaction with the junction rather than specific contacts with the resolving
enzyme. These macrocycles can therefore prevent several different enzymes, including
those functioning in site-specific'® and homologous recombination, from gaining access
to the Holliday Junction structure. All three compounds (HJ compd 1, HJ compd 2, HJ
compd 3) contain phenylalanine coupled to 1,2,3,4-tetrahydroisoquinoline and it is
probable that this aromatic group is involved in m-stacking with nucleotide bases.

Furthermore, since binding assays were conducted in EDTA, the macrocycles must be
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binding the open square planar junction (Figure 4.1) rather than the non square planar

conformation that predominates in the presence of divalent cations.'*
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Figure 4.4. Effect of First Generation Compounds on RuvC Binding (panel 1) I,
RuvC with HJ DNA; II, Peptide Trapping HJ Substrate. HJ Resolution of **P-
Labeled HJ DNA (panel 2) I11, Substrate Prior to Nicking; IV Nicked Duplex.
When the experiments were repeated at 37 °C with the addition of 10 mM MgCl,,

RuvC (100 nM) cleaved the HJ to generate nicked duplexes (Figure 4.4, lane B, panel 2,

IV). The ability to form this nicked duplex was reduced slightly by the three peptides,
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especially with HJ compd 3 (lanes E, H, and K, compare band III to IV) as seen by the
change in the proportions of substrate and product (compare band III to IV, respectively).
Similar results were obtained with the linear Trp-Arg-Trp-Tyr-Cys-Arg peptide blocking

HJ cleavage by RuvC.%* !>

The relatively poor inhibition seen with both the linear and
the cyclic peptides may be due to a failure to bind effectively to the non-square planar

conformation favored under these reaction conditions.

4.3
4.3.1 Design of Second-Generation HJ Trapping Compounds

The goals for the second-generation compounds were to improve both the binding
affinity to the HJ and the growth inhibition of bacteria. Hydrophobic residues, which
appear in both linear and cyclic lead compounds, appear to play an important role in
DNA intercalation and/or base stacking interactions at the junction cross-over. The first-
generation peptides were composed entirely of hydrophobic residues, making them fairly
insoluble and unable to hydrogen-bond via side-chain residues to either DNA or proteins
bound to the HJ. This may explain why the first-generation compounds succeeded at
trapping HJs, but failed to show any bactericidal effect (data not shown). It is also unclear
how many residues participate in binding to the HJ. The first-generation contained only
six amino acids, but according to the crystal structure approximately six to ten amino acid
residues could potentially ‘fit’ into the HJ binding site. The second-generation
incorporated tyrosine and lysine residues into the macrocycles in order to improve their

hydrogen bonding properties, while maintaining their n-stacking ability (Figure 4.5). In
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addition, testing macrocyclic hexapeptides along with cyclic octapeptides explores
potential ‘fits’ in the HJ. The synthesis of sixteen second-generation macrocycles
including one I synthesized, were completed using the same conditions described for the
first-generation and the amino acids shown (Figure 4.5). Interestingly, we observed that
only when a tyrosine was included at position 7 was the cyclization of the octapeptides

successful.

Several second-generation compounds contained the 1,2,3,4-
tetrahydroisoquinoline moiety, which was present in effective compounds from the first-
generation. In addition to macrocyclic hexapeptides, C-2 symmetric octapeptides were
also synthesized in order to investigate the effect of size on binding and immobilizing the
HIJ. Solid-phase synthesis was employed for compounds containing polar residues. This
enabled facile and rapid synthesis of these macrocyclic compounds with easily cleavable

protecting groups on polar side-chains.
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4.3.2 Solution-Phase Synthesis of Second-Generation HJ Trapping Compounds

General approach of synthesizing second-generation hexameric and octameric
macrocycles as well as their structures are shown in (Figure 4.6).. Using the same
approach outlined for the first-generation, the tripeptides were synthesized in good yields
(65-85%). These tripeptides were converted into linear hexapeptides (7 examples, 63—
94% yields) and cyclized (7 examples, 8-25% yields).'” The synthesis of the tetrapeptide
was completed by deprotecting the tripeptide amine using TFA and coupling it to residue
7 (Figure 4.6). In a similar fashion to the hexapeptides, the tetrapeptide was separated
into two equal aliquots, whereupon one aliquot was acid deprotected and the other was
amine deprotected. The subsequent coupling of the tetrapeptide free acid and free amine
using multiple coupling agents gave four examples of linear octapeptides (36—68% yield).
The octapeptides were cyclized using the same conditions as those used for the
macrocyclic hexapeptides, yielding four examples (18-25% yield). These final
compounds were purified using reversed-phase HPLC and confirmed via LCMS.'® Their

ability to block the formation of a RuvC—HJ complex was assayed in vitro.
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4.3.3 Solution-phase Synthesis of HJ compd 10

My efforts to synthesize HJ compd 10 using a solution-phase approach are
shown in (Figure 4.7). Amino acid 4b was coupled to 5a by using TBTU (1.2 eq),
DIPEA (3.0 eq) in acetonitrile (0.1M) at room temperature to give 4b-5a-Boc with 94%.
The Boc protecting group of dipeptide 4b-5a was then removed by using 20% TFA in
dichloromethane (0.1M) to give 4b-5a-NH, with assumed quantitative yield. 4b-5a-NH,
was coupled to residue 6¢ by using TBTU (1.2 eq), DIPEA (3.0 eq) in acetonitrile (0.1M)
at room temperature to give tripeptide, 4b-5a-6¢, with 85% yield. This tripeptide was then
separated into two equal aliquots, whereupon one aliquot was acid deprotected (98%
yield) and the other was amine deprotected (assumed quantitative yield). The subsequent
coupling of the tripeptide free acid and free amine using TBTU (0.8 eq), HATU (1.0 eq),
DIPEA (6.0 eq) in acetonitrile (0.1M) to furnish acid and amine protected linear
hexapeptide 4b-5a-6¢c-4b-5a-6¢ with 60% yield. This double protected linear hexapeptide
was then amine deprotected by using 20% TFA in dichloromethane, (assumed
quantitative yield) and acid deprotected using sodium hydroxide (8.0 eq) in methanol
(80% yield). This provided a double deprotected linear hexapeptide. The double
deprotected linear hexapeptide was then converted to a hexameric macrocycle by using
TBTU (0.6 eq), HATU (1.0 eq), DEPBT (0.8 eq), and DIPEA (6.0 eq) in acetonitrile

(0.007M) at room temperature to give [4b-5a-6¢],(2-Cl-Z), with 15% yield.

After completing the synthesis of the HJ compd 10 (4b-5a-6¢c-4b-5a-6¢),

palladium catalyzed hydrogenation was attempted under various conditions.
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Unfortunately, only one lysine was deprotected. Furthermore, attempts by several group
members on three unique cyclized macrocycles containing two Cl-Cbz protected lysines
also failed, suggesting that the exploration of alternative conditions was needed. After,
numerous attempts using other conditions to cleave the Cl-Cbz protecting group from the
lysine side-chains we decided to find another route for this molecule. Thus, our
laboratory initiates a solid-phase strategy to synthesize second-generation compounds
containing polar-side chains. Detailed information on this strategy will be discussed later

in the chapter.
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4.3.4 Assays of Solution-Phase Second-Generation HJ Trapping Compounds

RuvC is a HlJ-specific endonuclease, which functions during homologuous
recombination.'” To determine whether these second-generation macrocycles function in
blocking HJs, biological assays were performed to test their impact on DNA binding by
Escherichia coli RuvC. Initially, six of the second-generation macrocycles synthesized by
our laboratory were tested in the RuvC-junction binding assay (HJ compds 4-9) by
professor . In RuvC—HJ binding experiments, a significant amount of HJ accumulated in
the presence of all macrocycles at 1 uM (Figure 4.8. band II). HJ Compds 7 and 9 were
particularly effective in preventing the formation of a complex between 200 nM RuvC
and 0.3 nM °P labeled HJ DNA (lanes K and O) when compared to the control (lane C).
These two macrocycles appear to be at least as potent in trapping the HJ as one of the
lead peptides (lane Q). It is important to note that all six compounds tested bind to the HJ
complex and all six compounds contain tyrosine. The presence of tyrosine appears to be
critical for the HJ interaction, which is demonstrated not only by this data but also by the
compounds synthesized by solid-phase (Figure 4.9). We estimate that a hexapeptide can
be readily accommodated within the central space of a HJ. (Figure 4.1). Multiple
interactions probably contribute to the stability of DNA binding and their tight
association will either present a steric hindrance to protein access or restrict the ability of
recombinases to fold the DNA structure correctly for the catalysis process. The
octapeptides should also fit within the center of HJs, although clearly they will be more
constrained in their mode of DNA binding. HJ Compd 7, an octapeptide (Figure 4.8,

lane K), was more effective at blocking RuvC binding to the HJ than a structurally
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similar HJ compd 6 (lane I). Thus, both hexapeptides and octapeptieds trap HJ’s.
Intercalation between nucleotide bases may be more important for these larger
macrocycles. Further details on these interactions require an HJ-peptide co-crystal
structure. However, our success at synthesizing compounds that trapped HJ’s and our
ability to determine important structural features required for binding is a fundamental

discovery.
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4.3.5 Assays of Solution-Phase Second-Generation HJ Trapping Compounds

In addition to the assays of the solution-phase second-generation HJ trapping
compounds, growth inhibition experiments were conducted on Gram-negative
(Escherichia coli) and Gram-positive (S. epidermidis) bacteria. HJ Compd 9 was tested,
as it was highly effective in trapping HJs. However, at 5 uM this peptide had no negative
effect on the growth or survival of a wild-type Escherichia coli strain (data not shown).
The inability of HJ compd 9 to inhibit bacterial growth may be in part due to its
hydrophobicity. Their hydrophobic nature may serve to limit passage across bacterial cell

walls.

4.3.6 Solid-phase Approach of Synthesizing Second-Generation HJ Compd 10

(Initial Approach)

An efficient synthesis of peptides using polar amino acids, such as lysine, often
utilizes solid-phase chemistry. A convergent solid-phase approach was first chosen to
synthesize hexameric macrocycle. (Figure 4.9). Starting with resin-bound residues 8a—c,
addition of TBTU, DIPEA, and residues 9a-e-Fmoc gave the resin-bound dipeptide 8-9-
Fmoc. We coupled residue 9 a second time to ensure the reaction had gone to
completion.”’ Deprotection of the amine on residue 9 using piperidine in DMF gave the
free amine 8-9-NH,. Coupling of this dipeptide to monomer 10a—c gave the desired

tripeptide HO-8-9-10 in good yields (94% when cleaved).”” Emulating the solution-phase
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approach, the tripeptide was separated into two equal aliquots. The acid was formed by
cleaving the compound from the bead in the first aliquot using 0.5% TFA in methylene
chloride. The amine was deprotected in the second aliquot using 20% piperidine in DMF.
The free acid tripeptide, now in solution, was coupled to the resin-bound tripeptide amine.

This yielded a hexapeptide bound to the resin.

Subsequent amine deprotection and cleavage from the bead yielded a double
deprotected linear hexapeptide. Unfortunately, this double deprotected hexapeptide was
obtained in low yield. We discovered this outcome was due to the fact that the tripeptide
free acid coupled in low yields to resin-bound tripeptide amine. This low-yielded
coupling reaction occurs when any multi amino acid chain is coupled to solid phase. In

order to address this issue, the synthetic strategy was redesigned.



94

Q 9 9

(o) 0._0O o0._O
R INH 1. (a) Residue 9a-e R INH (a) Residue 3a-c R NH R
8a-c 2 2. (b) 8a-c NH 8a-c H 10a-c
(o] 2 (o] NHFmoc
Rga.e R9a-e0
Resin bound -8 8-9-NH, 8-9-10-Fmoc
HO.__O
Rga- NH R10a- Rga.
Q (c) e H 102 1.(a) R9a-e HN e
> o / o NHFmoc 2. (b) NH
R (o] 3. (C) HN 00 R103-C
9a-e [o) [o)
R8a-c NH H R103-C HO'8'9'10 R1o O 0 NH
0Ny NHFmoc —
o (b) NH R9ae
R9a-e RBa-c
0._0O
8-9-10-Fmoc [8-9-1
Rga.c” NH H Rjpac 10-9-
0~ Ny NH,
Rga-eo
8-9-10-NH,

Conditions: (a) Coupling agents (3 eq), DIPEA (3.0 eq), CH,Cly;
(b) Piperdine(20%), DMF;
(c) 0.5% TFA in CH,CI, (d) 20% TFA, CH5CI,, anisole (2.0eq).

Figure 4.9. Initial Solid-Phase Approach of Synthesizing Second-Generation
Macrocycles.

4.3.7 Synthesis of Second-Generation HJ Compd 10 (Final Approach)

Given the difficulties encountered using a convergent approach, our laboratory
synthesized the same compound using a linear approach. This approach was utilized by
me to synthesize HJ compd 10 (Figure 4.10). The resin-bound amino acid 8¢ was
coupled to a N-Fmoc-protected residue 9d. Double coupling of resin 9d was carried out
to ensure complete formation of the dimer.”® Upon deprotection of the amine on residue

9d, residue 10c was coupled to the dipeptide. Double coupling was utilized to ensure
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complete formation of the tripeptide. Subsequent deprotection and coupling reactions
were performed until the hexapeptide was formed. Cleavage of this hexapeptide to give

the double deprotected linear hexamer and analysis by LCMS showed pure product.

