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ABSTRACT

Phage display is a widely-used tool for the directed evolution of peptide ligands
from large combinatorial peptide libraries. A limitation of this technique arises from the
lack of chemical diversity of the phage-displayed peptides. Being that they are
genetically encoded, phage-displayed peptides are limited to the functional groups found
in the twenty canonical amino acids. However, using orthogonal aminoacyl-tRNA
synthetase/tRNA pairs, researchers have been able to greatly expand the genetic code to
incorporate numerous non-canonical amino acids (ncAAs) bearing diverse chemical
functionalities. In this thesis we utilize the technique of genetic code expansion to
incorporate ncAAs into phage-displayed peptide libraries, thereby, greatly expanding
their utility.

We begin by investigating the substrate spectrum of a rationally designed
pyrrolysyl-tRNA synthetase (PylRS) mutant used for genetic code expansion. We
demonstrate that, in addition to meta-, and para-substituted phenylalanine derivatives,
this mutant can also facilitate the genetic incorporation of ortho-substituted
phenylalanine in response to TAG codons in E. coli and in mammalian cells. We also
report on the ability of one of the phenylalanine derivatives to serve as a fluorescent
probe of protein local environment.

Next, we turn our attention to using PyIRS to incorporate ncAAS in response to
TAG codons in phage display libraries. To do this, we developed a method for

constructing phage libraries in which every clone contains an in-frame TAG codon. Such



“TAG-obligate” libraries overcome obstacles associated with libraries that contain both
TAG and non-TAG clones. Using our TAG-obligate library, in conjunction with PyIRS
mutants, we demonstrate the genetic incorporation of lysine and phenylalanine
derivatives into phage-displayed peptides. One lysine derivative, Ne-butyryl-lysine, is a
naturally occurring lysine posttranslational modification. We use the library containing
this ncAA to select for peptide ligands of the lysine deacylase sirtuin 2. We demonstrate
that peptides identified from this selection, when synthesized with a structural analog of
Ne-butyryl-lysine, Ng-thiobutyryl-lysine, are potent inhibitors of sirtuin 2-catalyzed
lysine deacylation.

In a final study, we report on the design and synthesis of a regiospecific,
kinetically controlled, bis-electrophile for cyclizing phage-displayed peptides. We use
this new compound to cyclize peptides on a phage-displayed library and screen the
library against two model proteins. Future directions for this ongoing work are also

discussed.



To my parents and grandparents

Without their continued love and support this work would not have been possible.



ACKNOWLEDGEMENTS

First, 1 would like to thank my advisor Professor Wenshe Liu for his guidance
and tremendous support throughout the course of my graduate research. | would also like
to thank my committee members, Professors Christian Hilty, Frank Raushel, and Tadhg
Begley for their challenging questions, insightful comments, and helpful discussions.

There are many members of the Liu Group, past and present, to whom | owe a
debt of gratitude. A special thanks to Yane-Shih Wang for being a fantastic mentor and
friend. I would also like to thank my friends and colleagues Yan-Jiun Lee, Alfred Tuley,
Bo Wu, Yadagiri Kurra, Catrina Reed, Xiaoshan Wang, and Wesley Wang for their
support and kindness during my time in the Liu Group. I should give a special thanks to
Willie Hsu, Vangmayee Sharma, Zhipeng “Zeepam” Wang, and Erol Vatansever for
creating a fun and exciting work environment.

My sincere thanks to all of the Chemistry Department staff, especially Sandy
Horton, Amy Liu, Dr. Joanna Pellois, and Ron Carter. Their hard work has allowed me
to focus my attention on research and for that | am grateful. Thanks also to the Organic
Chemistry Teaching Laboratory staff, including Carrie Nichols, Janet Robinson, and Dr.
Robert Hildreth. Thanks to Drs. Yohannes Rezenom and Bo Wang of the Department of
Chemistry Mass Spectrometry Facility for all of their help in collecting data that were
essential to my research.

I would like to extend a special thanks to all of the great teachers | have had

throughout my academic studies. In particular I would like to thank my high school

\Y



chemistry teacher Mrs. Melanie Huber. I would also like to extend my gratitude to the
faculty in the Department of Chemistry and Phsyics at Indiana State University.

I would like to thank my friend Dan Rodriguez for encouraging me to pursue my
PhD studies at TAMU and for showing me that true friendship cannot be weakened with
distance. A special thanks to Andreas Ehnbom who has made the past three years
immeasurably more enjoyable.

Finally, I would like to thank my family. I am extremely fortunate to have a large
and loving family. So many of you have expressed your encouragement that I could not
possibly list everyone here. Your support has made this challenging journey a little
easier. A special thanks to my Aunt Kathy, Aunt Niki, Aunt Dar, and Great Grandma
Sheese. Thanks to my Uncle Curt, Aunt Augusta, Collin, Logan, and Mason. Huge
thanks to my sister, Kaylee, and brother, Kyle. Thanks to my grandma and grandpa for
their “love and prayers”. Finally, thanks to my mother and father for their support, love,

and encouragement throughout this time. | could not have done this without you.

Vi



CONTRIBUTORS AND FUNDING SOURCES

Faculty Committee Recognition:

This work was conducted under the advisement of Professor Wenshe Liu of the
Department of Chemistry and supervised by a thesis committee consisting of Professors
Christian Hilty and Tadhg Begely of the Department of Chemistry and Professor Frank
Raushel who holds joint appointment in the Department of Chemistry and the

Department of Biochemistry and Biophysics.

Student/Collaborator Contributions:

For the work described in Chapter 3, Yane-Shih Wang contributed to experiments
involving the expression of sfGFP-S2X mutants, Yan-Jiun Lee constructed the plasmid
pBAD-MPP8-sfGFP and mutants thereof, Yanyan Yang constructed the plasmid
pEGFP-N1-EGFR and advised in cell culturing and image collection. For the work
described in Chapter 4, Catrina Reed constructed the heptapeptide phagemid library and
performed the superinfection-selection for TAG enrichment. Xiaoshan Wang
synthesized the compound Boc-(Ac)Lys-AMC which was used as a substrate for the
discontinuous sirtuin assay described in Chapter 5. Compounds 28, 29, 35, 41, 47, 53,
and 61 were synthesized by Yadagiri Kurra. All ESI and MALDI-TOF mass spectra
were collected in collaboration with the Department of Chemistry Mass Spectrometry
Facility. All other work conducted for this thesis was completed by the student

independently.

vii



Funding Sources

Graduate study was partially supported by a fellowship from Texas A&M University, by
the National Institutes of Health (Grants RO1CA161158 and RO1GM121584), and by the
Welch Foundation (Grant A-1715). Funding agencies had no role in the study design,

data collection and interpretation, or the decision to submit the work for publication.

viii



TABLE OF CONTENTS

Page

F N =S I ¥ O SRS ii
ACKNOWLEDGEMENTS ..ottt ettt enaenees v
CONTRIBUTORS AND FUNDING SOURCES.......cccccoiiiiiiiieiecesieierie e vii
TABLE OF CONTENTS ..ottt sttt st re e nneas iX
LIST OF FIGURES. ......coooieiie ettt sttt xiii
LIST OF TABLES ..ottt XVii
CHAPTER I INTRODUCTION ....cuiiiiiieie ittt 1
1.1 Peptide DISPIAY .....cccooiiiiieieieieese e 1

I = - Tox (=T g o] o g o[- OSSR 2
1.3 Filamentous BaCteriopPNages .........ccvriririeiiiieiic e 3
1.3.1 The Structure of Ff Bacteriophages ..........cccccevveviiiieieeie e 5

1.3.2 Adsorption, Infection, and Replication ............cccccvvvevivirvnieieenesie s 8

1.4 Phage DisSPlay.......ccoeciiiiiiieii ettt 11
1.4.1 Principles of Phage DiSplay ..........ccccoviriiiniiniieieic e, 11

1.4.2 Display on Filamentous Phages ..........ccccevveiiiieiieie e, 14

1.5 Concluding REMAIKS .......cooiiiiiiiiiiiiiiieeee e 18

CHAPTER Il EXPANDING THE SCOPE OF FILAMENTOUS PHAGE DISPLAY ..19

2.1 Expanding the Chemical Diversity of Phage-Displayed Peptides ..................... 19
2.1.1 Enzymatic Posttranslational Modification .............c.cccccvviviiieiienenn, 20
2.1.2 Native Chemical Ligation .........ccccooeriiiiiiiiiiieicese e 22
2.1.3 Chemical Posttranslational Modification ............cccccooceviiiiniiniiniicninnn, 23
2.1.4 Phage Display with an Expanded Genetic Code...........ccccevvrervrnnnne. 25
2.2 Phage Display of Cyclic PEPtides .........cccoveeviiiieiieiicecc e, 31
2.2.1 Genetically Encoded Cyclic Peptides..........ccccooevininiieninininicennn 31
2.2.2 Chemically Cyclized Peptides.........ccoueiiieiieiiiieiie e 33
2.3 ConClUdiNg REMAIKS .......ocuiiiiiiiiieiicieiee e 37



CHAPTER 111 GENETIC INCORPORATION OF SEVEN

ORTHO-SUBSTITUTED PHENYLALANINE DERIVATIVES .......ccoooiiiiiiiiicienn, 39
3L INTrOAUCTION ..ottt bbbt 39
3.2 EXperimental DetallS ..........cccoiiiiiiiiiieee e 42