The reaction was concentrated in-vacuo and subjected to HATU (0.8 eq), TBTU
(0.8 eq), and DEPBT (1.0 eq) coupling reagents (2.6 equivalents total), and DIPEA (8.0
eq) in dichloromethane. The final macrocyclizations took four days due to the low
concentration (0.01 M) required to maximize the yield. The one-pot ring-closing gave
better yields (15%) than those seen when the convergent approach was utilized (10%
average). The compounds were purified using reversed-phase HPLC and confirmed via
LCMS. Finally, deprotection of the peptide side chains was completed using 95% TFA in

methylene chloride. HJ compd 10 was purified by HPLC and confirmed via LCMS.
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Figure 4.10. Synthesis of Second-Generation Macrocycle HJ Compd 10 using Solid-
Phase Final Approach.
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A total of seven lysine (or arginine) containing second-generation hexameric
macrocycles were synthesized by this approach and their structures were shown in

Figure 4.11.
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Figure 4.11. Second-Generation Hexameric Macrocycles Synthesized by Revised
Solid-Phase Approach.

4.4

4.4.1 Assays of Solid-phase Second-Generation HJ Trapping Compounds

Five macrocycles (compounds 10-14) that contained lysine or arginine, were
tested for their ability to block HJs in the in-vitro RuvC—HJ DNA binding assay. Among

the five tested, one significantly reduced the ability of RuvC (200 nM) to form complexes
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with the radioactively labeled HJ substrate at 0.3 nM (Figure 4.12, lane G, compound 11,
band III). Remarkably, this compound was the only one that contained a tyrosine, which
is consistent with earlier observations of solution-phase compounds that trap HJs (Figure
4.8). Therefore, the incorporation of tyrosine in macrocycles for effective HJ trapping
appears to be a critical feature and may be due to tyrosine’s ability to m-stack as well as
hydrogen bond with nucleotide bases. To determine the ideal ‘fit’ for trapping HJs,
additional experiments comparing hexapeptides versus octapeptides on HJ binding are in
progress. Although macrocycle 11 traps HJs, when it was tested for antibacterial activity
in E. coli and S. epidermidis bacteria, no growth inhibition was detected (data not shown).
One possible explanation for this is that compound 11 does not bind sufficient quantities
of HJs to kill bacteria. Alternatively, it may be unable to gain entry through the cell wall.
Regardless of this issue, compound 11 provides an excellent tool for elucidating

molecular pathways that involve HJ intermediates.
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Figure 4.12 RuvC Gel-Shift Assay of Solid-Phase Compounds, Band I, Non-Specific

Binding to DNA; II, RuvC with HJ DNA; III, Peptide Trapping HJ Substrate.
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4.4.2 Non-Specific DNA Binding Assay

In Figure 4.12, HJ compd 12 and 14 disrupted the formation of RuvC-HJ
complexes, although in this case the HJ substrate remains trapped in the wells of the
polyacrylamide gel (band I, (Figure 4.12), lanes I and M). This may be indicative of non-
specific binding with multiple peptides assembling on the DNA thus preventing its entry
into the gel matrix. To confirm this possibility, the solid-phase macrocycles were
examined for their ability to bind to **P-labeled single-stranded (ss) and double-stranded
(ds) DNA substrates (0.3 nM) in the absence of RuvC protein (Figure 4.13). HJ compd
10, 11, and 12 did not appear to bind stably to ss DNA or ds DNA. However, HJ compd
14 bound to both ss and ds DNA, trapping all of the substrate at the top of the well
(Figure 4.13, lanes L). Compound 12 formed a much less stable association with ss and
ds DNA, with at least some of the complexes being able to enter the gel (Figure 4.13,
lane H). These results correlate with those obtained using the HJ DNA substrate (Figure
4.12). The following conclusions for the five solid-phase HJ compd 10-14 can be
drawn: (i) HJ compd 10 and 13 do not block RuvC binding to the HJ, which is consistent
with their inability to bind at the center of the HJ intermediate; (ii)) HJ compd 11 fails
to bind to unbranched DNA in (Figure 4.13) but does block RuvC binding to HJ’s,
indicating genuine HJ specificity, (iii) HJ compd 12 and 14 bind to DNA non-
specifically as seen by trapping of HJ, ss or ds DNA at the gel origin (Figures 4.12 and
4.13). The lack of discrimination in binding to ss or ds DNA seen with these two peptides
implies that the nucleic acid interaction does not require base stacking in the helical form

of DNA. It is unclear at this stage whether contacts are made with the phosphodiester
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backbone or with the purine/ pyrimidine bases. Clearly, addition of positively charged
residues can generate compounds with reduced branched DNA specificity and even
closely related molecules (e.g., HJ compd 10 and 13) that appear unable to interact with
DNA at all. Comparison of the different properties associated with the structure of these
compounds will assist the rational design of future macrocycles. All five compounds
were tested for antibacterial activity in E. coli and S. epidermidis bacteria. No growth
inhibition was detected with wild-type E. coli (data not shown). However, two of the
peptides (HJ compd 12 and, to a significantly lesser degree, HJ compd 14) did inhibit
the growth of S. epidermidis when dilutions were spotted on a lawn of bacteria (Figure
4.14). Surprisingly, it was HJ compd 12, which forms a relatively unstable association
with ss and ds DNA, that had a significant effect on bacterial growth. Further work is
needed to characterize how these macrocycles interact with DNA and how this correlates
with their ability to inhibit the growth of Gram-positive bacteria. In conclusion, HJ
compd 11 displays high specificity for the HJ as demonstrated by its ability to reduce the
efficiency of RuvC binding to the non square planar and inability to bind unbranched

DNA molecules.
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Figure 4.13. Gel-Shift Assay Showing the Binding of Solid-Phase Compounds (10-
14) to **P-labeled dsDNA (panel 1) I, Double-Stranded DNA Trapped by Peptide; I1,
Double-Stranded DNA not Trapped by Peptide. ssDNA (panel 2) I, Single Stranded

DNA Trapped by Peptide; 11, Single-Stranded DNA not Trapped by Peptide.
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HJ Compd 10
HJ Compd 11

HJ Compd 12

HJ Compd 13

HJ Compd 14

S. epidermidis
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0b-9a-8 0b-9b-8 0c-9e-8
HJ Compd 12 HJ Compd 13 HJ Compd 14

Figure 4.14. Inhibition of the Growth of S. epidermidis by Compounds HJ Compd 12
and HJ Compd 14. 2.5 pl of Peptide Dilutions in LB broth (0.625, 1.25, 2.5 and 5
pM) were Spotted onto an Lawn of Bacteria in a 0.6% Agarose Overlay. Control
Samples of DMSO were used at Dilutions of 1.25, 2.5, 5 and 10%.
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4.4.3 Conclusions

Overall, I synthesized one second-generation compound HJ compd 10 by using
two different synthetic approaches (Figure 4.7, and Figure 4.10). There are four areas of
significance in this described project. First, I described the synthesis and associated
biological assays on a new class of compounds. Synthesis of two generations of
compounds yielded critical information that will assist further development of this
structural class as a tool for studying pathways involving HJs during DNA repair. In
addition, we have macrocycles that may lead to the development of new antibiotics.
Using assays with the RuvC resolvase, we demonstrate that macrocycles successfully trap
HJ’s in vitro. The second important aspect of this work is the substitution of polar
residues such as lysine within these macrocycles. These polar residues do not play a
critical role in HJ binding, but do improve compound solubility. A third, and fundamental
discovery, described here is the structure—activity relationship: (i) compounds containing
tyrosine were highly effective at trapping HJs, and (ii) both hexapeptides and
octapeptides were able to trap HJ’s. This discovery regarding the hexa- versus octa-
peptides demonstrates that an ideal fit within HJs may be reliant on the hydrophobic
residues m-stacking with the nucleotides rather than just the macrocycle size, as the
peptides bind specifically to HJs, rather than the recombinases that target HJ’s, we
hypothesize that m-stacking residues, in combination with those that can also form H-
bonds (e.g., tyrosine), are the key element in trapping HJs. Further work is needed to
determine the precise structural requirements for trapping HJs and increasing

antimicrobial potency. We anticipate that a third generation of macrocycles,
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incorporating tyrosines, hydroxy tetrahydroquinolines, and hydroxy tryptophans will help
uncover the structure—activity relationship crucial for HJ binding. Studies to determine if
these compounds kill bacteria and whether they do so via trapping HJs are on going and
will be reported in due course. Fourth, perhaps the most important aspect of this work is
the discovery of new macrocyclic compounds that provide an insight on recombination
pathways that proceed via this HJ intermediate. The discovery of structurally constrained
compounds with reasonable solubility affords the opportunity to see HJ—peptide

interactions via X-ray crystallography.

Chapter 4, in full, is a reprint of the material, as it appears in “Novel antibiotics:
C-2 symmetrical macrocycles inhibiting Holliday junction DNA binding by E. coli
RuvC”, Bioorganic and Medicinal Chemistry, 14,2006, 4731-4739. Po-Shen Pan, Fiona
A. Curtis, Chris L. Carroll, Irene Medina, Lisa Liotta, Gary J. Sharples, and Shelli R.

McAlpine. The dissertation author was the primary author of this paper.
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Chapter 5

Synthesis of Triostin A analogue: Azatandem

5.1 Introduction and Background of Triostin A

In this chapter, I will describe the partial synthesis of Azatandem. Compounds
that I have synthesized are coded in blue and the other work done in this chapter, coded
in black, was done Rodrigo Rodriguez and Chumg-Mao Pan. The Triostin Triostin A
(1a, Figure 5.1) was isolated in 1961 from a strain of Streptomyces aureus designated S-
2 210." * Acid hydrolysis studies have shown that Triostin A was composed of
quinoxaline-2-carboxylic acid, D-serine, L-alanine, N-methyl-L-cysteine and N-methyl-L-
valine residues (1a, Figure 5.1).” NMR studies demonstrated this cyclic octadepsipeptide
structure possessed a disulfide linkage.*> Studies have also indicated that Triostin A had
significant antibiotic and anticancer activity.” ¢ It has been proven that its toxicity
involves bisintercalation into the DNA minor groove whereupon the DNA-Triostin A
complex then blocks transcription enzymes, such as RNA polymerase, during
transcription, eventually leading to apoptosis.”® The crystal structure of a DNA-Triostin
A complex (Figure 5.1b) showed that the depsipeptide ring is a roughly rectangular
shape with the disulfide bridge pointing away from the DNA binding site.” In addition
this complex showed that the orientation of the D-Ser amino group allows for the
chromophores to project parallel to each other at right angles from the peptide backbone,
bracketing a CG base-pair in the minor groove of DNA.’ The valine side-chains lay at the

opposite corners of the rectangle to the quinoxaline chromophores, with the N-methyl
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groups pointing in towards the nucleic acid surface. Alanine (on the long sides of the
rectangle) also has both its carbonyl groups and methyl side-chains pointing towards

DNA 10, 11

o e
@]ALQLl:l

Triostin A (1a): R = Me
TANDEM (1b): R=H

Crrw le ,

Azatriostin A (2a): R = Me
Azatandem (2b): R=H

(b)

DNA Minor Groove

Chromophores

Disulfide Bridge

Figure 5.1. a.) Triostin A Derivatives. b.) DNA-Triostin A Complex (Triostin A is
Shown in Solid Bonds and the DNA Minor Groove is Shown in Outline Bonds.)
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Structural features that contribute to DNA binding have also been studied. The N-
demethylated analogue TANDEM (Triostin A N-DEMethylated, 1b, Figure 5.1),
maintains bifunctional intercalation, however, unlike Triostin A, it binds with high
affinity to AT-rich DNA."* It was suggested that the structural change induced by the
removal of the N-methyl groups exposes the NH-amide groups of L-Ala, and these could
interact with the 2-keto groups of thymine.”” [N-MeCys’, N-MeCys']TANDEM or
CysMeTANDEM has been shown to bind in a very similar manner to TANDEM, in that
both of these derivatives bisintercalate into DNA with approximately the same affinity as
that of TANDEM.'* " It has also been suggested that the N-methyl groups of Cysteine
play a minor part in the binding to DNA, as they have been shown to project away from
the minor groove, rather it is the N-methyl on valine that alters the conformation of

13, 15,16

Triostin A so that it targets C-G rich sequences. In addition, studies have indicated

that the only role of disulfide linkage is to hold the structure rigid and hence improve

binding strength by reducing unfavorable entropic effects.'* '* !’

Furthermore, Azatriostin (2a, Figure 5.1) differs from Trisotin A 1a by replacing
the D-serine amino acid with D-f-aminoalanine, which converts the ester linkage in
Triostin A to an amide linkage in Azatriostin. This cyclic octapeptide 2a still maintains

DNA bisintercalation as its primary mechanism of action.'®

Finally, Azatandem 2b differs from TANDEM 1b by replacing the D-serine

amino acid with D-f-aminoalanine providing an amide versus ester linkage in the cyclic
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peptide backbone. This compound was first synthesized by Dietrich'® in solid-phase and

its biological activity is currently under investigation.

5.2 Determination of the ring closing site of Triostin A derivatives

In order to identify the key features of Triostin A and its analogues (Figure 5.1)
that are responsible for binding affinity and sequence selectivity, different synthetic
strategies have been reported.'®” However, these efforts were hindered by the difficulty
in synthesizing Triostin A analogues, thus hampering the progress of this research. Here
we describe a new synthetic strategy for Azatriostin and Azatandem derivatives, where
this efficient construction will allow us to gain insight on the structure-activity

relationship of Triostin A.

The most important issue in the synthetic strategy is the ring closure step.
Previous studies have indicated that the ring closing step is key to success in the synthesis
of the Triostin derivatives.”> There are four potential sites for macrocyclization (A-D,
Figure 5.2). Alphabetical order (A-D) represents the order in which the synthetic

strategies were undertaken.'® 2% %%
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L ﬁ oL, %A\

A

Triostin A (1a): R=Me, X=0
TANDEM (1b): R=H,X=0

Azatriostin A (2a): R = Me, X = NH
Azatandem (2b): R=H, X =NH

Figure 5.2. Potential Sites for Cyclization Reaction.