3.2.1 Miscellaneous INfOrmation..........cccovereiiiiininieienese s 42
3.2.2 PrIMEI LISt...iiiieiiiie et 42
3.2.3 Plasmid CONSIIUCTION ......ccuvvviiieiiieiiesie s 43
3.2.4 Protein Expression and Purification ............ccccooeieiiiencieninencies 44
3.2.5 Mammalian Cell Cultures and Transfection ............c.ccocevvrivnivnverinnn. 46
3.2.6 Fluorescence MeasUremMeNtS .........cccereevereerieereesieseeeeseeseeeneesseeneenns 46
3.3 ReSUIS and DiSCUSSION........ccuiiviiiieiieiieieie ettt 47
3.3.1 PyIRS(N346A/C348A) Recognizes Ortho-Substituted
Phenylalanine as a SUDSEIate ...........ccocoeveeieiiie i 47
3.3.2 The use of PyIRS(N346A/C348A) in Mammalian Cells..................... 54
3.3.3 Ortho-Cyano-Phenylalanine Is an Environmentally Sensitive
FIUOrESCENT PrODE .....ooveeeiecie e 54
I o] 4 [od 1] o] SRR P PP PRPRPRN 61

CHAPTER IV CONSTRUCTION AND CHARACTERIZATION OF

A TAG-OBLIGATE PHAGE DISPLAY LIBRARY ....cociiiiiiiieieiese e, 62
g 01 (0T L1 T 4 o] o USSP 62
4.2 Experimental DetailS..........ccccovieiieiiiieiice e 65

4.2.1 Miscellaneous INfOrmation............ccccovvereiieneene e 65
4.2.2 PHIMEE LISt..cuiiiiiiiicicieee e 66
4.2.3 Plasmid CONSIIUCTION ......ccuviieiieieeie e e 66
4.2.4 Protein Expression and Purification.............ccccccciveiiiie e, 67
4.2.5 Biotinylation of TEV Protease ..........ccoceviririiieienene s 69
4.2.6 Phage Quantification ............ccccvveiiiiieii e 69
4.2.7 Superinfection-Selection to Generate the TAG-Obligate Phagemid
LIDFAIY oo 70
4.2.8 Expression and Purification of Phages Containing nCAAS................. 71
4.2.9 Affinity Selection against TEV Protease..........ccccoccevvveveivieceevesnennnn 73
4.2.10 Affinity Selection against Streptavidin ..........ccccocceveiiiineniininieen, 75
4.2.11 Chemical SYNENESIS ......eciviiiiiiie e 76
4.3 RESUILS aNd DISCUSSION ......eevviiiieiieriesiiesieeiestee e e e e e ee e e ste e ssaesreeneesreeeeans 79
4.3.1 Construction of a TAG-Obligate Phage Display Library.................... 79
4.3.2 Genetic Incorporation of ncAAs into Phage-Displayed Peptides........ 86
4.3.3 Affinity Selection of Peptides Containing NCAAS .......c.ccccvevveeiieeninnnn 92
OO0 o] U1 [ o USSP 95



CHAPTER V PHAGE SELECTION OF PEPTIDES CONTAINING

NON-CANONICAL AMINO ACIDS FOR THE INHIBITION OF SIRTUIN 2 .......... 96
5.1 INTrOAUCTION ..ottt ettt 96
5.2 EXperimental DetailS ..........cccooiiiiiiiiieiee e 99

5.2.1 Miscellaneous INformation..........cccovereiiiiininiieienese e 99
5.2.2 PrIMEI LISt...cciiiieiiee e 100
5.2.3 Plasmid CONSIIUCTION ......ccvvieieiiiiiiesie e 100
5.2.4 Protein Expression and Purification...........ccccccoevenineiinenininceee, 101
5.2.5 Biotinylation of Sirtuin 2.........cccccooviiiiiii i 106
5.2.6 BUKRS Library SCreening .......ccccoeeverinineninieieiene e 107
5.2.7 In-Cell Fluorescence Measurements ..........ccoceevvererieneniesenesesenenn, 107
5.2.8 Phagemid Library Construction and Transformation........................ 108
5.2.9 Phage Expression and Purification.............ccccooveveiiiieiic e, 108
5.2.10 Affinity Selection against SItUIN 2.........ccooveieieneneneeeeeeeee, 109
5.2.11 Solid-Phase Peptide Synthesis .........ccccccvveveiiiiiiie e 111
5.2.12 Sirtuin 2 Discontinuous Inhibition ASSAY ........cccoceveriiineniiniciee, 119
5.2.13 Sirtuin 1, 2, and 3 Inhibition ASSAY........ccccceeveeiverieiieieeie e 119
5.2.14 Chemical SYNNESIS ........ccioiiiiieieieies e 120
5.3 ReSUIS and DiSCUSSION.........cueiiiiieiieieieie sttt sttt 130
5.3.1 Genetic Incorporation of thBUK............c.cooviiiiiiiieee, 130
5.3.2 Affinity Selection against Sirtuin 2..........cccoceviveveiieve e 135
5.3.3 Synthetic Peptides Containing thBuK Inhibit Sirtuin 2 .................... 139
5.3.4 Selected Peptides Containing thBuK Exhibit Isoform Selectivity
Comparable 10 TB.......ooiiiieee e 142
ST 0] 4 [od 1] o] USSP 144

CHAPTER VI EFFORTS TOWARDS THE SELECTION OF
PHAGE-DISPLAYED CYCLIC PEPTIDES USING A REGIOSPECIFIC,

KINETICALLY CONTROLLED, BIS-ELECTROPHILE........cccocoiiiiiiiiiinieen 146
TR 11 {0 To [FTox (o] o ISR PPRP 146
6.2 EXperimental DetailS..........ccooiiiiiiiiiee e 149

6.2.1 Miscellaneous INfOrmation...........ccccoceviiiiieniinieie i, 149
6.2.2 PrIMEr LISt...ccviiieiiee et 149
6.2.3 Plasmid CONStIUCTION ........coveiieiiiiieiiesieeie e 149
6.2.4 Protein Expression and Purification............cccccoeveneninenencnncieen, 150
6.2.5 Biotinylation 0f HRaS...........cccoieiiiiiiic e 152
6.2.6 CAsC-sfGFP Cyclization with CAMCBT .......ccoevviiiieee e 153
6.2.7 Phage Expression and Purification............cccccccvviiie i, 154
6.2.8 Labelling Phages with FITC-CBT .......ccccoiiviiiiiiiee e, 154
6.2.9 Phage INFECHIVILY ASSAY.....ccceiiuieiiiiiie e 155



6.2.10 Peptide Library Cyclization with CAMCBT .......cccoceiiiiiiiiircee, 155
6.2.11 Affinity Selection against HRaS...........cccccoeviivv e 155
6.2.12 Affinity Selection against Plasma Kallikrein .............ccccoovvvivinennen, 156
6.2.13 Solid-Phase Peptide Synthesis .........ccccevveveiieiiiie i 156
6.2.14 Synthetic Peptide Cyclization .............ccocvvviiiiiiiiici e, 157
6.2.15 Chemical SYNtNESIS ........cciveiiiieiiee e 157
6.3 ReSUIS aNd DISCUSSION ......cuiiuiiiiieiieiiesiieie ettt sre e be e nneas 161
6.3.1 Cyclization of a Model Peptide with CAMCBT .........ccccocvvvevvenenne. 161
6.3.2 Cyclization of Phage-Displayed Peptides ..........cccoceveiiiiniiiciennnn, 162
6.3.3 Affinity Selection against HRas and Plasma Kallikrein ................... 165
6.3.4 Modification of Synthetic Peptides with CAmCBT and First
Attempts towards Measuring Binding Affinity ..........cccceeeivene. 167
6.3.5 FULUIE DIFECLIONS......c.eiiiieiieiieciie ittt 168
6.4 CONCIUSION....etiitiiiiiieie ettt bbb n e 169
CHAPTER VII CONCLUDING REMARKS .......oooiiiiiiiiieieee e 170
REFERENCES ... .ottt bbbttt 174
APPENDIX LIST OF ABBREVIATIONS ......coiiiiiiiiieeee e 209

Xii



FIGURE

11

1.2

1.3

1.4

1.5

1.6

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

3.3

3.4

LIST OF FIGURES

Page

Bacteriophage HFECYCIES .........ooiiiiei e 4
The structure of Ff bacteriophages ...........cocoviiiiiiiiieice e, 6
The mechanism of Ff bacteriophage iINfection ..., 9
Ff bacteriophage replication ... 11
Principles of phage diSplay ...........ccooeiiiiiiiiiiecee e 13
Display systems for filamentous phage display.........cccccooiiiininiiiiiceen, 16
Enzymatic modifications of phage-displayed peptides ...........cccccovvvvrvenennnn, 21
Chemical methods for introducing ncFGs into peptides displayed on Ff
DACLEIIOPNAYES ... ettt 23
Genetic incorporation of selenocysteine into peptides displayed on the N-
terminUS OF PHIT ... 26
The genetic incorporation of NCAAS via NoNsense SUPPression ............ce...... 28

Genetic incorporation of ncAAs into peptides displayed on the N-terminus

(0] 01 1 1 I SO RUPTP 30
Disulfide constrained phage-displayed peptide libraries............cccccoevverinennnnn. 32
Chemical cyclization of phage-displayed peptides...........ccccoevviveiiieieiinennn, 35
SDS-PAGE analysis of SFGFP and MPP8............cccccceviiiiiiieiecc e 45

The superimposed structures of OmeRS in complex with O-methyl-tyrosine
and PyIRS in complex with pyrrolysyl-adenosyl monophosphate.................. 48

Genetic incorporation of seven ortho-substituted phenylalanine
AEIIVALIVES ...t bbbttt e b nrees 49