5.2.1 Site A: Olsen’s Approach

Olsen and co-workers began an investigation into the synthetic approach of the
natural product by focusing on TANDEM 1b.* The initial synthesis involved a linear
route to a tetradepsipeptide precursor in which Boc-Cys(Acm)-Val-OH was coupled to
Cbz-D-Ser-Ala-OTce through an ester bond to the side-chain of serine. In a convergent
approach, this tetrapeptide precursor was subsequently deprotected at either the cysteine
o-amino group or the alanine carboxyl group, and then dimerized to give the linear
octadepsipeptide 3 (Figure 5.3). Cyclization was carried out at site A (Figure 5.2) by
using NHS-DCC under basic conditions to form 5. This bis-Cbz-protected cyclic peptide

was then subjected to Acm-deprotection and oxidation with iodine in



113

methanol/dichloromethane to form the disulfide bridged cyclic peptide 6. Finally,

deprotection and acylation with 2-quinoxaloyl chloride gave TANDEM 1b.

AcmS Z AcmS Z
%‘/[ SAcm /: 1. Zn/ HOAc, ﬁ/[ SAcm >
_87%.
BocHN/g( N HZN/E”/ \/&

NH
2. TFA/ DCMm, HO
88%.

TceO
v o
o
)%‘/ \(\NH )KE NH
DCC/ NHS, THF:DMF WNHZ 1,/ MeOH ~NHZ
(190:15), 0.002M, 4d, 43% Acms 89%
SAcm o
ZHN™ /g( ZHN" \)L % vg

;:g-ajli:c?xﬁ;l chloride, 57% Y )K[ \HANH Hﬁ)i Ij
RPN
@ﬁw¢gx

1b

Figure 5.3. Olsen’s Synthesis of TANDEM (Z = Cbz protecting group)

Olsen’s synthesis was the first example of making TANDEM. However, this
methodology suffered from racemization during the formation of the linear octa-

depsipeptide.
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5.2.2 Site B: Boger’s Approach

Not only was the formation of the depsipeptide bond (Site B, Figure 5.2) as the
final step a less attractive synthetic pathway, due to the lower nucleophilicity of the
alcohol, the depsipeptide is also less stable than the peptide derivative, Azatriostin.
Further, the conditions required for such a ring closure would be a potential source of
significant racemization of the terminal valine and/or dehydration and racemization of the
serine residue. However, with the synthesis of Azatriostin (2a, Figure 5.1) this was not a
concern because the D-f-aminoalanine was less prone to recemization than the serine
residue. Further, the amide linkage formed by the D-f-aminoalanine would be

significantly more stable than the ester linkage.

With these issues in mind, Boger chose to synthesize Azatriostin 2a using site B
and his strategy is described in Figure 5.4."® The initial synthesis involved a linear route
to a tetrapeptide precursor, in which Ala-MeCys(Acm)-MeVal-OMe was coupled to N*-
Boc-N’-Teoc-D-3-Amino-Ala-OH through a standard peptide coupling procedure. In a
convergent approach, this tetrapeptide precursor was subsequently deprotected at either
the D-fB-aminoalanine a-amino group or the valine carboxyl group, and then dimerized to
give the linear octapeptide (7, Figure 5.4). Subsequent deprotection at the N-terminus
and C-terminus of the linear octaepeptide 7 was then followed by Acm-deprotection and
oxidation with iodine in methanol/ dichloromethane to form the disulfide bridged peptide
10. Cyclization was carried out at site B by using EDCI-HOAt under basic conditions to

form the core cyclic peptide. Finally, deprotection and coupling with 2-quinoxaloyl acid
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produced Azatriostin 2a. Interestingly, an alternative approach involving dimerization of
the tetrapeptide through the disulfide bridge followed by macrocyclization also proved to
be successful in constructing the core bicyclic peptide structure.'® Interestingly,
cyclization of the linear octapeptide prior to the disulfide bridge formation proved to be
challenging due to the instability of the amide cyclized intermediate, therefore this

synthetic strategy is less satisfactory.

o7 NHBoc m T)(\ NHBoc
HN_ ¢ s o%\[“

2 | |
NHR 2—> (0] S NH2
DCM/ MeOH BocHN' o Me

Me HN N N._ CO;H
N. CO,R! | :
~ U2 z
: | : Me O ~
= Me O P
.p1= 2 _
BU4NF 7:R'= Me, R =Teoc 10
0 [ . 8:R"=Me, R?=H
71%
.p1= 2 —
LiOH 8:R'= Me, Rc=H
95% 9:R'=H,R2=H

1. EDCI, HOAt
2. HC, EtOAc 37 ONH N @
3. Qxc-OH, EDCI, HOAt Me )\L
\K‘f Me
H HN\)J\ \/g

2a

Figure 5.4. Boger’s Synthesis of Azatriostin 2a

All synthetic intermediates generated by Boger could be purified by acid/base

liquid-liquid extractions, and this simple method of purification makes Boger’s approach
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an attractive one. This novel methodology offers an attractive route for synthesizing an
Azatriostin library because it requires fewer synthetic and purification steps than Olsen’s
strategy to complete the synthesis but overall both Boger and Olsen’s strategy gave

comparable yield about 40%."'**°

5.2.3 Site C: Diederichsen’s Approach

Diederichsen and co-workers formed a ring closure using DIC/HOAt between
serine and alanine (Site C, Figure 5.5),”° which gave an excellent yield of 82% for the
bis-Cbz-protected bicyclic peptide 14. It is speculated that this high yielding bicyclic
peptide formation occurred due to the fact that the free acid at the C-terminus and the free
amine at the N-terminus were oriented in an ideal close proximity to one another, thus

resulting in a high yielding macrocyclization.*

Formation of the cysteine-valine bond (Site D, Figure 5.2) is a possibility, but
this would involve the activation of the terminal cysteine carboxyl group prior to
macrocyclization, which is known to lead to racemization.”” Given this issue, this

synthetic route was eventually abandoned.

Out of the 3 viable strategies, A-C, (D was not viable) Diederichsen’s approach
(site C) gave the highest yield with a yield of 82% for cyclization compared to 46% and
39% for A, and B sites respectively. Its success mainly relied upon the disulfide bridge

linkage to hold the linear octadepsipeptide’s free acid C-terminus and free amine N-
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terminus in close proximity needed so that macrocyclization could occur in a favorable
manner. However, utilizing the disulfide bridge requires a lengthy inefficient linear

synthetic approach and not appropriate for constructing multiple Triostin A derivatives.
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Figure 5.5. Diederichsen’s Synthesis of TANDEM Derivative 15. (Z = Cbz)
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5.3 Synthetic Strategies of Azatandem

Given that both B and C provided the final Triostin derivatives in good yields
when they utilized the disulfide bridge to templating the ring closing reaction, site B was
considered as an option in making Azatandem via a KAHA (a-Ketoacid-hydroxylamine)
ligation.”® The KAHA ligation reaction (Figure 5.6) is a chemoselective process that
forms peptide bonds between two unprotected amino acid fragments.”® This reaction
performed under mild conditions (neutral or slightly acidic) at a wide range of
concentrations (1.0M-0.001M). Specifically, it was proposed that the KAHA ligation
would efficiently generates the macrocycle in good yields by making use of the disulfide

bridge as an anchor (24, Figure 5.7).

(o) H (0] o (o) H (o)
MeO. N oxalic acid (1.0 eq)
Me\)g(OH + N/}r OBu > Me\)LNﬁ(N OrBu
o H 5 CH;CN, 40°C H 5
Ph [-CO,, -MeOH] Ph
Ketobutyric acid N-methoxy peptide 61% isolated yield KAHA ligation adduct

Figure 5.6. KAHA ligation reaction.

5.3.1 Retrosynthetic Strategy of Azatandem 2b

The overall retro-synthetic strategy of Azatandem 2b is shown in Figure 5.7. We
anticipate that Azatandem 2b could be accessed from 25 via KAHA ligation®® (Figure
5.7) between a-ketoacid and methoxylamine. 25 would be derived from the Pd-catalyzed

hydrogenation of 24, while 24 would be formed by dimerization of 23 via disulfide
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bridge formation. Tetrapeptide 23 would be obtained by coupling 21 to 22 via peptide
bond formation followed by TIPS deprotection, tosylation, and Sx2 methoxylamine
formation. 22 would be formed by standard peptide coupling of 16 to H-Cys(Acm)-OMe
followed by acid deprotection. TIPS protected dipeptide 16 could be furnished from
commercially available Boc-D-Ser-OH and H-Ala-OMe via chemoselective peptide bond

formation.
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Figure 5.7. Retrosynthetic Strategy of Azatandem 2b.
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5.3.2 Synthesis of Azatandem 2b

The overall synthetic strategy of Azatandem 2b for this research is shown in

Figure 5.8, and will be discussed in detail in the following sections.
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Figure 5.8. Synthetic Strategy for Azatandem 2b.
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5.4 Synthesis of 16

The H-Ala-OMe was coupled to Boc-D-Ser-OH using TBTU (1.2eq) and DIPEA
(6.0eq) in acetonitrile (0.1M) to give crude (16, Figure 5.9). Crude 16 was first purified
via flash column chromatography followed by recrystallization in Acetone: Hexane (1:1

ratio) to give pure dipeptide 16 with a 70% yield.

o
H2N \:)kOMe

HO
\? Ho\ (o)
BocHN ™ > " : NI
5 1)TBTU(1.2eq)  BocHN™ Y 7~ “OMe
DIPEA (6.0 eq) o °
Boc-D-Ser-OH  CH3CN (0.1 M)
40 min, r.t. 16

2.) re-crystallization
1:1 (Acetone / Hex)
(70%)

Figure 5.9. Synthesis of 16.

5.5 Synthesis of 20

The dipeptide 16 was subjected to TIPS-CI (2.0eq) and pyridine (3.0eq) in dry
DMF (0.1M) for 15 hours under argon at room temperature (Figure 5.10). The crude
product was purified by flash column chromatography to furnish pure 17 with a 94%
yield. Substrate 17 was then acid deprotected by adding LiOH (4eq) in methanol (0.1M)
at room temperature for 8 hours. The crude product was extracted with
dichloromethane/DI water (pH = 3-4) to give 18 as white solid in 92% yield. It is

important to maintain a pH = 3-4 of the aqueous layer, because slight decomposition of
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the reaction product was observed if the aqueous layer had lower pH values. Compound
18 was then coupled to H,N-Cys(Acm)-OMe by using TBTU (1.2eq) and DIPEA (6.0eq)
in acetonitrile (0.1M) for 40 minutes at room temperature. The crude product was then
recrystalized in acetone/hexane (1:1 ratio) resulting in compound 19 with a 70% yield.
Compound 19 was acid deprotected by the protocol described above used for compound

18, to produce 20 with a 96% yield.

HO TIPSO 1.) LiOH (4.0 eq)
s hw © TIPS-CI (2.0 eq) ~ y © MeOH (0.1 M)
; Pyridine (3.0 eq : N 8 hr,r.t.
BocHN/}(N\:)LOMe Y ( ) B GHN” N “OMe
o ° DMF anhyd. (0.1 M) o ° 2.) pH 3-4 diH,0 w.u.
16 15 hr, r.t., (94%) 17 (92%)
SAcm
M
TIPSO\: - H,N /g(o e TIPSO - SAcm
: N (o] - oM
BocHN™ (" \‘)J\OH > BocHN/\ﬂ/N\;)kN/g( €
o] 1.) TBTU (1.2qu) o : H o

DIPEA (6.0eq)
CH;CN (0.1M)
40min, rt, 70%

2.) re-crstalization
1: 1 (Acetone / Hex)

18 19

(20%)
1.) LiOH (4.0 eq)
MeOH (0.1 M) TIPSO o SAcm
30min, r.t, 96% H H
’ t . N OH
BocHN™ \)KN/Q(
2.) pH 3-4 diH,0 w.u. o ° H o
20

Figure 5.10. Synthesis of 20.
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5.6 Synthesis of 21

5.6.1 Phosphorous ylide approach

Two approaches toward the synthesis of a-ketoester 21 were carefully evaluated.
Wasserman’s phosphorous ylide strategy for synthesizing the amino acid based o-
ketoacid.”” One example of this strategy is shown in Figure 5.11.% Boc-Phe-OH was
coupled to (cyanomethylene)triphenylphosphorane 26 to form the cyano keto
phosphoranes 27 with an 80% yield. An oxidation procedure was then performed to

furnish the a-Keto Ester 28 with an 89% yield.

BocHN CN EDCI, DMAP BocHN CN
OH + — >
PPh, CH,Cl,, rt, 15h, PPh,
80%
Boc-Phe-OH 26 27
o
03, -78°C BocHN OMe
—_—
cHzclz: MeOH (o]
(7: 3), 5h, 89%
28

Figure 5.11. Synthesis of a.-Keto Ester 28.

Wasserman’s phosphorous ylide approach provided an efficient strategy to
synthesize amino acid based o-keto acids, esters, and amides.” The success, however,

suffered from two main obstacles. First, the rate of coupling between the carboxylic acid
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and cyanophosphorane ylide 27 was low regardless of the acid used; second, the rate of

oxidation to form a-ketoester (i.e. 28) was very slow depending on the reaction.

5.6.2 Sulfur ylide Approach

Inspired by Wasserman’s work, Bode’s group has made advances towards
synthesizing amino acid-based a-keto acids or esters by utilizing sulfur ylide chemistry.*®
This sulfur ylide approach involved the coupling of the sulfonium salt to carboxylic acid
of the peptide substrate to yield the sulfur ylide intermediate (30, 32, Figure 5.12).
Oxidation of this sulfur ylide intermediate in an alcohol containing solvent system
furnishes the amino acid-based o-keto esters (33, Figure 5.12). It should be noted that
the reaction time needed to complete the sulfur ylide formation (30, and 32, Figure 5.12)
is less than the formation of phosphorous ylide.*® Furthermore, oxidation of sulfur ylides

to form a-ketoester by oxone is faster than oxidation of phosphorous ylide by ozone.®

Two different synthetic strategies toward the formation of amino acid-based a-
keto esters were analyzed. Bode’s sulfur ylide approach was chosen for this research
because of its feasibility. The synthetic details including yields are discussed in the

following section.