The genetic incorporation of ortho-trifluoromethyl-phenylalanine and
ortho-fluoro-phenylalanine ... 51



FIGURE

3.5

3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Page

The genetic incorporation of ortho-substituted phenylalanine derivatives in
LB MEMIA ..ottt bbb 53

Expression of EGFP-N128-> X in HEK293T cells co-transfected with the
plasmid containing genes encoding PyIRS(N346A)/(C348A)

AN ERNAT L v 55
Fluorescence emission spectrum of 20 UM ortho-cyano-phenylalanine

dissolved in water, ethanol, and 6 M guanidine hydrochloride....................... 57
Ortho-cyano-phenylalanine fluorescence in sSfGFP variants...............c..c....... 58
Monitoring protein unfolding with ortho-cyano-phenylalanine..................... 59

Fluorescence intensity at 297 nm of wildtype sfGFP as a function of urea

(010 ] T=] 1 =1 o] o USSR 60
SDS-PAGE analysis of purified TEV Protease .........ccooveveevvervsieesveriesiennenns 67
The synthesis of 2-amin0-8-0X0decanoiC acid ...........ccccvevvvieervnienieenesieiennn 76
'H-NMR spectrum of 2-amino-8-0x0decanoic aCid.............co.coevvvreererrennnss 79

A general strategy for constructing TAG-obligate phage display libraries.... 82

The percentage of cells infected during rounds 1 and 2 of superinfection-
721 (=T £ 0] USSR PSORRR 84

The sequence of clones isolated after the 2" round of superinfection-
7=] (=T ) o USSR 85

The genetic incorporation of phenylalanine derivatives into

phage-displayed PePtides.......cceoveiieiice e 87
The genetic incorporation of Ng-butyryl-lysine and Ng-crotonyl-lysine into

phage-displayed PePLidES. .........ccuoiiiiiiiiie i 90
The genetic incorporation of 2-amino-8-oxodecanoic acid.............cccccvevennens 91

The amino acid sequence of peptides containing phenylalanine derivatives
isolated from selections against TEV protease and streptavidin .................... 93

Xiv



FIGURE

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Page
The mechanism of sirtuin-catalyzed lysine deacylation and inhibition by
tNIOAMITES ... 97
SDS-PAGE analysis of purified SIrtuin 2..........ccccceeveiveie i 103
SDS-PAGE analysis of purified sirtuin 1 and GST-sirtuin 3............c.cco..... 105
Characterization data for the peptide S2P07 .......ccccoevveiviieieeie e 114
Characterization data for the peptide S2P04 ...........cccovvvevviieieeie e 115
Characterization data for the peptide S2P04-5 .........c.cccevvviieveeieie e 116
Characterization data for the peptide Ac-S2P04-5.........cccovvvvveveiieieeee 117
Characterization data for the peptide S2P03 ...........cccoveviiieceeie e 118
The synthesis of N¢-thiobutyryl-lysine and
No-Fmoc-Ng-thiobutyryl-lySine.........ccoooiiiiiii 121
Characterization data for N,-Fmoc-Ng-thiobutyrlyl-lysine.............ccccoe... 125
The SYNthesiS OF TB ......ovii e 126
Characterization data for TB ..o 129
The genetic incorporation of Ne-thiobutyrlyl-lysine.............cccocviiin, 131
Phage expression with thBuK and BuK ............cccccoiiiiiniiicc 132
The crystal structure of PyIRS in complex with adenylated-BuK and
expression of SFGFP with BUKRS(N346A)..........ccccviiieieiie e, 134
The amino acid sequence of peptides containing BuK identified from
affinity selection against SIMUIN 2..........cooiiiiineiieee e 136
Inhibition curves for the inhibition of sirtuin 2 with TB and synthetic
peptides containing thBUK ............ccoooiiiiiiii e 140
Inhibition curves for the inhibition of sirtuin 1, sirtuin 2, and sirtuin 3
WIth TB and S2PO4........c.ooiiee et 143



FIGURE

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

The reaction of 6-hydroxy-2-cyanobenzothiazole with cysteine and the
reaction of CAmMCBT with phage-displayed peptides........c.cccceevvvvveivenenne.

SDS-PAGE analysis of purified HRaAS ...........cccccveiiiieiieece e,
The synthesis 0f CAMCBT .......cooiiieiiie e
The synthesis Of FITC-CBT ......ccccooiiiieiie e

ESI mass spectra of CAsC-sfGFP before and after treatment with
CAMCBT ot e et e e et e e e te e e e neeeeneee s

Labelling phages with FITC-CBT and the effect of CAMCBT
0N phage VIabIitY.........ccovoiieie e

The amino acid sequence of peptides identified from affinity selection
against plasma kallikrein and HRaS...........ccccooviieiiiiiiiencce e

MALDI-TOF mass spectra of the peptide HRP24 before and after
reaction With CAMCBT .....oooviiicece e

XVi



TABLE

3.1

5.1

5.2

LIST OF TABLES

Page
ESI-MS characterization of sfGFP variants incorporated with different
NCAVAS .ttt n e 50
ICso values measured for TB and synthetic peptides with sirtuin 2.............. 141
ICso values measured for TB and S2P04 with sirtuin 1, sirtuin 2,
AN SIFTUIN 3 ottt r e nr e e e e 143

Xvii



CHAPTER |

INTRODUCTION

1.1 Peptide Display
There is a growing need for the discovery of novel therapeutics for the treatment of
human diseases. Recent years have seen increased interest in the development of protein
and peptide-based therapeutics.'® Peptides offer several advantages over traditional
small molecule drugs. First, due to their larger size, peptides provide higher target
selectivity and binding affinity giving rise to lower toxicity and fewer off-target side
effects compared to small molecules.* ° Peptides also offer benefit in terms of their ease
of access. Modern methods of peptide synthesis allow for the large-scale production of
highly modified peptides that can be obtained at pharmaceutical grade purity.™ ® Finally,
novel peptide ligands for a particular target can be readily identified using in vitro
evolution techniques known as peptide display. Peptide display allows for the selection
of peptide ligands from enormous combinatorial peptide libraries that are far larger than
those that can be achieved with small molecules via high-throughput screening.” These
techniques have the potential to greatly accelerate the rate at which new therapeutic
peptide leads are discovered.

In contrast to synthetic peptide libraries, peptide display libraries are genetically
encoded, that is, the peptides are translated from large pools of randomized DNA. A
distinctive feature of peptide display is that the peptides remain physically linked to their

encoding DNA. This connection between genotype and phenotype (peptide sequence)
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provides two considerable advantages over synthetic libraries. First, it provides a means
for replication of the peptide library and, thereby, a mechanism for the directed evolution
of peptides with desired properties. Second, as peptides with desired properties are
evolved, their sequences can be readily determined through sequencing of the
corresponding DNA.

Various peptide display strategies have been reported.” The first, and most widely
used among these is phage display.® To facilitate discussion in subsequent chapters, this
chapter will provide a brief introduction to phage display with a particular emphasis on

the biology of filamentous bacteriophages and their use as scaffolds for peptide display.

1.2 Bacteriophages
Bacteriophages (also called phages) are viruses that infect bacteria and use the
biosynthetic machinery of their host for reproduction. In Nature, bacteriophages are
ubiquitous and are the most numerous types of organisms outnumbering bacteria by up
to ten to one.” X Although highly diverse, most bacteriophages consist of a DNA or
RNA genome encapsidated by a proteinaceous coat.! The viral coat contains structural
proteins that serve to protect the genome from the environment as well as functional
proteins that are directly involved in host recognition and infection.

The process of infection is initiated by adsorption of the phage to its host. This
involves highly specific interactions between phage coat proteins and receptors on the
host’s outer surface.'? Many bacterial cell surface structures are known to be exploited

by bacteriophages for this purpose. The presence or absence of a receptor determines the
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narrow range of hosts that a phage is able to infect.> ** Following adsorption, the phage
completes infection by injecting its genome into the cytoplasm of the bacterial cell.
Phages can be broadly classified based on their reproductive lifecycle after
infection. Three classes of bacteriophages are known including lytic (virulent), lysogenic
(temperate), and nonlytic phages.*? Following infection, lytic phages immediately begin
the process of genome replication and protein expression. These newly synthesized
molecules are assembled into progeny virions that are released upon phage-induced lysis
of the host (Figure 1.1A).** Lysogenic phages, however, enter a dormant phase where,
after infection, the phage genome is integrated into that of its host or is maintained as a
separate entity within the cytoplasm. This lysogenic phase is highly stable and can be
maintained for many generations. Certain environmental conditions trigger lysogenic
phages to enter into a lytic phase in which progeny virions are produced and released
following host lysis.®> Unlike Iytic and lysogenic phages, nonlytic phages do not lead to
death of the host cell. Rather, nonlytic phages result in a state of chronic infection during
which progeny virions are continually produced and released from the host (Figure
1.1B).° Bacteria infected with nonlytic phages continue to grow and divide albeit at a

slower rate than uninfected cells.

1.3 Filamentous Bacteriophages
Several types of bacteriophages have been used for phage display including the lytic

T4' 17 and T7"® phages and the lysogenic lambda phage'®. By far the most widely used
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phages for phage display, and the phages used in this work, are the nonlytic, F-pilus-
specific, filamentous phages of E. coli. termed the Ff phages (F-pilus, filamentous).
These include the closely related and highly similar f1, fd and M13 bacteriophages.® %
Ff phages are easily manipulated, tolerate a wide range of structural modifications, and
are stable at extremes of temperature and pH making them exceptional tools for peptide

display.*

1.3.1 The Structure of Ff Bacteriophages
As their name implies, filamentous phages are characterized as long flexible filaments of
about 900 nm long and 6 nm wide (Figure 1.2A).?> 2 The Ff viral particle consists of
only five different proteins which encapsidate a single-stranded DNA (ssDNA) genome
of 6.4 kb.** The genome has a noncoding intergenic region containing the f1 origin of
replication as well as a packing signal that marks the genome for packaging into progeny
virions during replication.?® There are nine genes that, due to the presence of alternate
start sequences, encode 11 proteins.? These proteins include the five capsid proteins,
three proteins needed for genome replication, and three proteins required for assembly of
the progeny phages.

The majority of the viral particle (87% by mass) consists of a short helical
protein called pV111, also known as the major coat protein (Figure 1.2C).2 pVIII coats the
genome in an overlapping pattern reminiscent of fish scales that are held together by

hydrophobic interactions between neighboring subunits.?® Positively charged lysine
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Figure 1.2. The structure of Ff bacteriophages. (A) Diagram of an Ff bacteriophage. (B) An fd
bacteriophage visualized via electron microscopy. The arrow points to the N1-N2 complex of plll which
can be seen as faint ‘knobs’. The white bar represents 100 nm. Reprinted from the Journal of Molecular
Biology, Vol 146, C.W. Gray, R.S. Brown, and D.A. Marvin, Adsorption Complex of Filamentous fd
Virus, 621-627, Copyright 1981, with permission from Elsevier. (C) The structure of the major coat
protein pVIII. N- and C-termini are labeled. (PDB: 2COW). (D) X-ray crystal structure of the N1-N2
Complex of plll. N1 and N2 are shown in gray and black, respectively. The N-terminus of N1 is labeled
whereas the end that is attached to the C-terminal domain in the full length protein is labelled C3. The
glycine rich linker connecting the two domains is not shown. (PDB: 1G3P) (E) Cartoon representation of
the three domains of plll. The black lines between the domains represent glycine rich linkers.

residues at the C-terminus of pVIII interact with the negatively charged viral DNA. In
wildtype phages there are, on average, 2,700 copies of pVIII; however, the number of
pVII monomers is highly flexible and large additions and deletions in the genome are
accommodated by increasing or decreasing the number of pVIII molecules in the

capsid.®



The two distal ends of the virus are capped by the four minor coat proteins that

are each present in about five copies.?” %

pVII and pIX together occupy one end of the
particle. These proteins, each about 30 residues, are the first to be extruded from the
bacterial cell during replication.”® The opposite end of the virus is occupied by pVI and
plll. These proteins are the last to be incorporated into the capsid as newly formed
particles leaves the host.* Little structural information is available for the minor coat
proteins and their exact arrangement within the viral particle is not known.

Along with its role in terminating phage assembly, plll is also solely responsible
for host recognition and adsorption. Slightly more is known about the structure of plll
than the other minor coat proteins. plll is the largest of the viral coat proteins at 424
residues (including an 18 residue leader sequence). It is composed of three domains that
are separated by glycine rich linkers (Figure 1.2E).** Deletion studies have revealed
distinct roles for each of these domains. The 121 residue C-terminal domain (C3) is
responsible for mediating the termination of viral assembly during replication as well as
anchoring plll into the viral capsid.*® ** The two N-terminal domains (N1 and N2, 67
and 131 residues, respectively) are responsible for host recognition and adsorption.3* *
The structure of the N-terminal domains has been solved by X-ray crystallography and
solution NMR.***® These structures have revealed that N1 and N2 share a highly similar
fold with each domain composed of two antiparallel B-sheets and a short a-helix (Figure

1.2D). Prior to adsorption, these two domains interact via a well-defined binding

surface.*® * The N1-N2 complex has been visualized via electron microscopy as ‘knobs’



situated slightly apart from the tip of the virus that remain tethered by the interdomain

glycine rich linker (Figure 1.2B).%°

1.3.2 Adsorption, Infection, and Replication
Ff phages make use of two receptors for adsorbing to their host. The primary receptor is
a long hair-like appendage of E. coli known as the conjugative F sex pilus. In the first
step of adsorption the N2 domain of plll binds to the tip of the F-pilus (Figure 1.3)."
The secondary receptor for adsorption is the TolA protein located in the TolQRA
complex which spans the inner and outer membrane of E. coli.*® ** The N1 domain of
plll binds specifically to the C-terminus of TolA. Prior to attachment to the F-pilus, the
TolA binding surface on N1 lies buried in the interface between the N1 and N2 domains.
Upon binding of N2 to the F-pilus, a conformational change in plll weakens the
interaction between N1 and N2 exposing the TolA binding surface on N1.*** The F-
pilus of E. coli has been shown to undergo spontaneous cycles of extension and
contraction.”® After N2 binds, contraction of the F-pilus brings the phage in close
proximity to the outer membrane allowing N1 to bind to TolA. Following adsorption, the
viral coat proteins integrate into the host membrane as the ssDNA enters the
cytoplasm.*” The exact molecular mechanism of infectious entry of the viral genome is
still poorly understood.

Once in the cytoplasm, the single stranded viral genome (the (+) strand) is

converted to the double stranded ‘replicative form’ by host RNA and DNA polymerases
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Figure 1.3. The mechanism of Ff bacteriophage infection. In the first step of infection the N2 domain of
plll binds to the tip of the F-pilus. F-pilus contraction brings the phage in proximity to the cell surface
where the N1 domain of plll binds to the C-terminus of TolA. After adsorption, the phage genome is
injected into the cytoplasm as the coat proteins integrate into the inner membrane.

(Figure 1.4). The former acts as a primase for the synthesis of the new complimentary (-)
strand by DNA polymerase.*® The newly synthesized (-) strand serves as a template for
gene transcription and for the synthesis of new (+) strands. Protein translation is entirely
dependent on host machinery whereas three phage proteins (pll, pX, and pV) are
involved in genome replication and regulating transcription. pll assists in replication of
the genome via a rolling circle mechanism, specifically, cleavage of the template and

ligation of the newly synthesized DNA.* The pX protein is identical to the C-terminal
9



one-third of pll and is likely involved in regulating DNA synthesis by inhibiting pl1.*°

pV acts as a chaperone for the (+) strand DNA before it is packaged into the new virions.
As the cell accumulates sufficient quantities of viral DNA and proteins, pV dimers begin
to bind to and sequester newly synthesized (+) strands. The single stranded (+) strand is
completely coated with pV with the exception of a hairpin sequence that serves as a
signal for packaging into progeny virions. Along with this, pV has also been shown to be
involved in regulating transcription of pVI and pl1.>" >

The remaining phage proteins are directly involved in assembly and secretion of
progeny virions. Assembly of progeny phages is facilitated by an ATP-dependent
assembly complex formed from three proteins: pl, pXI, and plV. The assembly complex
spans the inner and outer membrane of E. coli. pl and pXI are located in the inner
membrane whereas plV is located in the outer membrane within the complex. Together
these proteins form a channel through which newly assembled phages pass out of the
cell.®*** Following translation, all five coat proteins are localized to the E. coli inner
membrane.?® In a process that is not completely understood, progeny phages are
simultaneously assembled and secreted from the host. Extrusion of the phage is initiated
by binding of pIX and pVII to the packaging signal sequence on the phage genome. As
the phage exits the cell, pV which coats the ssDNA in the cytoplasm, is replaced by
pVIII. Finally, assembly and release of progeny phages is completed with the addition

pVI1 and plll to the viral capsid.
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Figure 1.4. Ff bacteriophage replication. Once in the cytoplasm, the single-stranded viral DNA ((+)
strand) is converted to double-stranded ‘replicative form’ by host RNA and DNA polymerase. The newly
synthesized (-) strand serves as a template for transcription and the synthesis of new (+) strands. As phage
proteins accumulate in the cell they are assembled and secreted by the assembly complex formed from
viral proteins pl, pXI, and plV.

1.4 Phage Display

1.4.1 Principles of Phage Display

Bacteriophages were first described in 1915 as “ultra-microscopic viruses” that, when
introduced to micrococci, result in destruction of the bacterial culture.>” Over the past
century much has been learned about the structure and function of bacteriophages. It was
quickly realized that these organisms could be exploited as useful tools for chemical

biology with applications ranging from drug delivery to nanowire assembly.** *® Phages
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can also be used as scaffolds for protein and peptide display. To display peptides on
bacteriophages, DNA encoding the peptide is spliced into a gene that codes for one of
the viral coat proteins. The gene product is then a fusion protein of the foreign peptide
and the viral coat protein. When this fusion protein is integrated into the viral coat, it
results in a phage particle that ‘displays’ the foreign polypeptide on its surface (Figure
1.5A).% This configuration creates a physical link between the displayed peptide and the
genetic information encoding it—both are contained within the viral particle. Using
standard techniques for DNA randomization, large libraries of phages can be constructed
in which each phage is displaying a unique polypeptide sequence on its surface. Such
phage-displayed peptide libraries can be used for the directed evolution of novel peptide
ligands for various protein and non-protein targets.