Sulfonium salt 29 was coupled to the Boc-Val-OH (1.0 eq) by using TBTU
(1.1eq) and DIPEA (4eq) in dichloromethane (0.1M) to form 30 in good yield (90%)

(Figure 5.12). The same conditions were also applied to form 32 in good yield (95%).
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We have observed that the sulfur ylide 32 tends to form white crystals as a pure product,
while sulfur ylide 30 tends to form yellow oil. Due to this unique difference, 32 was
purified by simple recrsytalization while 30 was purified by flash column
chromatography. The ease of purification has made 32 a preferred precursor for the
synthesis of 21. Thus, the sulfur ylide 32 was subjected to oxone (2.2eq) in a mixture of
benzyl alcohol, dichloromethane, and acetone (3:7:10 ratio) at a 0.2M reaction
concentration. This reaction was monitored every 30 minutes until the reaction was
complete. We have noticed that the composition ratio of the solvent system plays an
important role in the success of this reaction. It is speculated that the appropriate
composition of the solvent system may help to stabilize the reaction intermediate during
the reaction process. The subsequent crude reaction products was then purified by flash
column chromatography and identified by '"H NMR. The purified product 33 is a light-
yellow oil material with a 55% yield. Compound 33 was then subjected to the standard

Boc removal condition to yield 21 with assumed quantitative yield.
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B2 TBTU (1.1eq) o
Bromoacetonitrile ~——=—=N DIPEA (4eq), CH,Cl, (0.1M) O
S_ nt, 8h, 95% ® BocHN _S

Q _ Cj rt, 30min, 90% N

o) :
_~_ CN
29 BocHN\:)kc)H 30
AL oil

Br —N TBTU (1.1eq) (o}
Bromoacetonitrile ®S/ " DIPEA (4eq), CH,Cl, (0.1M) BocHN _S

S
O rt, 8h, 97% Q rt, 30min, 95%
non 9% .

31 BocHN 32
\;)ko"' cryst.
/_\
OXONE (2.2eq),

Benzyl Alcohol: CH,Cl,: Acetone
(3: 7: 10), rt, 4h, 55%

(0] (0]
H2N _QJ\H/O TFA/ DCM (0.1M), BocHN JS(O

rt, 15min, quant. yield :
~_ 0 - ~ (o)

Figure 5.12. Synthesis of 21

5.7 Proposed Synthesis of 22

Formation of tetrapeptide 22 could be accomplished by coupling between
compound 20 and compound 21 via standard peptide coupling condition (Figure 5.13).

Once the expecting tetrapeptide 22 is formed, subsequent reactions can be performed to

yield the key intermediate 23.
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w30 0

TIPSO TIPSO

N
ad
(o]

\)ﬁ %( 21 ~ H 0 H (o]
N OH T - : N N o
B°°HN/\W DEPBT(1.0 eq) BocHN ™ (" \:)LN
HATU (1.0 eq) o : H o __ o
DIPEA (6.0 eq)
CH;CN (0.1 M)
20 40 min, r.t. 22

Figure 5.13. Proposed Synthesis of 22

5.8 Proposed Synthesis of 23

Conversion of 22 to 23 involved: (a) removal of the TIPS protecting group of the
D-serine moiety, (b) tosylation of the unmasked hydroxyl group of the D-serine moiety,
and (c) Sx2 displacement reaction to furnish the methoxylamine embedded tetrapeptide
23 (Figure 5.14). Preliminary results of these three individual chemical transformations

are described in the following sections.

TIPSO MeO

BocHNjYO s H o 1. TBAF/THF (1 M) BocHNj\{o s
NQH(OBn

2. Ts-Cl, pyridine
3. NHOMe,
DIPEA

22 23

Figure 5.14. Proposed Strategy for Synthesizing 23.
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5.8.1 TIPS removal reaction

The dipeptide substrate 17 was dissolved in anhydrous THF in a plastic reaction
vessel and followed by the addition of TBAF into the reaction. After one minute, the

reaction was quenched and 'H NMR was used to confirm the structure of 34 (Figure

5.15) with a 90% yield.
T|PSO\= H o BU4N+F', THF HO\; H o
(anhydrous: 0.1 M) r.t.
BocHNWN%OMe - BocHNWN%OMe
O ¢ 1 min, plastic rxn vessel, 90% o =
17 34

Figure 5.15. TIPS Deprotection Conditions.

5.8.2 Synthesis of Methoxylamine 37

Substrate 35 was dissolved in anhydrous dichloromethane (0.1M) and followed
by treatment with pyridine (2.0 eq) and tosyl chloride (1.5eq) (Figure 5.16). The reaction
was allowed to proceed for 28 hours under argon at room temperature. Upon completion,
the crude reaction product was purified via recrystalization to furnish 36 with an 80%
yield. The tosylated intermediate 36 was dissolved in acetonitrile (0.1M) then treated
with DIPEA (2.0 eq) and N-methoxy amine (1.2eq) (Figure 5.16). The crude reaction
product was purified by flash column chromatograpy and 'H NMR was used to

confirmed the structure of 37 with a 67% yield.
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(PMe
OH TsCI(1.5eq), OTs HN
opn PY (2.0 eq), DCM (0.1M) oB MeONH; (1.2 eq) op
BocHN BocHN n BocHN n
o rt, 28h, 80% & DIPEA (2.0 eq) S
CH,CN (0.1M), 67%
35 36 37

Figure 5.16. Synthesis of Methoxylamine 37.

In summary, conditions for TIPS deprotection, toslation, and methoxylamine
formation are developed. These conditions can be applied to convert 22 to 23 (Figure

5.8) in the future.

5.9 Proposed Synthesis of 24.

Once the key intermediate 23 is obtained, direct dimerization of 23 via disulfide
bond formation® (Figure 5.17) will be performed to furnish 24.

H

"o r *E
NHBoc
B°°"'N l DCM/ MeOH_ BnO
_______________ OMe
MeO
BocHN" OBn
HNQK

23 24

Figure 5.17. Proposed Condition to Synthesize 24.

Preliminary studies of disulfide bond formation are shown in Figure 5.18.

Substrate 38 was dissolved in methanol and added drop-wise over 30 minutes to a
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solution of dichloromethane/methanol (9:1 ratio) and iodine. The reaction was carried out
at room temperature for 14 hours to furnish 39. From our results, it appears the
concentration of the reaction is the key factor in the success of the disulfide bridge
formation. Improved yield may be achieved by optimizing the reaction concentration and
the reaction times. Further, the rate of reaction is solvent dependent,” thus finding an

optimal solvent system may be an alternative way to increase the overall yield of the

NHBoc
o O)K[
NHBoc S
2 @0 N i conditions* |
S N S
" @
o NHBoc

38 39

reaction.

Conditions: a.) 15(3.0 eq), DCM:MeOH=9:1, 0.0007M, 14h, 20%
b.) 15(3.0 eq), DCM:MeOH=9:1, 0.1M, 14h, 60%

Figure 5.18. Conditions for Disulfide Bond Formation.

5.10 Proposed Synthesis of 25

Once the key intermediate 24 is obtained, a benzyl deprotection reaction (Figure
5.19) will be performed to furnish 25. This is a challenging step given that sulfur is

notorious for deactivating palladium catalyst in the hydrogenation process.’'
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NH NH
BnO )K[ f ~NHBoc )KE f NHBoc

MeO” N -OMe 1,1 Pd-C(10 mol %) 4o o OMe
BocHN® lf XOB" EtOH BocHN
HNJ HNQK
24 25

Figure 5.19. Synthesis of 25

The model reactions were performed and the conditions are shown in Figure 5.
20. In conditions (a) and (b), three and six equivalents of 10 mol% Pd-C catalyst were
applied respectively. Neither one of these conditions converted the starting material 40 to
the desired product 41. In condition (c), 33 equivalents of 10 mol % Pd-C catalyst was
applied. These data indicate that even with the large excess of palladium, the benzyl
protected starting material 40 still cannot be fully converted to the desired product 41.
An alternative strategy to remove the benzyl-protecting group from a sulfur containing

substrate is described in the next section.

(o) (0]

NHBoc NHBoc

AN 0
T Conditions T
_—
S S
o 1
BocHNj\H/ BocHN:L[(OH
(0] o
40 41

Conditions: a.) Hy, Pd-C (10 mol %) (3eq) in Ethanol (0.1M), 14h, rt,
b.) Hy, Pd-C (10 mol %) (6eq) in Ethanol (0.1M), 14h, rt
c.) Hp, Pd-C (10 mol %) (33eq) in Ethanol (0.1M), 14h, rt.

Figure 5.20. Hydrogenation for Disulfide Bridged Compound 41.
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Kobayashi’s group has developed the Polymer-Incarcerated (PI) method to
immobilize palladium catalysts onto polymers.*” This polymer-incarcerated palladium (PI
Pd) possesses excellent activity in hydrogenation of various olefins, benzyl ethers, and
nitro and aromatic compounds. Most importantly, PI Pd is highly resistant to poisoning
by sulfur and can be recovered completely by simple filtration. Kobayashi’s methodology
provides a promising insight to remove the benzyl-protecting group of the sulfur
containing substrate, and this approach should potentially be incorporated into our

synthetic strategy.

5.11 Proposed Synthesis of 2b

Once the key intermediate 25 was obtained, the KAHA ligation will be performed
to form the core bicyclic product (Figure 5.21). Furthermore, Boc protecting groups of
this bicyclic product are expecting to be removed under KAHA ligation conditions.
Finally the core bicyclic product will be subjected to a general peptide coupling with

quinoxaline-2-carboxylic acid (Qxc) to furnish the final product 2b.

o N o . N
N NH N Y\NH H |
o] ~NHBoc o N X,
HO H (o] S [o) 0o - N
N N’OM fo)
MeO~ W\f N 1. TFA/CH;CN (0.01M) NH
N o e I H
BocHN 0 HMK 2. Qxe-OH HATU (3. Oeq) HN\)J\ N o
HNJJ\N N ° DIPEA(6.0eq),
B H H acetonitirle (0.1M), rt PN
0~
25 2b

Figure 5.21. Proposed Synthesis of 2b
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5.12 Summary

In summary, a-ketoester 21 was synthesized by me and TIPS protected tripeptide
22 was synthesized by my colleague Rodrigo Rodriguez. The conditions for the disulfide
bond formation from 23 to give 24 and the conversion of 22 to 23 have also been briefly
investigated by my colleague Chung-Mao Pan. These conditions will be utilized in the
synthesis of Azatandem 2b, and the successful completion of Azatandem will be report in

due course.
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Conclusions and Future Directions

In the Sansalvamide A project, I have synthesized seven compounds (Figure 2.3),
which were included to the existing library of San A analogues that were synthesized by
our laboratory. These compounds not only have diversity in conformational space (L-
versus D-amino acids) but also vary in their polarity (hydrophobic versus hydrophilic
groups). Using *H-labeled thymidine incorporation assays, my colleague Robert V.
Vasko and I have found 6 potent compounds, including 18, 34, 52, 54, 60, 64, all of
which possess growth inhibitory activity above 50% against PL45 and BxPC-3 pancreatic
cancer cell lines. ICsg studies of theses potent compounds conducted by Robert V. Vasko
and I showed low micromolar potency against PL45 and BxPC-3. Compound 18, 54, 60
and 64 are about 20 fold more active than the parent San A peptide 1. Compound 52
exhibit approximately 14 fold greater cytotoxicity against pancreatic cancer than the San
A peptide 1. Finally, compound 34 has low micromolar activity against PL45 and is
approximately 10 fold more active than the San A peptide 1. In addition, Gemzar®
(Gemcitabine), a current drug on the market that is used to treat pancreatic cancer, was
used as a control of ICsg studies. The result indicated that San A analogues 18, 34, 52, 54,
60, 64 are less effective than this drug. However, they show promising potential as they
all possess low micromolar potency against PL45 and BxPC-3. Since San A analogues
show no structure homology to Gemzar®, it is most likely inhibiting cell growth through a
different biological pathway. The preliminary data from McAlpine laboratory shows that

San A analogues disrupt Hsp90-IP6K2 binding, which leads to apoptosis. Further studies
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such as computational docking studies will be conducted in order to elucidate the mode

of action of San A analogues.

In the Holliday junction project, I utilized a solution-phase and a solid-phase
approach of synthesizing a macrocycle, and have successfully synthesized one second-
generation compound HJ compd 10 via a solid-phase approach. Contrary to original
predictions, biological assays conducted by the colleagues Fiona A. Curtis and Gary A.
Sharples indicated that incorporation of polar residues such as lysine within HJ trapping
macrocycles do not play a critical role in HJ binding, except improve the solubility of the
compounds. Further, these bioassays concluded that (i) compounds containing tyrosine
were highly effective at trapping HJs, and (ii) both hexapeptides and octapeptides were
able to trap HJ’s. These findings indicate that the binding of HJs may not relying on the
size of the macrocycles but rather the m-stacking between the aromatic residues and the
nucleotides. Further work such as synthesizing a third generation of macrocycles,
incorporating tyrosines, hydroxy tetrahydroquinolines, and hydroxy tryptophans are
needed to determine the precise structural and conformation requirements for trapping

HlJs.

In the Azatandem project, I have synthesized a-ketoester 21, and my colleague
Rodrigo Rodriguez has synthesized TIPS protected tripeptide 22. The conditions for the
disulfide bond formation from 23 to give 24 and the conversion of 22 to 23 have also
been briefly investigated by my colleague Chung-Mao Pan. These conditions will be

utilized in the synthesis of Azatandem 2b. Further investigation including deprotection
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condition of benzyl protecting group with the appearance of sulfur element as well as
cyclization of the disulfide linked octapeptide precursor via KAHA ligation reaction are

needed and the results will be report in due course.



Chapter 6

Experimental methods and supporting spectra

6.1. General remarks

All coupling reactions were performed under argon atmosphere with the exclusion
of moisture. All reagents were used as received. anhydrous methylene chloride Dri Solv
(EM), anhydrous tetrahydrofuran, Andydrous dimethylformamide, and anhydrous
acetonitrile Dri Solv (EM) were obtained from VWR, and were packed under nitrogen
with a septum cap. Diisopropylethylamine (DIPEA) was purchased from Aldrich,
packaged under nitrogen in a sure seal bottle. The coupling agent HATU came from:
Applied Biosystems at 850 Lincoln Center Dr. Foster City, CA 94404, USA. Tel.: +1-
800-327-3002 and the coupling agents TBTU NovaBiochem. DEPBT
[3(diethoxyphosphoryloxy)-1,2,3-benzotriazine-4(3H)] was purchased from Aldrich
(order number 49596-4). The 'H NMR spectra were recorded on the Varian at 200MHz
or 400MHz or 500 MHz. LCMS was performed at San Diego State University using
HP1100 Finnigan LCQ. Flash column chromatography used 230—400 mesh 32-74 Im

60A silica gel from Bodman Industries.

141



142

6.2. Peptide synthesis

General peptide synthesis

All peptide coupling reactions were carried out under argon with dry solvent,
using methylene chloride, acetonitrile, or DMF depending on the solubility of the
reactants. The amine (1.1 equivalents) and acid (1 equivalent) were weighed into a dry
flask along with DIPEA (between 4.0 equivalents to 6.0 equivalents for Sansalvamide A
derivatives, 3.0 equivalents to 6.0 equivalents for HJ compounds), and TBTU* (1.1
equivalents for Sansalvamide A derivatives and 1.2 equivalents for HJ compounds).
Anhydrous solvent was added to generate a 0.1M solution. The solution was stirred at
room temperature and reactions were monitored via TLC. Reactions were run for 45
minutes before checking via TLC. If reaction was not complete additional 0.25
equivalents of coupling agents were added. If reaction was complete then work-up was
done by diluting the crude material with excess ethyl acetate followed by washing with
0.IM HCluq to remove excess free amine, then washing with saturated sodium
bicarbonate three times to remove coupling agent by product and excess coupling
agent(s). Organic layers were combined, dried over sodium sulfate, filtered and
concentrated. Flash chromatography using a gradient of ethyl actetate-hexane gave our

desired peptide.
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*Some coupling reactions would not go to completion using only TBTU and
therefore ~0.25 equivalents of HATU, and/or DEPBT were used. In a few cases up to 1.1

equivalents of all three coupling reagents were used.

General solid-phase peptide synthesis

Peptide couplings were carried out for 15 min in DMF using a 2.5-fold excess
(over resin loading) of protected amino acid, activated with TBTU (3.1 equivalents with
the appearance of primary amine substrate) or HATU (3.1 equivalents with the
appearance of secondary amine substrate), in the presence of a DIPEA (between 3.5
equivalents to 4.0 equivalents). Each coupling was repeated and completion monitored
using the Kaiser test for free amines. Unsuccessful couplings were further repeated until a
negative Kaiser test was obtained. Fmoc protecting group was removed using 20% (v/v)
piperidine in DMF for 30 minutes, two times. Upon each procedure, the resin-bond

materials were washed with copious DMF, CH,Cl, and MeOH three times.

General solid-phase peptide cleavage

The resin-bound peptide was washed thoroughly with DMF, CH,Cl,, and then
50% (v/v) MeOH in CH,Cl; three times. The peptide was removed from the solid support
by using 1% TFA in CH,Cl, for 2 hours at room temperature. The TFA was removed
under reduced pressure. The crude product was purified by reverse-phase HPLC, and

characterized via LCMS.
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General amine deprotection

Amines were deprotected using 20% TFA in methylene chloride (0.1M) with two
equivalents of anisole. The reactions were monitored by TLC, where the TLC sample
was first worked up in a mini-workup using DI water and methylene chloride to remove

TFA. Reactions were allowed to run for 1-2 hours and then concentrated in vacuo.

General acid deprotection

Acids were deprotected using lithium hydroxide (between 8.0 equivalents to 10.0
equivalents) for Sansalvamide A derivatives, sodium hydroxide (between 6.0 equivalents
to 8.0 equivalents) for HJ compounds in methanol (0.1 M). The peptide was placed in a
flask, along with lithium hydroxide and methanol and stirred overnight. Within 12 hours
the acid was usually deprotected. Work-up of reactions involved the acidification of
reaction solution using HCl,q) to pH = 1. The aqueous solution was extracted three times
with methylene chloride, and the combined organic layer was dried, filtered and

concentrated in vacuo.

In-situ double deprotection of linear pentapeptide

Pentapeptides were acid and amine deprotected using concentrated HCI (8 drops

per 0.3mmols of linear pentapeptide) in THF (0.05M). Anisole (2 equiv) was added to

the reaction and the reaction was stirred at room temperature. The reaction typically took



145

4 days, but TLC and LCMS were used to monitor the reaction every 12 hours. LCMS
data typically indicated the reaction was ~50% complete after the first day. Addition of
four drops of concentrated HCI per 0.3 mmol of pentapeptide, stirring at room
temperature overnight and checking the reaction via LCMS usually showed ~75%
completion. On the fourth day verification of the presence of the free amine and free acid
and disappearance of the starting linear protected pentapeptide permitted workup. The

reaction was concentrated in vacuo to yield double deprotected linear peptide.

Stepwise double deprotection of linear pentapeptide

Protected linear pentapeptides were first acid deprotected by adding 10
equivalents of lithium dydroxide to 1.0 equivalent of protected linear pentapeptide in
methanol (0.1M). These reactions were allowed to run for 3-4 hours and monitored via
TLC. Once the TLC indicated the acid had been deprotected, the reactions were worked
up with 10% HClg). The aqueous layer was washed three to four times with fresh
methylene chloride. The organic layers were then combined, dried over sodium sulfate,
filtered, and concentrated via rotary evaporator to yield acid deprotected linear
pentapeptide. The Boc protecting group of the acid deprotected linear pentapeptide was
then removed with 20% TFA in methylene chloride (0.1M) and anisole (2.0 equivalents)

to produce the double deprotected linear pentapeptides.
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Macrocyclization procedure A (Sansalvamide A derivatives)

The crude, dry, double deprotected peptides (free acid and free amine) were
combined in a flask with three coupling agents: TBTU and HATU (0.7 equivalents each),
DEPBT (0.2 equivalents) along with DIPEA (0.6 eugivalents) in anhydrous methylene
chloride: acetonitrile (1:1 ratio, 0.007M). After 1 hour, TLC and LCMS (where the
LCMS sample was worked up prior to injection) indicated that a product spot was
developing. The comparison Rf value in the product spot on TLC was the protected linear
pentapeptide. The reactions were always complete after 2 hours, and monitoring the
starting material deprotected pentapeptide via LCMS was the easiest method of
determining completion. Upon completion, the reaction was worked up by washing with
saturated ammonium chloride. ~After back extraction of aqueous layers with large
quantities of methylene chloride, the organic layers were combined, dried, filtered and
concentrated. All macrocycles were purified by flash column chromatography with an
ethyl acetate/hexane gradient on silica gel. Finally, when necessary reverse phase HPLC
was used for additional purification using a gradient of acetonitrile and DI water with

0.1% TFA.

Macrocyclization procedure B (HJ solution-phase)

All hexa- and octa-peptides were deprotected using 20% TFA in dichloromethane

(0.1M) and the presence of the free amine was verified using LCMS. The reaction was

then neutralized with sodium hydroxide. Upon neutralization, NaOH was added ( 4
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equivalents) to bring the pH up to 11. The acid deprotection was verified via LCMS.
Upon acid deprotection the reaction was concentrated in vacuo and the crude, dry, double
deprotected peptide (free acid and free amine) was dissolved in a minimum of dry
acetonitrile. Three coupling agents were initially used: DEPBT (0.8 equivalents), HATU
(1.0 equivalent), and TBTU (0.6 equivalents). These coupling agents were dissolved in a
calculated volume of dry 50% acetonitrile and 50% methylene chloride that would give a
0.01 M solution when including the volume used for the deprotected peptide. The
coupling agents were then added to the deprotected peptide solution. Five to six
equivalents of DIPEA were then added to the reaction to ensure the pH was kept at or
greater than 8. If the solution was not clear, DMF or methylene chloride was added but
not more than 20% of the volume used for the overall reaction. Note: in some cases
methylene chloride addition improved the solution clarity more than DMF, this depended
on the number of methyl groups on the compound (i.e., the hydrophobicity). With at least
one methyl group it was found that methylene chloride was a better solvent than DMF for
clarity; with no methyl groups, DMF was the better solvent. After 24 h, TLC and LCMS
(where the LCMS sample was worked up prior to injection) were taken, if no clear
distinct product spot was visible, then typically PyAOP was added (0.5 equiv), and
sometimes, depending on reaction clarity, 0.5 equiv of HATU were also added. The
comparison for Rf value in the product spot on TLC was the protected linear hexa- or
octapeptide. The reaction was allowed to run another 24 h, and checked again by TLC
and LCMS. If the reaction still failed to show a clear product spot, then 0.25 equiv of
DEPBT were added and the reaction continued for 2448 h. At this point we found the

reaction always demonstrated a product spot, although it was sometimes difficult to
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determine if it was complete (monitoring the starting material deprotected hexa- or
octapeptide via LCMS was the easiest method). Upon completion, the reaction was
worked up by washing with ammonium chloride. After back extraction of aqueous layers
with methylene chloride, organic layers were combined, dried over sodium sulfate,
filtered, and concentrated. All macrocycles were purified using reverse phase HPLC, and

a gradient of acetonitrile and DI water with 0.1% TFA.

Macrocyclization procedure C (HJ solid-phase)

The crude, dry, double deprotected peptides (free acid and free amine) were
combined in a flask with three coupling agents: TBTU and HATU (0.8 equivalents each),
DEPBT (1.0 equivalent) along with DIPEA (3.0 euqivalents) in anhydrous acetonitrile
(0.01M). The reactions were normally complete after 4 hours, and monitoring the starting
material deprotected linear peptide via LCMS was the easiest method of determining
completion. Upon completion, the reaction was worked up by washing with saturated
ammonium chloride. After back extraction of aqueous layers with large quantities of
methylene chloride, the organic layers were combined, dried, filtered and concentrated.
All macrocycles were purified by flash column chromatography with an ethyl
acetate/hexane gradient on silica gel. Finally, when necessary reverse phase HPLC was
used for additional purification using a gradient of acetonitrile and DI water with 0.1%

TFA.
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Cbz Deprotection procedure

The benzyl-protected compounds were dissolved in ethanol (0.1M), and the Pd-C
(10%) was added to the reaction, and then H, gas was bubbled into the reaction at room
temperature for 8 hours. The reactions were monitored by TLC every 2 hours. Upon
completion, reaction was filtered through celite to remove the Pd-C. The semi-pure crude
materials were then purified by reverse phase HPLC. The desired products were

characterized by LCMS.

6.3. Biological Assays

Thymidine incorporation assay

Cytotoxicity of Sansalvamide A molecules in pancreatic cancers BxPc-3 and
PL45 was measured using a thymidine incorporation assay. A 75mm? tissue culture plate
of either BxPc-3 or PL45 was grown for 72hr to a sub confluent monolayer. Cells were
washed with 1x PBS and detached with 0.25% Trypsin-EDTA. Cells were re-suspended
in fresh medium, counted, and seeded at 2500cells/well onto a 96 well plate. The plate
was incubated for 6 hours at 37°C to allow full cell attachment. Drug was added at
appropriate concentration with DMSO as vehicle to create a final 1% DMSO
concentration. DMSO without drug was also added to wells at a 1% final concentration to
serve as 100% growth determination. After 56 additional hours of incubation at 37°C
1uCi of tritium labeled thymidine was added to each well. After 16 more hours of

incubation at 37°C the cells were harvested and captured on glass fiber filter paper using
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a Brandel 290 PHD multiwell cell harvester. The glass fiber filter paper was then
transferred to 6.5ml scintillation vials to which 2ml of ScinitVerse™ was added. Each
scintillation vial’s tritium content was then quantified using a Beckman LS 5000 TD.
Quantification was recorded as counts per minute (CPM). CPM counts were then
converted to percent growth inhibition values by dividing the CPM values for the wells to
which drug was added, by the average of all the CPM values for the wells to which 1%
DMSO was added and then subtracting that value from one. Each drug was plated in 3
separate 4 well experiments and compared to 3 separate 4 well experiments of 1% DMSO.

Error is recorded as + SEM which falls within 5% of the growth inhibition value.
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6.4. Synthesis of Sansalvamide A derivatives

Compounds 12, 14

Dipeptidela-2m

Dipeptide 1a-2m was synthesized following the General Peptide Synthesis
procedure, utilizing 430 mg (2.03 mmol, 1.2 equiv) of amine 1a, 500 mg (1.65 mmol, 1.0
equiv) of acid 2m, 0.86 mL (3 equiv) of DIPEA, and 790 mg (2.47 mmol, 1.5 equiv) of
TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (740 mg, 98% yield): Rr 0.6 (EtOAc/Hex 1:1); 'H
NMR (200 MHz, CDCls) 6 1.4 (s, 9H), 3.0-3.2 (m, 2H), 3.4-3.8 (m, 2H), 3.6 (s, 3H), 4.2
(br, 1H), 4.4 (dd, J= 14Hz, 11Hz, 8Hz, 2H), 4.8 (q, J= 10Hz, aH), 5.3 (br, 1H), 6.9 (br,

1H), 7.0-7.4 (m, 10H).

Dipeptide 1a-2m-NH,

Dipeptide 1a-2m-NH, was synthesized following the General Amine
Deprotection procedure. This dipeptide was taken on to the next reaction without further

purification or characterization (578 mg, assume quantitative yield).