Directed evolution through phage display requires several iterative rounds of
selection followed by amplification (Figure 1.5B). Phage display libraries can contain
upwards of 10*° unique peptide sequences however, only a small fraction of these will
bind to a particular target protein.>® Peptides that bind to a desired target are selected
through an affinity selection often called biopanning. During biopanning, the peptide
library (in the form of purified virions) is incubated with the immobilized protein target.
Phages displaying peptide sequences that bind to the immobilized target are retained
whereas those displaying peptides that do not bind are removed in a series of washing
steps. Next, captured phages are eluted from the target. Elution is achieved through
competition with a known ligand, proteolysis, or through disruption of the protein-

peptide interaction by altering the binding conditions, e.g. lowering the pH.
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Figure 1.5 Principles of phage display. (A) To construct phage display libraries DNA corresponding to a
foreign peptide is spliced into the gene encoding one of the viral coat proteins. The corresponding peptide-
coat fusion protein is integrated into the phagemid particle and the peptide is displayed on the viral
surface. (B) An overview of affinity selection for identifying novel peptide ligands to a protein target. 3-4
cycles of selection and amplification are performed to identify the peptide ligands.
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Following selection, the eluted phages are used to infect E. coli wherein they will
reproduce. Progeny phages inherit their DNA from the parent phage and, therefore,
display the same peptide sequence on their surface. This amplification step produces a
second-generation library that is enriched with phages displaying peptides that bind to
the target. The second-generation library can be used for a further round of affinity
selection, often with more stringent binding and washing conditions. After 3-4 rounds of
selection and amplification the genomes of selected phages are isolated and sequenced to

determine the sequence of peptides that bind to the target.

1.4.2 Display on Filamentous Phages

Peptides have been successfully displayed on all five coat proteins of the Ff phages,
however, the most commonly used proteins for display are plll or pVIII. In plll display,
peptides are typically fused to the N-terminus of plll, though there are some reports of
display on the C-terminus of the protein.®® Since each virion contains five copies of pll|
in the capsid, five copies of the peptide will be displayed on the phage. Careful
consideration must be given to the size of the protein being displayed as large peptides
and proteins fused to plll can impair phage infectivity.®* In pVIII display, peptides are
also fused at the N-terminus. However, given that there are 2,700 copies of pVIII per
virion, even short peptide additions to pVII significantly increase the mass of the phage
and can have a negative impact on capsid stability.®* For this reason, display on pVIII is

limited to short peptides of up to eight amino acids.
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Various strategies have been used for expression of the peptide-coat fusion
protein. Phage display in which the peptide-coat fusion is expressed directly from the
phage genome, as the only source of the coat protein, is referred to as Type 3 display . In
Type 3 display, a homogenous phage virion is produce in which every copy of plll is
displaying the foreign peptide (Figure 1.6). As mentioned previously, homogenous
display of large peptides can negatively impact phage infectivity. To overcome this
problem, expression systems have been developed that allow for display on
heterogeneous phages containing a mixture of wildtype and fusion coat proteins. In one
such system, a wildtype copy of plll is inserted into the phage genome along with the
peptide-coat fusion protein. During phage assembly, the wildtype protein competes with
the fusion protein for incorporation into the phage capsid. This type of system is referred
to as Type 33 display and is amenable to the display of larger proteins that would
otherwise be detrimental to the phage infectivity and stability.

Another system that allows for heterogeneous phage production is Type 3+3
display (Figure 1.6). In this system, the peptide-coat fusion protein is not expressed from
the phage genome; rather, it is expressed from a type of plasmid called a phagemid.® The
phagemid contains the gene encoding the peptide-coat fusion protein as well as an f1
origin that allows for its synthesis as ssDNA and packaging into ‘phagemid particles’

(PhPs). Further, phagemids contain a gene encoding antibiotic resistance as well as a

“ Here we will focus on peptide display using pll1, although the same principles apply for display on
pVIII.
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Figure 1.6. Display systems for filamentous phage display. The products of various display systems are
shown. Long rectangles represent Ff bacteriophage virions. Internal ovals represent single-stranded DNA.
White circles represent wildtype plll whereas maroon circles represent peptide-plll fusion proteins. Type
3+3 and Type 3+0 are phagemid display systems that require helper phages which are labelled “H”.

bacterial origin of replication allowing for the added benefit of selection and
propagation as a plasmid.®® Since the phagemid encodes just one coat protein, cells
harboring only the phagemid do not have the necessary machinery to package PhPs. To
package the phagemid into PhPs the cell must first be infected with a special type of
phage called a helper phage. The helper phage has a complete phage genome with all of

the genes needed for replication and assembly of progeny virions. Proteins expressed
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from the helper phage synthesize ssDNA of the phagemid and package it into PhPs that
can be purified and used for affinity selection. Since the helper phage contains genes
encoding all five coat proteins, the PhP will contain a mixture of wildtype and peptide-
fusion coat proteins. Further, since the helper phage contains a packing sequence and f1
origin it will compete with the phagemid for packaging into progeny virions. For this
reason helper phages with defects in their packing sequence or origin of replication have
been constructed and these allow for the preferential packaging of the phagemid over the
helper phage.®

Phagemid display offers several advantages over conventional phage display.®?
For one, phagemids are smaller than phages. This allows for larger DNA fragments to be
inserted and greater transformation efficiency when introducing the cloned library into
the host cell. The latter is a significant advantage since transformation efficiency is often
the limiting factor for library size in phage display.* The selection marker, bacterial
replication origin, and presence of multiple restriction sites allow for facile cloning of
peptide display libraries on phagemids. Finally, the inducible promoter of phagemids
allows for the expression level of the peptide-coat fusion to be tightly regulated and
modulated.®? For these reasons it may also be desirable to use phagemids for
homogenous peptide display. In the fourth type of display, the peptide-coat fusion
protein is expressed from a phagemid in conjunction with a helper phage that has a
deletion of the plil gene (Figure 1.6).°> ® Dubbed Type 3+0 display, this system
produces phagemid particles in which every copy of the coat protein contains a peptide

fusion, similar to Type 3 display, but with the added benefits of using phagemids.
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1.5 Concluding Remarks

Since its discovery in 1985, phage display has emerged as a powerful tool for the
directed evolution of peptides with novel properties. The remarkable tolerance of Ff
bacteriophages to structural modifications, coupled with their resistance to harsh
chemical conditions, has made them the choice phage for peptide display. The focus of
this thesis is to expand the chemical repertoire of peptides displayed on Ff
bacteriophages—in particular N-terminal display on plll (Type 3+0) using the M13
bacteriophage. We will review some methods that have been used for this purpose in the

next chapter.
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CHAPTER II

EXPANDING THE SCOPE OF FILAMENTOUS PHAGE DISPLAY

2.1 Expanding the Chemical Diversity of Phage-Displayed Peptides

With few exceptions, Nature has limited the number of proteinogenic amino acids to 20.
Although these include relatively diverse chemical functional groups, they are not
sufficient to account for the myriad of structures and functions found within proteins in
most organisms. For this reason many proteins undergo enzyme-catalyzed covalent
modification following translation.®” These posttranslational modifications (PTMs) have
evolved as a means to expand the chemical diversity of the proteome beyond that which
can be accomplished via direct genetic encoding, thereby imparting new function onto
many proteins.

Being that they are ribosomally synthesized, phage display libraries are limited in
terms of their chemical diversity to the functional groups found within the 20 canonical
amino acids. However, just as PTMs have allowed for the evolution of proteins with
expanded function in Nature, increasing the chemical diversity of phage display libraries
would allow for the directed evolution of peptides with novel properties. As a general
rule, increasing the chemical and structural diversity of a library increases the likelihood
of identifying high affinity hits from selection.®® On top of this, the ability to install non-
canonical functional groups (ncFG) into peptide libraries could allow for the evolution
of peptide ligands that are specific to the target protein. For example, metal chelating

groups could be introduced into libraries targeted towards metalloenzymes. Reactive
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functional groups could be installed to evolve covalent peptide inhibitors containing
chemical warheads. Libraries containing naturally occurring posttranslational
modifications could be generated and used to target enzymes that interact with these
modifications. Numerous other target-specific applications could be easily envisaged.

To this end, several methods for introducing ncFGs into phage display libraries
have been developed. Since bacteriophages have recently risen in popularity for their use
in materials science, new methods for the selective covalent modification of phage coat
proteins are continually being explored.®® Here we will review a few of these methods

with a focus on those that have been applied for display on filamentous bacteriophages.

2.1.1 Enzymatic Posttranslational Modification

One of the first methods developed for installing ncFGs employed recombinant enzymes
to install natural PTMs on phage-displayed peptides. After enzymatic modification of
the displayed peptides, the peptide library containing ncFGs can be used for in vitro
selection. For example, Baumann et al. generated a peptide library containing
phosphotyrosine (pTyr) in this way.”® The library of peptides containing pTyr was used
to identify ligands for the pTyr-binding protein src-homology 2 (SH2). They first
constructed a peptide library containing octamers of the form (Xxx)s-Tyr-(Xxx)4 (where
Xxx is any amino acid). The library was cloned as a genetic fusion to the N-terminus of
plll on the M13 bacteriophage. After expression of the peptide library, purified phages
were incubated with a mixture of promiscuous pTyr kinases to install phosphate onto the

fixed tyrosine (Figure 2.1A). The modified libraries were then panned against SH2 to
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reveal peptide ligands that bound to SH2 with an affinity three-fold greater than the
natural ligand. More recently, a similar strategy has also been used to install pTyr onto
peptides displayed on pVIII."*

Many enzymes that install PTMs, however, are not as promiscuous and only
install modifications at residues located in highly specific peptide sequences. These
enzymes are less useful for phage display where it is desirable to insert modifications
into the random sequence of a peptide library.®® Less promiscuous enzymes can,
however, install PTMs on residues adjacent to the random sequence which is useful for
some applications. For example, Kay et al. used the sequence-specific biotin ligase BirA
to install biotin at a position directly upstream of a randomized peptide library on M13

(Figure 2.1B).”” After enzymatic modification, the biotinylated library was panned

A o
OH Ry

Kinase Mixture

HoN-ELE(X)3Y (X)3A - plll HoN-ELE(X)3Y (X)3A - plll
0
B Y-NH

HN%\“ o

d \/\/[4
NH, BirA NH
H,N-GLNDIFEAQKIEWHE(X), - pllI H,N-GLNDIFEAQKIEWHE(X); - plil
Biotin

Figure 2.1 Enzymatic modifications of phage-displayed peptides. (A) Installation of pTyr into phage-
displayed peptides using a kinase mixture. (B) Installation of biotin onto phage displayed peptides using
the biotin ligase BirA. “X” represents any amino acid.
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against several proteases to profile their substrate specificity. In their experiments, the
biotinylated library was first immobilized via capture with streptavidin coated beads and
then incubated with the various proteases. If the randomize sequence contained the
protease recognition site, cleavage at this site released the phage from the solid support.
Freed phages were then collected and sequenced to determine the peptide sequences
cleaved by the protease.