Tripeptide 1a-2m-3a

Tripeptide 1a-2m-3a was synthesized following the General Peptide Synthesis

procedure, utilizing 1000 mg (2.8 mmol, 1.3 equiv) of amine 1a-2m, 460 mg (2.1 mmol, 1.0
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equiv) of acid 3a, 1.47 mL (4 equiv) of DIPEA, 670 mg (2.1 mmol, 1.0 equiv) of TBTU,
and 399 mg (1.05 mmol, 0.5 equiv) of HATU. The crude reaction was purified by column
chromatography (silica gel, EtOAc/Hex) to yield the tripeptide (870 mg, 75% yield): R, 0.5

(EtOAc/Hex 1:1); 'H NMR (200 MHz, CDCl;) 60.8-1.0 (dd, J= 11Hz, 7Hz, 6H), 1.4 (s,
9H), 2.0-2.2 (m, 1H), 3.0-3.2 (m, 2H), 3.4-4.0 (m, 2H), 3.6 (s, 3H), 3.8-4.0 (m, aH), 4.5 (dd,
J= 12Hz, 8Hz, 2H), 4.6 (m, aH), 4.8 (q, J= 8Hz, aH), 5.0 (br, 1H), 6.7 (br, 1H), 6.9 (br,

1H), 7.0-7.4 (m, 10H).

Tripeptide 1a-2m-3a-NH,

Tripeptide 1a-2m-3a-NH, was synthesized following the General Amine
Deprotection procedure. This dipeptide was taken on to the next reaction without further

purification or characterization (713 mg, assume quantitative yield).

Dipeptide 4¢-Se

Dipeptide 4c-S5e was synthesized following the General Peptide Synthesis
procedure, utilizing 920 mg (5.5 mmol, 1.2 equiv) of amine 4¢, 1000 mg (4.6 mmol, 1.0
equiv) of acid Se, 2.4 mL (3 equiv) of DIPEA, and 2210 mg (6.9 mmol, 1.5 equiv) of
TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (1440 mg, 94% yield): R,0.5 (EtOAc/Hex 35:65); 'H
NMR (200 MHz, CDCls) 6 0.9-1.0 (dd, J= 12Hz, 7Hz, 12H), 1.4 (s, 9H), 2.0-2.2 (m, 2H),
3.7 (s, 3H), 3.8-4.0 (dd, J= 11Hz, 7Hz, aH), 4.5 (dd, J= 10Hz, 7Hz, aH), 5.0 (br, 1H),

6.4 (br, 1H)
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Dipeptide HO-4c¢-5e

Dipeptide HO-4c-5e was synthesized following the General Acid Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (1340 mg, 93% yield).

Pentapeptide 1a-2m-3a-4¢-Se

Pentapeptide 1a-2m-3a-4c-Se was synthesized following the General Peptide
Synthesis procedure, utilizing 400 mg (0.87 mmol, 1.1 equiv) of amine 1a-2m-3a, 250
mg (0.79 mmol, 1.0 equiv) of acid 4c-5e, 0.69 mL (5 equiv) of DIPEA, 152 mg (0.47
mmol, 0.6 equiv) of TBTU, and 300 mg (0.79 mmol, 1.0 equiv) of HATU. The crude
reaction was purified by column chromatography (silica gel, EtOAc/Hex) to yield the
pentapeptide (310 mg, 52% yield): R0.4 (EtOAc/Hex 1:1); '"H NMR (500 MHz, DMSO-
des) 6 0.8 (dd, /= 10Hz, 6Hz, 18H), 1.4 (s, 9H), 1.8-2.0 (m, 2H), 2.8-3.0 (m, 2H), 3.4 (d,
J=5Hz, 2H), 3.6 (s, 3H), 3.8 (t, J= 6Hz, aH), 4.2 (dd, J= 12Hz, 6Hz, aH), 4.3 (m, aH),
4.4 (s, 2H), 4.5 (m, aH), 4.6 (m, aH), 6.8 (d, J= 6Hz, 1H), 7.1-7.3 (m, 10H), 7.6 (d, J=

6Hz, 1H), 7.8 (d, J= 6Hz, 1H), 8.0 (d, J= 6Hz, 1H), 8.4 (d, J=6Hz, 1H).
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Pentapeptide HO-1a-2m-3a-4¢-5e-NH,

Pentapeptide HO-1a-2m-3a-4¢c-Se-NH, was synthesized following the In-situ
double deprotection of linear pentapeptide procedure. The crude product was confirmed

by LCMS and was taken on to the macrocyclization without further purification. LCMS:

m/z calcd for C34H49N507 (M+1) =64137, found 641.2

Macrocycle 1a-2m-3a-4c-5e (Compound 14)

Macrocycle 1a-2m-3a-4c-5e was synthesized following the Macrocyclization
procedure A, utilizing 500 mg (0.78 mmol, 1.0 equiv) of linear pentapeptide, 0.82 mL
(6.0 equiv) of DIPEA, 175 mg (0.55 mmol, 0.7 equiv) of TBTU, 207 mg (0.55 mmol, 0.7
equiv) of HATU, and 47 mg (0.16 mmol, 0.2 equiv) of DEPBT. The crude reaction was
purified by reverse phase HPLC to yield the macrocycle (53 mg, 11% yield): Rr 0.5

(EtOAc/Hex 3:1); LCMS m/z calcd for C34H47NsO¢ (M + 1) 622.77, found 621.9.

Deprotected macrocycle 1a-2m-3a-4c-5e (Compound 12)

Deprotected Macrocycle 1a-2m-3a-4c-5e was synthesized following the Cbz
Deprotection procedure. Utilizing 75mg (0.012 mmols, 1.0 equivalents) of protected
macrocycle, 10% Palladium-Carbon (cat. Amount). The crude reaction was purified by
reverse phase-HPLC to yield the deprotected macrocycle. (0.3mg, 3.7 % yield.) LCMS:

m/z calcd for C27H41N506 (M+1) = 532.5, found 533.0
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Compound 18

Dipeptide 1a-2a

Dipeptide 1a-2a was synthesized following the General Peptide Synthesis
procedure, utilizing 475.8 mg (2.206 mmol, 1.1 equiv) of amine 1a, 500 mg (500 mmol,
1.0 equiv) of acid 2a, 1400 uL (4 equiv) of DIPEA, and 708.3 mg (2.206 mmol, 1.1
equiv) of TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (716.5 mg, 91% yield): Ry 0.7 (EtOAc/Hex 1:1); 'H
NMR (200 MHz, CDCls) 6 0.9-1.0 (dd, J= 10Hz, 5Hz, 6H), 1.5 (s, 9H), 1.5-1.7 (m, 3H),
3.0-3.2 (m, 2H), 3.7 (s, 3H), 4.0- 4.2 (m, aH), 4.5-4.7 (br, aH), 4.8-4.9 (br, 1H), 6.4-6.5

(br, 1H) 7.1-7.4 (m, SH).

Dipeptide 1a-2a-NH,

Dipeptide 1a-2a-NH, was synthesized following the General Amine Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (534 mg, 100% yield).

Tripeptide 1a-2a-3b

Tripeptide 1a-2a-3b was synthesized following the General Peptide Synthesis
procedure, utilizing 631 mg (2.199 mmol, 1.1 equiv) of amine 1a-2a-NH,, 427 mg (1.899

mmol, 1.0 equiv) of acid 3b, 1400 uL (4 equiv) of DIPEA, and 756 mg (2.399 mmol, 1.2

equiv) of TBTU. The crude reaction was purified by column chromatography (silica gel,
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EtOAc/Hex) to yield the tripeptide (800 mg, 86% yield): R, 0.5 (EtOAc/Hex 1:1); 'H NMR
(200 MHz, CDCl;) 6 0.9-1.0 (m, 12H), 1.57 (s, 9H), 1.6- 1.7 (m, 3H), 2.1-2.3 (m, 1H), 3.1-
3.4 (m, 2H), 3.8 (s, 3H), 3.9-4.0 (m, aH), 4.5 (m, aH), 4.8-5.0 (q, J= 6Hz, aH), 5.0 (br, 1H),

6.6 (br, 1H), 6.8 (br, 1H), 7.2-7.4 (m, 5H).

Tripeptide 1a-2a-3b-NH,

Tripeptide 1a-2a-3b-NH, was synthesized following the General Amine
Deprotection procedure. This dipeptide was taken on to the next reaction without further

purification or characterization (744 mg, assume quantitative yield).

Dipeptide 4a-5a

Dipeptide 4a-5a was synthesized following the General Peptide Synthesis procedure,
utilizing 401 mg (2.2 mmol, 1.1 equiv) of amine 4a, 500 mg (2.0 mmol, 1.0 equiv) of acid,
1.4 mL (8 equiv) of DIPEA, and 708 mg (2.2 mmol, 1.0 equiv) of TBTU. The crude
reaction was purified by column chromatography (silica gel, EtOAc/Hex) to yield the
dipeptide (679 mg, 95% yield): R; 0.5 (EtOAc/Hex 1:1); "H NMR (200 MHz, CDCl,) &

0.9-1.0 (m, 12H), 1.4 (s, 9H), 1.6-1.8 (m, 6H), 3.7 (s, 3H), 4.0- 4.1 (br, aH), 4.5-4.7 (m,

aH), 4.8-4.9 (br, 1H), 6.4 (br, 1H).

HO-4a-5a

Dipeptide HO-4a-5a was synthesized following the General Acid Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (631 mg, 98% yield).
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Pentapeptide 1a-2a-3b-4a-5a

Pentapeptide 1a-2a-3b-4a-5a was synthesized following the General peptide
Synthesis procedure. Utilizing 500 mg (1.09 mmols, 1.1 equivalents) of amine 1a-2a-3b,
310mg (1.0 mmols, 1.0 equivalents) of acid 4a-5a, 0.86 mL (5.0 equivalents) of DIPEA,
190 mg (0.58 mmol, 0.6 equivalents) of TBTU, and 370 mg (1.0 mmol, 1.0 equivalents)
HATU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the pentapeptide (670mg, 45% yield). Rs: 0.5 (EtOAc: Hex 1:1). 'H
NMR (500 MHz, DMSO-ds): 6 0.8-1.0 (m, 24H), 1.4 (s, 9H), 1.5-1.8 (m, 6H), 2.1-2.3 (br,
1H), 3.0-3.2 (m, 2H), 3.7 (s, 3H), 4.2 (br, 2aH), 4.4-4.5 (br, 2aH), 4.8 (q, J= 8Hz, aH),

5.0 (br, 1H), 6.7 (br, 1H), 7.1 (br, 2H), 7.1-7.3 (m, SH).

Pentapeptide HO-1a-2a-3b-4a-5a-NH,

Pentapeptide HO-1a-2a-3b-4a-5a-NH; was synthesized following the Stepwise
double deprotection of linear pentapeptide procedure. The crude product was confirmed

by LCMS and was taken on to the macrocyclization without further purification. LCMS:

m/z caled for C3,Hs3Ns5O6 (M+1) =604.40, found 604.3.

Macrocycle 1a-2a-3b-4a-5a (Compound 18)

Macrocycle 1a-2a-3b-4a-5a was synthesized following the Macrocyclization

procedure A, utilizing 120 mg (0.20 mmol, 1.0 equiv) of linear pentapeptide, 0.21 mL
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(6.0 equiv) of DIPEA, 45 mg (0.14 mmol, 0.7 equiv) of TBTU, 53 mg (0.14 mmol, 0.7
equiv) of HATU, and 12 mg (0.04 mmol, 0.2 equiv) of DEPBT. The crude reaction was
purified by reverse phase HPLC to yield the macrocycle (29 mg, 16% yield): Rs 0.5

(EtOAc/Hex 3:1); LCMS m/z calcd for C3,Hs1NsOg (M + 1) 586.38, found 586.5.

Compound 20

Dipeptide 1a-2a

Dipeptide 1a-2a was synthesized following the General Peptide Synthesis
procedure, utilizing 475.8 mg (2.206 mmol, 1.1 equiv) of amine 1a, 500 mg (500 mmol,
1.0 equiv) of acid 2a, 1400 puL (4 equiv) of DIPEA, and 708.3 mg (2.206 mmol, 1.1
equiv) of TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (716.5 mg, 91% yield): R, 0.7 (EtOAc/Hex 1:1); 'H
NMR (200 MHz, CDCls) 6 0.9-1.0 (dd, J= 11Hz, 7Hz, 6H), 1.5 (s, 9H), 1.5-1.7 (m, 3H),
3.0 3.2 (m, 2H), 3.7 (s, 3H), 4.0- 4.2 (m, aH), 4.5-4.7 (br, aH), 4.8-4.9 (br, 1H), 6.4-6.5

(br, 1H) 7.1-7.4 (m, SH).

Dipeptide 1a-2a-NH,

Dipeptide 1a-2a-NH; was synthesized following the General Amine Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (534 mg, 100% yield).
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Tripeptide 1a-2a-3d

Tripeptide 1a-2a-3d was synthesized following the General Peptide Synthesis
procedure, utilizing 631 mg (2.161 mmol, 1.1 equiv) of amine 1a-2a, 454 mg (1.962
mmol, 1.0 equiv) of acid 3d, 1400 pL (4 equiv) of DIPEA, 378 mg (1.176 mmol, 0.6
equiv) of TBTU, and 448 mg (1.176 mmol 0.6 equiv) of HATU. The crude reaction was
purified by column chromatography (silica gel, EtOAc/Hex) to yield the tripeptide (822
mg, 83% yield): R;0.5 (EtOAc/Hex 2:3); "H NMR (200 MHz, CDCl3) § 0.8-1.0 (m, 12H),
1.4 (s, 9H), 1.5-1.8 (m, 2H), 2.2- 2.4 (m, 1H), 2.7-2.9 (s, 3H), 3.1-3.2 (d, J= 13Hz, 2H),
3.7 (s, 3H), 4.0 (m, aH), 4.3 (m, aH), 4.8 (m, aH), 6.2 (br, 1H), 6.4-6.6 (br, 1H), 7.0-7.4

(m, 5H).

Tripeptide 1a-2a-3d-NH,

Tripeptide 1a-2a-3d-NH, was synthesized following the General Amine
Deprotection procedure. This dipeptide was taken on to the next reaction without further

purification or characterization (649 mg, quantitative yield).

Tetrapeptide 1a-2a-3d-4a

Tripeptide 1a-2a-3d-4a was synthesized following the General peptide Synthesis
procedure. Utilizing 590 mg (2.1 mmols, 1.3 equivalents) of amine la-2a-3d, 480mg
(1.62 mmols, 1.0 equivalents) of acid 4a, 1.13 mL (4 equivalents) of DIPEA, 480 mg (1.5

mmols, 0.8 equivalents) of TBTU, and 300mg (0.81mmols, 0.8 equivalents) of HATU,
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The crude reaction was purified by column chromatography (silica gel, EtOAc/Hex) to
yield the tripeptide (730mg, 81% yield). Rs: 0.6 (EtOAc: Hex 1:1) "H NMR (200 MHz,
CDCls): & 0.8-1.0 (m, 18H), 1.3-1.8 (m, 13H), 2.2-2.4 (m, 1H), 2.9 (s, 3H), 3.1-3.2 (m,
2H), 3.6 (s, 3H), 4.3-4.4 (m, 2a0H), 4.5-4.6 (q, J= 7Hz, aH), 4.7-4.8 (q, J= 7THz, aH), 5.2-

5.4 (d, J= 11Hz, 1H), 6.4-6.5 (d, J= 12Hz, 1H), 6.6-6.7 (d, J=12Hz, 1H), 7.1-7.3 (m, SH).

Tetrapeptide 1a-2a-3d-4a-NH,

Tripeptide 1a-2a-3d-4a-NH, was synthesized following the General amine
deprotection. This dipeptide was taken on to the next reaction without further purification

or characterization. (598mg, Assume quantitative yield).

Pentapeptide 1a-2a-3d-4a-5a

Pentapeptide 1a-2a-3d-4a-5a was synthesized following the General peptide
synthesis procedure. Utilizing 500 mg (1.09 mmols, 1.1 equivalents) of amine l1a-2a-3d-
4a, 310mg (1.0 mmol, 1.0 equivalents) of acid 5a, 0.86 mL (5 equivalents) of DIPEA,
190 mg (0.58 mmol, 0.6 equivalents) of TBTU, and 370 mg (1.0 mmol, 1.0 equivalents)
HATU. The crude reaction was purified by flash column chromatography (silica gel,
EtOAc/Hex) to yield the pentapeptide (893mg, 60% yield). Rs 0.5 (EtOAc: Hex 1:1). 'H
NMR (500 MHz, CDCls): 8 0.8-1.0 (m, 24H), 1.1-1.9 (m, 18H), 2.3-2.4 (br, 1H), 3.0-3.2
(m, 2H), 3.7 (s, 3H), 4.1-4.2 (br, aH), 4.3-4.4 (br, aH), 4.4-4.5 (br, aH), 4.7-4.8 (br, aH),
4.9-5.0 (br, aH), 6.4-6.5 (br, 1H), 7.1-7.3 (m, 5H), 7.4 (t, J= 8Hz, 1H), 7.6 (t, J= 8Hz,

1H), 7.8 (t, J=THz, 1H), 8.1 (t, J= 7Hz, 1H).
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Pentapeptide HO-1a-2a-3d-4a-5a-NH,

Pentapeptide HO-1a-2a-3d-4a-5a-NH, was synthesized following the In-situ
double deprotection of linear pentapeptide procedure. The crude product was

confirmed by LCMS and was taken on to the macrocyclization without further

purification. LCMS: m/z calcd for C33HssNsOg (M+1) =618.42, found 618.6.

Macrocycle 1a-2a-3d-4a-5a (Compound 20)

Macrocycle 1a-2a-3d-4a-5a was synthesized following the Macrocyclization
procedure A, utilizing 120 mg (0.20 mmol, 1.0 equiv) of linear pentapeptide, 0.21 mL
(6.0 equiv) of DIPEA, 45 mg (0.14 mmol, 0.7 equiv) of TBTU, 53 mg (0.14 mmol, 0.7
equiv) of HATU, and 12 mg (0.04 mmol, 0.2 equiv) of DEPBT. The crude reaction was
purified by reverse phase HPLC to yield the macrocycle (3 mg, 4% yield): R, 0.6

(EtOAc/Hex 3:1); LCMS m/z calcd for C33Hs3NsOs (M + 1) 600.3, found 600.7.

Compounds 25, 30

Dipeptide 1a-2g

Dipeptide 1a-2g was synthesized following the General Peptide Synthesis
procedure, utilizing 1100 mg (5.06 mmol, 1.1 equiv) of amine 1a, 1000 mg (4.6 mmol,
1.0 equiv) of acid 2g, 3.2 mL (4 equiv) of DIPEA, and 1630 mg (5.06 mmol, 1.1 equiv)

of TBTU. The crude reaction was purified by column chromatography (silica gel,
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EtOAc/Hex) to yield the dipeptide (1700 mg, 98% yield): R, 0.5 (EtOAc/Hex 35:65); 'H
NMR (200 MHz, CDCls3) 6 1.0 (dd, J= 12Hz, 7Hz, 6H), 1.5 (s, 9H), 2.2 (m, 1H), 3.2 (dd,
J=10Hz, 6Hz, 2H), 3.8 (s, 3H), 3.8 (dd, J= 14Hz, 8Hz, aH), 5.0 (q, /= 9Hz, aH), 5.1 (br,

1H), 6.4 (br, 1H), 7.2-7.4 (m, SH).

Dipeptide 1a-2g-NH,

Dipeptide 1a-2g-NH, was synthesized following the General Amine Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (566 mg, assume quantitative yield).

Tripeptide 1a-2g-3L

Tripeptide 1a-2g-3L. was synthesized following the General Peptide Synthesis
procedure, utilizing 590 mg (2.1 mmol, 1.3 equiv) of amine 1a-2g, 480 mg (1.62 mmol,
1.0 equiv) of acid 3L, 1.13 mL (4 equiv) of DIPEA, 480 mg (1.5 mmol, 0.8 equiv) of
TBTU, and 300 mg (0.81 mmol, 0.8 equiv) of HATU. The crude reaction was purified by
column chromatography (silica gel, EtOAc/Hex) to yield the tripeptide (730 mg, 81%
yield): R;0.6 (EtOAc/Hex 1:1); '"H NMR (200 MHz, CDCl;) § 0.7-0.9 (dd, J= 15Hz, 9Hz,
6H), 1.4 (s, 9H), 2.0-2.2 (m, 1H), 2.9-2.2 (m, 2H), 3.5-3.9 (m, 2H), 3.6 (s, 3H), 4.2-4.3 (4,
J=9Hz, aH), 4.4-4.6 (dd, J= 12Hz, 6Hz, aH), 4.7-4.8 (q, J= 9Hz, aH), 5.4 (br, 1H), 6.4

(br, 1H), 6.8 (br, 1H), 7.0-7.4 (m, SH).
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Tripeptide 1a-2g-3L-NH,

Tripeptide 1a-2g-3L-NH, was synthesized following the General Amine
Deprotection procedure. This dipeptide was taken on to the next reaction without further

purification or characterization (598 mg, assume quantitative yield).

Dipeptide 4¢-Se

Dipeptide 4c¢-Se was synthesized following the General Peptide Synthesis
procedure, utilizing 920 mg (5.5 mmol, 1.2 equiv) of amine 4¢, 1000 mg (4.6 mmol, 1.0
equiv) of acid Se, 2.4 mL (3 equiv) of DIPEA, and 2210 mg (6.9 mmol, 1.5 equiv) of
TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (1440 mg, 94% yield): R, 0.5 (EtOAc/Hex 35:65); 'H
NMR (200 MHz, CDCls) 6 0.8-1.0 (dd, J= 12Hz, 7Hz, 6H), 1.2 (s, 9H), 2.1-2.3 (m, 2H),
3.7 (s, 3H), 3.8-4.0 (dd, J= 11Hz, 8Hz, aH), 4.5-4.6 (dd, J= 10Hz, 6Hz, aH), 5 (br, H),

6.4 (br, H).

Acid deprotected dipeptide HO-4c-5e

Dipeptide HO-4¢-5e was synthesized following the General Acid Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (1296 mg, 93% yield).
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Pentapeptide 1a-2g-3L.-4¢-5e

Pentapeptide 1a-2g-3L-4c-5e was synthesized following the General Peptide
Synthesis procedure, utilizing 500 mg (1.09 mmol, 1.1 equiv) of amine 1a-2g-3L, 310
mg (1.0 mmol, 1.0 equiv) of acid 4¢-5e, 0.86 mL (5 equiv) of DIPEA, 190 mg (0.58
mmol, 0.6 equiv) of TBTU, and 370 mg (1.0 mmol, 1.0 equiv) of HATU. The crude
reaction was purified by column chromatography (silica gel, EtOAc/Hex) to yield the
pentapeptide (670 mg, 45% yield): R;0.5 (EtOAc/Hex 1:1); 'H NMR (500 MHz, DMSO-
d6) 6 0.7-0.8 (m, 18H), 1.4 (s, 9H), 1.8-2.0 (br, 3H), 2.9-3.0 (m, 2H), 3.5 (s, 3H), 3.8 (br,
aH), 4.2 (br, aH), 4.3 (br, aH), 4.4 (br, aH), 4.4 (br, 2H), 4.7 (br, aH), 6.8 (br, 1H), 7.1-

7.4 (m, 10H), 7.6 (br, 1H), 7.9 (br, 1H), 8.2 (br, 1H), 8.4 (br, 1H)

Pentapeptide HO-1a-2g-3L-4¢c-5e-NH;

Pentapeptide HO-1a-2g-3L-4¢c-S5e-NH, was synthesized following the In-situ
double deprotection of linear pentapeptide procedure. The crude product was

confirmed by LCMS and was taken on to the macrocyclization without further

purification. LCMS: m/z calcd for C34H49NsO7 (M+1) = 640.78, found 640.8.

Macrocycle 1a-2g-3L-4c-5e (Compound 30)

Macrocycle 1a-2g-3L-4¢c-5¢ was synthesized following the Macrocyclization

procedure, utilizing 130 mg (0.2 mmol, 1.0 equiv) of linear pentapeptide precursor, 0.2
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mL (6 equiv) of DIPEA, 80 mg (0.25 mmol, 1.2 equiv) of TBTU, 100 mg (0.26 mmol, 1.3
equiv) of HATU, and 80 mg (0.26 mmol, 1.3 equiv) of DEPBT. The crude reaction was
purified by reverse phase HPLC to yield the macrocycle (10 mg, 8% yield): R, 0.4

(EtOAc/Hex 1:1); LCMS m/z calcd for C34H47NsO4 (M + 1) 622.77, found 622.3

Deprotected macrocycle 1a-2g-3L-4c-5¢ (Compound 25)

Deprotected Macrocycle 1a-2g-3L-4¢-5e (Compound 25) was synthesized
following the “Cbz Deprotection procedure”. Utilizing 5Smg (0.009 mmols, 1.0
equivalents) of protected macrocycle, 10% Pladium-Carbon (cat. Amount). The crude

reaction was purified by reverse phase-HPLC to yield the deprotected macrocycle.

(0.3mg, 3.7 % yield.) LCMS: m/z calcd for Cy7H41NsOg (M+1) = 532.64, found 532.5

Compound 52

Dipeptide 1a-2a

Dipeptide 1a-2a. Dipeptide 1a-2a was synthesized following the General Peptide
Synthesis procedure, utilizing 1904 mg (8.827 mmol, 1.1 equiv) of amine 1a, 2000 mg
(8.022 mmol, 1.0 equiv) of acid 2a, 5,622 uL (4 equiv) of DIPEA, and 3090 mg (9.627
mmol, 1.2 equiv) of TBTU. The crude reaction was purified by column chromatography
(silica gel, EtOAc/Hex) to yield the dipeptide (3115 mg, 99% yield): R, 0.5 (EtOAc/Hex

7:13) "H NMR (200 MHz, CDCls) 8 0.9-1.0 (dd, J= 12Hz, 9Hz, 6H), 1.5 (s, 9H), 1.5-1.7
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(m, 3H), 3.0-3.2 (m, 2H), 3.7 (s, 3H), 4.0-4.2 (m, oH), 4.8-4.9 (m, oH), 4.7-4.9 (br, 1H),

6.4-6.5 (br, 1H) 7.1-7.4 (m, SH).

Dipeptide 1a-2a-NH,

Dipeptide 1a-2a-NH, was synthesized following the General Amine Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or

characterization (2321 mg, quantitative yield).

Tripeptide 1a-2a-3a

Tripeptide 1a-2a-3a was synthesized following the General Peptide Synthesis
procedure, utilizing 360 mg (1.231 mmol, 1.1 equiv) of amine 1a-2a, 243 mg (1.121
mmol, 1.0 equiv) of acid 3a, 800 puL (4 equiv) of DIPEA, and 431 mg (1.339 mmol, 1.2
equiv) of TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the tripeptide (500 mg, 91% yield): R, 0.5 (EtOAc/Hex 1:1); 'H
NMR (200 MHz, CDCl3) 6 0.9-1.0 (m, 12H), 1.57 (s, 9H), 1.6-1.7 (m, 3H), 2.1-2.3 (m,
1H), 3.1-3.4 (m, 2H), 3.8 (s, 3H), 4.0-4.2 (m, aH), 4.5-4.6 (m, aH), 4.8-5.0 (q, J= 9Hz,

aH), 5.8 (br, 1H), 7.2-7.4 (m, SH).

Tripeptide 1a-2a-3a-NH,

Tripeptide 1a-2a-3a-NH, was synthesized following the General Amine

Deprotection procedure. This dipeptide was taken on to the next reaction without further
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purification or characterization (399 mg, quantitative yield).