Although these examples demonstrate the utility of enzymes for modifying phage
display libraries, this technique is highly limited. As mentioned, most enzymes only
install modifications at specific recognition sequences which limits their use for
installing modifications in random libraries. The technique is limited further by the lack
of available enzymes for installing many types of modifications. For these reasons,

enzymatic modification has seen little use for phage display.

2.1.2 Native Chemical Ligation

Native chemical ligation has been used to install protein fragments containing ncFGs
onto both plll and pVIII of the M13 bacteriophage. Kossiakoff et al. demonstrated that
plll and pVIII can both be efficiently expressed with N-terminal cysteine residues in E.
coli.”® Once incorporated into the viral capsid, these proteins can be modified with
synthetic peptides containing C-terminal thioesters using standard native chemical
ligation protocols (Figure 2.2A). While this method has been used to generate phage-
displayed libraries containing ncFGs for selection, it only allows for the installation of

ncFGs at positions adjacent to the genetically encoded randomized sequence.
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Figure 2.2. Chemical methods for introducing ncFGs into peptides displayed on Ff bacteriophages.
(A) Native chemical ligation can introduce synthetic peptide fragments containing ncFGs onto phage-
displayed peptides with N-terminal cysteines. (B) Pyridoxal phosphate (PLP) can be used to introduce a
ketone at the N-terminus of pVIII. (C) Sodium periodate can be used to introduce an aldehyde at the N-
terminus of plll. Ketone and aldehyde handles can be readily modified with aminooxy derivatives. “Xxx”
represents any amino acid.

2.1.3 Chemical Posttranslational Modification

Many reactions have been developed, and are routinely used, to install ncFGs onto the
sidechains of natural amino acids in proteins.”* These reactions typically target and
modify all of a particular functional group, e.g. N-hydroxysuccinimide esters react with
the €-amine of Lys residues, iodoacetamide reacts with the thiol of Cys residues, etc.
Such biocompatible reactions have been applied to the modification of Ff bacteriophages

for various purposes including fluorophore conjugation for cell imaging and drug
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conjugation for cell-specific drug delivery.” "® However, in terms of directed evolution
via peptide display, it is desirable to install ncFGs at specific residues in a site-selective
manner. Few reactions are available for mediating such transformations.””

Efforts to install ncFGs onto phage-displayed peptides in a site-selective manner
have targeted their focus towards the N-terminal amine and N-terminal residues. For
example, Francis et al. were able to selectively install a ketone at the N-terminus of
peptides displayed on pVIII on a derivative of the M13 bacteriophage.” The installed
ketone can undergo subsequent reaction with aminooxy-derivatives for the site-selective
installation of various functional groups. The ketone was installed via transamination
with pyridoxal 5’-phosphate. At pH 6.5 the reaction was specific for only N-terminal
amines and went to 80% completion in 16 hours (Figure 2.2B). In a similar way, Derda
and coworkers installed an aldehyde at the N-terminus of a heptapeptide library
displayed on the N-terminus of plll in M13.” The aldehyde was installed via oxidative
cleavage of N-terminal serine and threonine residues using periodate (Figure 2.2C).
Following installation of the aldehyde, treatment of the library with aminooxy-mannose
allowed for the formation of a glycopeptide phage display library with 1 x 102 unique
glycopeptides. Notably, the aldehyde reaction was significantly faster than the ketone
going to completion in under 1.5 hours. However, both methods required intermediate

phage purification to remove high concentrations of the aniline catalyst.
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2.1.4 Phage Display with an Expanded Genetic Code
As an alternative to enzymatic and chemical posttranslational modification, ncFGs can
be introduced into phage coat proteins directly with the use of an expanded genetic code.
In this technique amino acids bearing unique functional groups are incorporated co-
translationally in response to a redefined codon during normal ribosomal peptide
synthesis. A major benefit of this technique is that it allows for the site selective
installation of modified residues without concern for nonspecific reaction byproducts or
the need for subsequent purification to remove excess reagent. Further, it allows for the
installation of amino acids with functional groups that are difficult or impossible to
obtain with other techniques due to the lack of enzymes or selective chemical means for
their installation.

The first example of phage display with an expanded genetic code came in 2000
when Sandman et al. demonstrated the genetic incorporation of selenocysteine (1, Sec)
into a peptide library displayed on the N-terminus of plll in M13.2® Sec is the 21

naturally occurring amino acid that is incorporated in response to TGA codons in some

Sec

organisms. Its incorporation requires a cognate tRNA (tRNAygs), a specialized
elongation factor, two enzymes for Sec biosynthesis, as well as a specific MRNA hairpin
structure downstream of the TGA codon.®! To incorporate Sec into M13, the authors
introduced a fragment of DNA of the form (NNK);-TGA-TNK-(NNK), (where N = A,
T, G, or C, and K = G or T), encoding a partially randomized octamer, onto the N-

terminus of plll. They also introduced the hairpin element that is required for Sec

25



T G T
G C SeH
A u
CG
<2 G C H,N" “CO,H
o T A 1
n T
G C
G C
c A SeH

>

5° (NNK)4-TGA-TNK-(NNK), ~ TCG - plil -3 —— = H,oN-(XxX)4-Sec-Uuu-(Xxx),-SECIS - pllI

11 nt Spacing

Figure 2.3. Genetic incorporation of selenocysteine into peptides displayed on the N-terminus of
plll. The required genomic elements for selenocysteine incorporation, including the 11 nucleotide spacing
and selenocysteine incorporation sequence (SECIS), are shown. Selenocystine (1, Sec) is incorporated at

Sec

TGA codons in E. coli that are concurrently expressing 1) tRNAyGa, 2) two enzymes needed for Sec
biosynthesis on tRNAZS ,, and 3) a specialized elongation factor.

incorporation immediately after the last downstream codon (Figure 2.3). Though TGA
codons usually signal translation termination, low level Trp incorporation at TGA
codons has been observed in E. coli. It has been shown that the degree to which Trp
suppresses TGA codons is dependent on the identity of the adjacent downstream
nucleotide.®® Therefore, to minimize Trp incorporation, the nucleotide immediately
downstream was fixed to T. Expressing this phage library in E. coli that were
concurrently expressing the Sec incorporation machinery in media supplemented with
selenium resulted in the genetic incorporation of Sec at TGA codons in peptides
displayed on plll. Notably, the lower pKa of Sec (pKa = 5.47) compared to Cys (pKa =
8.18) allowed for the selective modification of Sec with biotin-conjugated iodoacetamide
at low pH.%

Although useful as a means for the installation of a selective nucleophile in

phages, in a subsequent study the same group also showed that phages containing the
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TAGT sequence were prone to mutation at the 3° T upon propagation. It was further
demonstrated that mutations at the 3’ T resulted in the loss of selenium-dependent phage
expression indicating an increase in TGA suppression by Trp.2* Given that phage display
requires iterative rounds of selection and amplification, such a susceptibility to mutation
severely limits the utility of Sec incorporation. It is worth noting, however, that recent
advances in next-generation sequencing have allowed for the identification of peptide
ligands after only one round of biopanning.®* These modern sequencing techniques may
bring about renewed interest in Sec phage display. In any case, the method is still limited
by the need for a downstream mRNA hairpin which constrains the Sec residue to a fixed
position within the library.

Schultz and coworkers have developed a general strategy for the genetic
incorporation of non-canonical amino acids (ncAAs) based on the suppression of
nonsense codons.® In this technique an aminoacyl-tRNA synthetase (aaRS) and its
cognate suppressor tRNA, (both from an exogenous source), are co-expressed along with
the protein of interest containing an in-frame nonsense mutation. The ncAA is then
incorporated at the nonsense mutation during translation by the suppressor tRNA which
has been aminoacylated with the ncAA by the aaRS (Figure 2.4). This strategy for ncAA
incorporation requires that the exogenous aaRS/tRNA pair be orthogonal to the host
system. That is, the aaRS does not aminoacylate endogenous tRNAs and the suppressor
tRNA does not serve as a substrate for endogenous aaRSs. One widely used aaRS for

this purpose is the tyrosyl-tRNA synthetase from Methanocaldoccus jannaschii (Mj-
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Figure 2.4. The genetic incorporation of ncAAs via nonsense suppression. (A) An orthogonal
suppressor tRNA is selectively aminoacylated with the ncAA by its cognate orthogonal aaRS. (B) The
suppressor tRNA incorporates the ncAA in response to nonsense codons during ribosomal peptide
synthesis.