Dipeptide 4b-5b

Dipeptide 4b-Sb was synthesized following the General Peptide Synthesis
procedure, utilizing 400 mg (2.2 mmol, 1.1 equiv) of amine 4b, 500 mg (2.0 mmol, 1.0
equiv) of acid Sb, 1.4 mL (4 equiv) of DIPEA, and 770.6 mg (2.4 mmol, 1.1 equiv) of
TBTU. The crude reaction was purified by column chromatography (silica gel,
EtOAc/Hex) to yield the dipeptide (680 mg, 98% yield); Ry 0.5 (EtOAc/Hex 1:1); 'H
NMR (200 MHz, CDCls) 6 0.8-1.0 (m, 12H), 1.4 (s, 9H), 1.5-1.8 (m, 6H), 3.7 (s, 3H), 4.0

(m, aH), 4.6 (m, aH), 4.8 (br, 1H), 6.4 (br, 1H)

Acid deprotected dipeptide HO-4b-5b

Dipeptide HO-4b-5b was synthesized following the General Acid Deprotection
procedure. This dipeptide was taken on to the next reaction without further purification or
characterization (575 mg, 89.8% yield): '"H NMR (200 MHz, CDCl3) & 0.7-0.9 (dd, 12H),
1.2-1.6 (m, 2H), 1.4 (s, 9H), 2.0-2.2 (m, 2H), 3.2-3.3 (m, 2H), 3.6 (s, 3H), 3.8 (dd, RH),
4.2 (m, aH), 4.8 (quint, aH), 4.9 (br, 1H), 6.3 (br, 1H), 6.6 (br, 1H), 7.0-7.6 (m, SH), 8.2

(br, 1H).

Pentapeptide 1a-2a-3a-4b-5b

Pentapeptide 1a-2a-3a-4b-Sb was synthesized following the General peptide

Synthesis procedure. Utilizing 500 mg (1.09 mmols, 1.1 equivalents) of amine 1a-2a-3a,
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310mg (1.0 mmols, 1.0 equivalents) of acid 4b-5b, 0.86 mL (5 equivalents) of DIPEA,
190 mg (0.58 mmols, 0.6 equivalents) of TBTU, and 370 mg (1.0 mmols, 1.0
equivalents) HATU. The crude reaction was purified by column chromatography (silica
gel, EtOAc/Hex) to yield the pentapeptide (1146 mg, 77% yield). R: 0.5 (EtOAc: Hex
1:1). '"H NMR (400 MHz, CDCl;): § 0.7-1.0 (m, 24H), 1.4 (s, 9H), 1.4-1.7 (br, 9H), 1.9-
2.1 (br, 1H), 3.0-3.1 (m, 2H), 3.6 (s, 3H), 4.2-4.3 (br, aH), 4.4-4.5 (br, aH), 4.6-4.8 (br,

3aH), 7.0-7.2 (br, SH), 7.4-7.8 (br, SH).

Pentapeptide HO-1a-2a-3a-4b-5b-NH;

Pentapeptide HO-1a-2a-3a-4b-5b-NH, was synthesized following the Stepwise
double deprotection of linear pentapeptide procedure. The crude product was confirmed

by LCMS and was taken on to the macrocyclization without further purification. LCMS:

m/z caled for C3,Hs3Ns506 (M+1) =604.40, found 604.3.

Macrocycle 1a-2a-3a-4b-5b

Macrocycle 1a-2a-3a-4b-5b was synthesized following the Macrocyclization
procedure A, utilizing 431 mg (0.71 mmol, 1.0 equiv) of linear pentapeptide HO-1a-2a-
3a-4b-5b-NH,, 0.49 mL (6.0 equiv) of DIPEA, 157 mg (0.14 mmol, 0.7 equiv) of TBTU,
189 mg (0.14 mmol, 0.7 equiv) of HATU, and 41 mg (0.04 mmol, 0.2 equiv) of DEPBT.
The crude reaction was purified by reverse phase HPLC to yield the macrocycle (33 mg,
8% yield): Rr 0.4 (EtOAc/Hex 3:1); LCMS m/z caled for C3,Hs1NsOs (M + 1) 586.8,

found 586.4.
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6.5. Synthesis of Holliday Junction Trapping Compound

Compound 4b-5a-6¢

Tripeptide 4b-5a-6¢c was synthesized following General peptide synthesis
procedure. Utilizing 1009 mg (2.88 mmol, 1.1 equivalents) of amine 4b-5a, 1008 mg
(2.62 mmol, 1.0 equivalents) of acid 6¢, 1.36 mL (3.0 equivalents) of DIPEA, 1200 mg
(3.15 mmols, 1.2 equivalents) of TBTU. The crude reaction was purified by flash column
chromatography (silica gel, EtOAc/ Hex) to give pure tripeptide 4b-5a-6¢ (1712 mg, 85%
yield). R;0.4 (EtOAc/Hex 2:1); '"H NMR (300 MHz, CDCl3) 6 1.3-1.8 (m, 15H), 3.0-3.3
(m, 6H), 3.6 (s, 3H), 4.3 (d, J= 9Hz1H), 4.6 (br, 2H), 4.8 (m, aH), 5.0 (t, /= 6Hz, 2aH),

5.2-5.4 (m, 3H), 6.4 (d, J= 7THz, 1H), 6.7 (s, 1H), 7.0-7.5 (m, 13H).

Acid deprotected tripeptide HO-4b-5a-6¢

Tripeptide HO-4b-5a-6¢ was synthesized following the General Acid
Deprotection procedure. This tripeptide was taken on to the next reaction without further
purification or characterization (800 mg, 98% yield). LCMS m/z calcd for C4oHasCIN5Og

(M + 1) 760.30, found 760.20.
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Amine deprotected tripeptide 4b-5a-6¢-NH,

Tripeptide 4b-5a-6¢c-NH, was synthesized following the General amine
deprotection procedure to give the desired product (522 mg, assumed quantitative yield).

LCMS: m/z calcd for C36H40C1N506 (M+1) = 674.27, found 674.5.

Hexapeptide 4b-5a-6¢-4b-5a-6¢

Hexapeptide 4b-5a-6¢-4b-5a-6¢c was synthesized following General peptide
synthesis procedure. Utilizing 701 mg (1.04 mmol, 1.1 equivalents) of amine 4b-5a-6c,
718 mg (0.94 mmol, 1.0 equivalents) of acid 4b-5a-6¢, 0.98 mL (6.0 equivalents) of
DIPEA, 270 mg (0.86 mmol, 0.8 equivalents) of TBTU, and 410 mg (1.08 mmols, 1.0
equivalents) of HATU. The crude reaction was purified by flash column chromatography
(silica gel, EtOAc/ Hex) to give pure hexapeptide 4b-5a-6¢c-4b-5a-6¢ (890 mg, 60%
yield). R;0.4 (EtOAc/Hex 4:1). LCMS: m/z calcd for C76HgsCLbN O3 (M+1) = 1415.56,

found 1415.3.

2-CI-Z protected 4b-5a-6¢-4b-5a-6¢ macrocycle

2-CI-Z protected 4b-5a-6c-4b-5a-6¢ macrocycle was synthesized following
Macrocyclization procedure B. Utilizing 1.78 mL (6.0 equivalents) of DIPEA, 443 mg
(1.37 mmol, 0.6 equivalents) of TBTU, 870 mg (2.29 mmol, 1.0 equivalents) of HATU

and 547 mg (1.83 mmol, 0.8 equivalents) of DEPBT. The crude reaction was purified by
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flash column chromatography (silica gel, EtOAc/ Hex) to give pure 2-Cl-Z protected 4b-
5a-6¢-4b-5a-6¢ macrocycle (115mg, 15% yield). Ry 0.4 (EtOAc/Hex 4:1). LCMS: m/z

calcd for C70H72C12N10010 (M+1) = 128348, found 1283.9.

Hexapeptide HO-8¢-9d-10c-8c-9d-10c-NH;

Hexapeptide HO-8c-9d-10c-8¢-9d-10¢c-NH, was synthesized by the following
manner: Resin-bond amine deprotected linear hexapeptide was first synthesized
following Solid-Phase peptide Synthesis procedure. Then, the amine deprotected linear
hexapeptide 8c-9d-10c-8¢c-9d-10c was cleaved from the resin by peptide cleavage
procedure to furnish double deprotected linear hexapeptide HO-8c-9d-10c-8c-9d-10c-

NHQ. LCMS: m/z caled for C74H96N10015 (M‘H) = 1366.61, found 1366.3.

HJ compund 10

HJ compd 10 was synthesized by the following manner: linear hexapeptide HO-
8c-9d-10c-8¢-9d-10c-NH; was subjected to Macrocyclization procedure C to form Boc
protected 8c-9d-10c-8c-9d-10c macrocycle. This Boc protected macrocycle was purified
by flash column chromatography (silica gel, EtOAc/ Hex) with 15% yield. This pure Boc
protected macrocycle was subjected to General amine deprotection procedure for 5 hours
yielding desired product HJ compound 10. The crude HJ compound 10 was purified by

reverse phase HPLC. LCMS (Boc protected 8c-9d-10c-8c-9d-10c macrocycle): m/z calcd
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for C74HgaN10O14 (M+1) = 13476.70, found 1347.7; LCMS (HJ compd 10): m/z calcd for

C54H62N1006 (M+1) = 94813, found 948.1.

6.6. Synthesis of Triostin A analogue: Azatandem

Compound 29

Tetrahydrosulfide (1.0 eq) was added to the bromoacetonitrile (1.0 eq) at room
temperature and stirred for 8 hours to afford crude compound (29). The crude material
was washed with cold dried acetone three times (10 mL per wash) to gave pure
compound 29 with 95% yield. "H NMR (200 MHz, DMSO-dq): & 2.2-2.4 (sextet, J=

11Hz, 4H), 3.4-3.8 (m, 4H), 4.6-4.7 (br, 2H).

Compound 30

Compound 29 (1.1 eq) was coupled to the Boc-Val-OH (1.0 eq) by using TBTU
(1.1 eq) and DIPEA (4.0 eq) in dichloromethane (0.1M) at room temperature for 30 min.
The reaction was monitored via TLC every 10 minutes. Upon completion, the crude
material was diluted with excess of dichloromethane and washed with saturated
ammonium chloride. After back extraction of aqueous layers with dichloromethane,
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in
vacuo. The crude reaction was purified by flash column chromatography (silica gel,

EtOAc/ Hex) to give pure compound (30), as light yellow liquid with 90% yield. R¢: 0.4
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(EtOAc: Hex 1:1) 'H NMR (200 MHz, CDCls): § 0.8-1.0 (dd, J= 12Hz, 8Hz, 6H), 1.4(s,
9H), 1.8-2.0 (m, 2H), 2.0-2.2 (m, 1H), 2.8-3.0 (m, 2H), 3.4 (t, J= 9Hz, 2H), 4.1-4.3 (m,

3H), 5.0 (br, 1H).

Compound 31

Pentahydrosulfide (1.0 eq) was added to the bromoacetonitrile (1.0 eq) at room
temperature and stirred for 8 hours to afford crude compound 31. The crude mateial was
washed with cold dried acetone three times (10 mL per wash) to gave pure compound 31
with 95% yield. "H NMR (200 MHz, DMSO-dg): & 1.4-1.6 (br, 2H), 1.8-2.0 (2H), 2.0-2.2

(br, 2H), 3.3-3.5 (br, 2H), 3.6-3.8 (br, 2H), 5.0 (s, 2H).

Compound 32

Compound 31 (1.1 eq) was coupled to the Boc-Val-OH (1.0 eq) by using TBTU
(1.1 eq) and DIPEA (4.0 eq) in dichloromethane (0.1M) at room temperature for 30 min.
The reaction was monitored via TLC every 10 minutes. Upon completion, the crude
material was diluted with excess of dichloromethane and washed with saturated
ammonium chloride. After back extraction of aqueous layers with dichloromethane,
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in
vacuo. The crude material was purified by recrystalization in cold EtOAc to give the

desired product, compound 32, as white crystal with 95% yield. R¢: 0.5 (Acetone: EtOAc
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1:9) "H NMR (200 MHz, CDCl5): 8 0.8-1.0 (dd, 6H), 1.4(9H), 1.7-1.9 (m, 3H), 1.9-2.1

(m, 1H), 2.2-2.3 (br, 3H), 3.0-3.1 (br, 2H), 3.3-3.6 (g, 2H), 4.4 (br, aH), 5.2 (br, 1H).

Compound 33

Compuond 32 (1.0 eq) was subjected to oxone (2.2 eq) in a mixture of benzyl
alcohol, dichloromethane, and acetone (3:7:10 ratio) at a 0.2M reaction concentration at
room temperature for 4 hours. The reaction was monitored by TLC every 30 minutes
until the reaction was complete. Upon completion, the crude material was filtered and
and concentrated in vacuo. The crude reaction was purified by flash column
chromatography (silica gel, EtOAc/ Hex) to give pure compound 33 as light yellow liquid
with 55% yield. Rg: 0.4 (EtOAc: Hex 2:8). '"H NMR (500 MHz, CDCls): 8 0.8 (d, J= 8Hz,
3H), 0.9 (d, J= 8Hz, 3H), 1.4 (s, 9H), 2.2-2.3 (br, 1H), 4.9 (br, aH), 5.1 (br, 1H), 5.2-5.3

(q, J= THz, , 2H), 7.3-7.4 (m, SH).

Compound 21

Compound 21 (299mg) was synthesized following the General amine deprotection
procedure. This compound was taken on to the next reaction without further purification
(210 mg, Assume quantitative yield)."H NMR (200 MHz, CDCls): & 1.9 (d, J= 7Hz, 3H),
1.1(d, J= 7Hz, 3H), 2.4 (br, 1H), 4.8 (br, aH), 5.3 (s, 2H), 7.2-7.4 (br, 5H), 8.2-8.6 (br,

2H).
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6.7. Supporting Spectra

'"H NMR for Sansalvamide A derivatives
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"H NMR for Holliday Junction Project
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'"H NMR for Azatandem
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