TyrRS) whose cognate tRNA (Mj-tRNAE{}A) has been engineered for amber (TAG)

suppression.® Another commonly used aaRS is the pyrrolysyl-tRNA synthetase (PyIRS)

(from archaea of the genus Methanocarcina) whose cognate tRNA (tRNAg}A) IS a

naturally occurring amber suppressor.2”®® These archaeal aaRS/tRNA pairs are both

orthogonal to the E. coli translation system and the PyIRS/tRNAE{}A is also orthogonal

in eukaryotes.”® * Along with this method for ncAA incorporation, Schultz and
coworkers have also developed powerful methods for the directed evolution of aaRSs
with expanded or redefined substrate spectrums. Nonsense suppression coupled with
aaRS evolution has allowed for the genetic incorporation of over 150 different ncAAs
into proteins expressed in bacteria, eukaryotes, and even entire organisms.** %

Nonsense suppression has been applied for the genetic incorporation of ncAAs
into peptides and proteins displayed on the N-terminus of plll in M13. In 2004, Schultz

and colleagues used evolved Mj-TyrRSs in conjunction with Mj-tRNAg}A, to introduce
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five different ncAAs into peptides displayed on Ff bacteriophages® (Figure 2.5A). In
their study, a short peptide containing a fixed TAG codon was introduced to the N-
terminus of plll on a derivative of the M13 bacteriophage. Expressing phages containing

the TAG codon in E. coli that were concurrently expressing evolved Mj-TyrRS and Mj-

tRNA,, and in media supplemented with an ncAA, yielded 100- to 1000-fold more
virions compared to when the media was not supplemented with an ncAA. This
difference in expression level indicates successful suppression of the nonsense codon by
the ncAA. Further, para-azido-phenylalanine (3) bears a reactive azide group that can
undergo copper-catalyzed 1,3-dipolar cylcloaddition with alkynes. Phages containing 3
were able to be selectively labelled with an alkyne-fluorescein conjugate providing
further evidence for successful TAG suppression.

In later studies the same group utilized nonsense suppression to incorporate
several different ncAAs into antibody fragments displayed on the N-terminus of plll
(Figure 2.5B). In one study, phage-displayed antibody libraries containing para-sulfo-
tyrosine (6) were panned against the HIV coat protein gp120. This selection yielded
antibodies containing 6 that bound to the antigen with significantly higher affinity than a
naturally occurring anti-gp120 antibody.*® In a subsequent study they demonstrated that
two para-sulfo-tyrosine residues could be incorporated into phage-displayed antibodies,
at fixed positions, and these libraries were also panned against gp120.® Nonsense
suppression has been further applied for the selection of antibodies containing para-
borono-phenylalanine (5) that react and bind with acyclic glycans® and for the selection
of peptides containing the metal chelating amino acid bipyridyl alanine (9) that bind to
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iron (1)* and nickel (IN®. In total, eight different ncAAs have been hitherto
incorporated into phage display libraries (Figure 2.5B). In principle, this could readily be
expanded to any of the ncAAs previously incorporated via nonsense suppression. A
notable advantage of this technique is that it allows for site-selective installation
anywhere in the peptide sequence without the need for enzyme recognition sequences or

RNA elements.

A
5'- (NNK)3-TAG-(NNK)3 - plll -3 HoN-(XxX)3-NCAA-(XxX)3 - plll
(o] OH
B OMe N3 |‘3\
HoN CO,H HoN CO,H HoN CO,H HoN CO,H
2 3 4 5
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~,
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Figure 2.5. Genetic incorporation of ncAAs into peptides displayed on the N-terminus of plll. (A)
ncAAs are incorporated at TAG codons in E. coli by an orthogonal aaRS in conjunction with an
orthogonal suppressor tRNA. (B) The structures of all ncAAs incorporated into Ff bacteriophages to date.
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Despite the apparent benefits, nonsense suppression has seen little use in phage
display. A major drawback of this technique arises from the strong expression bias
against clones that contain ncAAs in favor of those containing only canonical amino
acids. Such systematic biases significantly impede selection efforts.” This problem will

be addressed in detail in Chapter 4.

2.2 Phage Display of Cyclic Peptides

Conformationally constrained cyclic peptides offer several advantages over linear
peptides in terms of the use for research or as therapeutic agents. For one, a major
limitation of linear peptides is their high susceptibility to proteolytic degradation.'®
However cyclic peptides, due to their more rigid structure and protected terminal
residues, are significantly more resistant to proteolysis’® 1% Further, cyclization limits
the number of conformations that peptides adopt in solution. This conformational
constraint means that there is less of an entropic cost upon binding to the target protein
which manifests as an increase in binding affinity.'® Therefore, evolving peptides from
cyclic peptide libraries will likely afford ligands with higher binding affinities and

greater protease resistance. To this end, two general strategies have been developed for

cyclizing peptides that are displayed on bacteriophages.

2.2.1 Genetically Encoded Cyclic Peptides
The first examples of phage-displayed cyclic peptide libraries utilized genetically

encoded cyclic peptides. In these types of libraries, the randomized peptide sequenced is
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flanked on both sides by fixed cysteine residues. Upon spontaneous oxidation, the
cysteines form a disulfide bond that cyclizes the peptide with a sidechain-to-sidechain
linkage (Figure 2.6). DeGrado et al. first demonstrated the utility of disulfide constrained
phage display libraries in 1992.%* In their study, a randomized hexapeptide flanked by
cysteine residues was introduced onto the N-terminus of plll and panned against the
platelet glycoprotein Ilb/Illa (gpllb/1lla). Peptides isolated from this selection were
shown to be potent inhibitors of gplib/1lla with 1Csy values in the low nanomolar. Using
a reducing agent to break the disulfide bond and generate the linear peptide resulted in
up to a 20-fold increase in 1Cso values indicating that the potency of the peptides was

derived, in part, from their cyclic structure.
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Figure 2.6. Disulfide constrained phage-displayed peptide libraries.

Shortly after the report by DeGrado et al. the crystal structures of two peptides
isolated from disulfide-constrained phage display libraries were solved in complex with
their target protein (streptavidin).’®® These structures revealed that the cysteines in both

peptides were not in direct contact with streptavidin. This supported the hypothesis that
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the observed increased binding affinity of the peptides was a result of entropic effects
and not due to direct interactions between streptavidin and the Cys residues themselves.
Further, these observations implied that disulfide constraint could be used as a general
strategy for evolving peptide ligands with improved binding affinities.

Since the first report by DeGrado et al. disulfide constraint has become a widely-
used strategy for the identification of cyclic peptide ligands via phage display. Often
selections with disulfide-constrained libraries afford peptides with affinities significantly
higher than those obtained with linear peptide libraries.'®® However, a limitation of this
technique lies within the labile disulfide bond on which it relies. Disulfide bonds are
easily broken in the presence of a reducing agent. Therefore, disulfide-constrained
peptides are not good ligands for protein targets found with the reducing cytosol of cells

or for targets that require a reducing agent for stability or activity.

2.2.2 Chemically Cyclized Peptides

As an alternative to disulfide-constrained peptide libraries, linear peptides displayed on
bacteriophages can be chemically modified to afford cyclic peptides. In contrast to the
labile disulfide bond of genetically-encoded cyclic libraries, posttranslational chemical
modification affords cyclic peptides with linkages that are significantly more stable. The
first example of chemically-cyclized phage display libraries was published in 2009.2%" In
this study, Heinis et al. introduced a peptide with twelve randomized positions and three
fixed cysteines of the form Cys-(XxX)s-Cys-(XxX)s-Cys onto the N-terminus of plll of

the fd bacteriophage. After reduction of spontaneously formed disulfide bonds, the

33



displayed peptides were treated with 1,3,5-tris(bromomethyl)benzene (10) to afford
bicyclic peptides containing two macrocyclic rings. (Figure 2.7A). These phage-
displayed bicyclic libraries were screened against several different human proteases to
afford bicyclic peptides that inhibited the proteases with ICsq values as low as 100 nM.
Based on the consensus sequence identified from the selection against the protease
human plasma kallikrein (PK), a second library was constructed and screened for affinity
maturation. This second selection yielded potent inhibitors of PK with I1Cs values as low
as 1.7 nM. Notably, the 1Cso of the peptide prior to modification with 10 was greater
than 10 pM.

Following this initial report, several other compounds have been used for
chemically cyclizing phage-displayed peptides. Heinis et al. have subsequently
demonstrated that derivatives of 10 containing hydrogen bond acceptors and donors
could be used to generate bicyclic peptide libraries. X-ray structures of these cyclic
peptides in complex with their target protein have revealed that amino acids in the
peptide can hydrogen bond with the cyclizing compound. These hydrogen bonds give
rise to extremely compact and rigid peptides with exquisite binding affinity.’?® Other
compounds have also been reported with additional applications. For example,
compounds containing azobenzene cores, such as 17, have been used to cyclize phage-
displayed peptides bearing two fixed cysteines (Figure 2.7B).2%°! These azobenze
compounds undergo photoinduced trans-cis isomerization which has allowed for the
selection of photoswitchable peptide ligands. Displayed peptides containing Cys

residues at the i and i + 4 positions can be cyclized with a,a’-dibromo-m-xylene (16)
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Figure 2.7. Chemical cyclization of phage-displayed peptides. (A) The formation of bicyclic peptides
by the reaction of a displayed peptide containing three cysteines with various tris-electrophiles. (B) The
formation of monocyclic peptides by the reaction of a displayed peptide containing two cysteines with bis-

electrophiles.
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allowing for ligand evolution from libraries containing stapled o-helical peptides.*?
Derda et al. have shown that peptide libraries bearing two Cys can be cyclized with
various dichloro-oxime derivatives such as 18. They have used this for the construction
and selection of macrocyclic glycopeptide libraries.™* The dichloro-oxime derivatives
were formed in situ via oxime ligation between 1,3-dichloroacetone and various
aminooxy derivatives with near quantitative conversion before being used to cyclize the
phage peptides.

Recent advances in the ability to chemically cyclize peptides on bacteriophages
have revolutionized peptide phage display. Peptide inhibitors with exquisite selectivity
and dissociation constants in the picomolar range have been identified using chemically
cyclized peptide libraries and several of these are nearing clinical trials.'®® However, a
limitation of this technique arises from the lack of selectivity of the compounds used to
cyclize peptides. All currently available methods utilize nucleophilic cysteine residues to
react with a bis- or tris-electrophilic linker. Ideally, this reaction will take place only on
the displayed peptide; however, wildtype Ff phages contain eight additional cysteine
residues within plll that can also react. Reduction or modification of these internal
disulfides leads to loss of phage infectivity."** To circumvent this problem, several
strategies have been employed including careful selective reduction of only the most
sterically accessible cysteines'® or the use of an engineered disulfide-free fd phage'®’.
Selective reduction requires the use of expensive reagents and prolonged reaction times
for efficient reduction of disulfide bonds, whereas engineered disulfide-free phages have

a 100-fold reduced infectivity compared to the wildtype phage.™* Further, the
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concentration of the modifying compound must be carefully controlled as, for example,
concentrations of 10 greater than 10 pM lead to significant reduction in phage
infectivity. This has been attributed to crosslinking of phage coat proteins when 10
nonspecifically reacts with lysine residues.’®” For these reasons, there is a strong need
for compounds that can cyclize phage-displayed peptides with more regio- and

chemoselectivity. This problem will be addressed further in Chapter 6.

2.3 Concluding Remarks

The work presented in this thesis has two primary specific aims. In the first aim, we
strive to expand the chemical diversity of phage-displayed peptides using the nonsense
suppression technique. In Chapter 3, we profile the ncAA substrate specificity of a
rationally designed pyrrolsysly-tRNA synthetase. In particular, we examine the ability of
the enzyme to incorporate ortho-substituted phenylalanine derivatives. In Chapter 4, we
develop and test a new method of constructing phage-displayed peptide libraries
containing ncAAs. We further demonstrate that the enzyme described in Chapter 3 can
be used to incorporate a variety of ncAAs into peptides displayed on plll of the M13
bacteriophage. This work improves up previous studies involving phage display with an
expanded genetic code by allowing for the selection from libraries containing ncAAs
with varying incorporation efficiencies. In Chapter 5, we use the method developed in
Chapter 4 to generate a library of peptides containing a specific posttranslational
modification. This library is then used to identify potent inhibitors of an enzyme that

removes this modification in Nature.
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The second aim of this work is to develop a more regiospecific compound for
cyclizing peptides displayed on the M13 bacteriophage. In Chapter 6, we describe the
design and synthesis of a kinetically controlled bis-electrophile that can be used for this
purpose. Further, we demonstrate that this compound reacts specifically with N-terminal
cysteine residues and describe ongoing efforts to evolve cyclic peptide ligands using this

compound.
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CHAPTER 11
GENETIC INCORPORATION OF SEVEN ORTHO-SUBSTITUTED

PHENYLALANINE DERIVATIVES'

3.1 Introduction

The genetic incorporation of non-canonical amino acids (nCAAs) into recombinant
proteins has provided researchers with powerful tools for the study of protein structure
and function. The ability to genetically incorporate ncAAs with bioorthogonal functional
groups, coupled with click chemistry, allows for the site-selective introduction of protein

115-121

modifications that have been used for fluorescence labeling and photo-cross-

Iinking,lzz-lZG

as well as for the study of posttranslational modifications that are
traditionally difficult or impossible to obtain in bacterial expression systems.?"*3! Other
analytic probes that have been site-selectively introduced using the genetic incorporation
approach include infrared, Raman, NMR, and EPR spectroscopic probes and heavy
atoms for X-ray crystallographic studies.’**™** As described in the previous chapter,
ncAAs are introduced into a protein through the suppression of an in frame nonsense or
quadruplet codon by a suppressor tRNA coupled with an evolved aminoacyl-tRNA
synthetase (aaRS). One widely used synthetase for this purpose is the tyrosyl-tRNA
synthetase (Mj-TyrRS) derived from Methanocaldococcus jannaschii.?® Indeed, directed
Tyr

evolution of Mj-TyrRS, coupled with a suppressor tRNA ;. for the suppression of TAG

(amber) codons has been highly successful for the incorporation of a number of ncAAs

T Portions of this chapter are reprinted with permission from Tharp et al. ACS Chem. Biol., 2014, 9 (4),
884-890. Copyright 2014 American Chemical Society.
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into proteins in E. coli. Despite the success of engineering the Mj-TyrRS-tRNArg'fA pair,

its weakness lies in that it cannot be used to incorporate ncAAs into eukaryotic
organisms owing to the fact that tRNA?L'IrA contains a recognition element that allows for
its aminoacylation with canonical amino acids by the endogenous aaRSs in eukaryotic

organisms.’** *** Alternatives to the Mj-TyrRS-tRNA, pair include the Ec-TyrRS-

tRNA?['IrA pair, which was derived from E. coli tyrosyl-tRNA synthetase-tRNA™" pair,

the Ec-LeuRS-tRNALSY, , pair derived from E. coli leucyl-tRNA synthetase-tRNA™

pair, and the pyrrolysyl-tRNA synthetase (PyIRS)- tRNAE{’}A pair, which naturally exists

in certain methanogenic archaea and some bacteria. Both Ec-TyrRS-tRNA?[’]rA and Ec-

LeuRS-tRNALSY, pairs can be applied in eukaryotic cells but not in bacterial systems.'?*

136 337 However, tRNALY,, is a naturally occurring amber suppressor tRNA that is

specifically recognized by PyIRS but does not cross-interact with endogenous aaRSs in

both bacterial and eukaryotic cells.***"*

To date, the PyIRS-tRNAE{'}A pair has been successfully used for the genetic

incorporation of ncAAs into recombinant proteins expressed in bacteria and a variety of

eukaryotes including mammalian cells and multicellular organisms.*** *** While the

ability of the PyIRS-tRNAlE’[']lA pair to be used in both bacterial and eukaryotic cells is

advantageous in that it allows for the same ncAA to be used in different model systems,
the method still has limitations. The incorporation of a new ncAA typically requires
selection of large libraries of aaRS with randomized active site mutations. Schultz and

co-workers have developed a powerful method for the directed evolution of aaRSs
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involving both positive and negative selections based on the ability to suppress a
nonsense mutation in the presence of the desired ncAA.* However, this process still
requires multiple rounds of selection for each new substrate. Therefore, a single aaRS
with high substrate promiscuity is ideal to facilitate rapid progress and widespread use of
the genetic ncAA incorporation technique. We have previously reported the ability of a

single, rationally designed PylRS mutant (PylIRS(N346A/C348A)), coupled with

tRNAPY!

cua» 10 genetically incorporate a wide variety of phenylalanine derivatives with

large para and small meta substitutions at amber mutation sites in living cells.'***%
More recent studies indicate that this mutant is also able to recognize more than 10
phenylalanine derivatives with large meta substitutions.**® PyIRS(N346A/C348A)
displays high activity toward these ncAAs while remaining relatively orthogonal toward
canonical amino acids. Here we reveal that the same enzyme is also able to mediate the
genetic incorporation of seven ortho-substituted phenylalanine derivatives, which brings
the total substrate availability of this enzyme close to 40 and leads to the conclusion that
PyIRS(N346A/C348A) is able to recognize phenylalanine derivatives with a substitution
at any side-chain aromatic position as a substrate. To our knowledge,
PyIRS(N346A/C348A) is the only aaRS with such a high substrate promiscuity. We also
demonstrate, for the first time, the ability of PyIRS(N346A/C348A) to facilitate the

genetic incorporation of phenylalanine derivatives in mammalian cells. Aside from o-

nitro-phenylalanine,*® which has been genetically encoded in E. coli using an evolved

Mj-TyrRS-tRNA{}, pair, this constitutes the first report of the genetic incorporation for

all of these ortho-substituted phenylalanine derivatives.*** One of the ortho-substituted
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phenylalanine derivatives, ortho-cyano-phenylalanine is a small, environmentally
sensitive, fluorescent probe that can be used as a sensor to probe the local environment

of proteins, and we applied this to monitor protein folding/unfolding.

3.2 Experimental Details

3.2.1 Miscellaneous Information

All primers were purchased from Integrated DNA Technologies, Inc. (Coralville, PA).
Enzymes and buffers for molecular cloning were purchased from New England Biolabs
(Ipswich, MA). All ncAAs were purchased form Chem-Impex International, Inc. (Wood
Dale, IL) and used without further purification. DNA sequencing was performed by Eton
Biosciences, Inc. (San Diego, CA). Mass spectra were collected by the Department of

Chemistry Mass Spectrometry Facility at Texas A&M University.

3.2.2 Primer List

MPP8-Scal-F: 5>-AGTCGAGCTCGGCGAAGACGTGTTCGAAGTAGAGAAGATC-3’
MPP8-Sall-R: 5-AGTCGTCGACTTATTTAGCTTTGTTCTCGGCAATCTTCTTGCGAAATTC-3’
MPP8-TAG-F: 5>-AGTCGAGCTCGGCGAAGACGTGTAGGAAGTAGAGAAGATC-3’
MPP8-TAG-R: 5’-AGTCGTCGACTTATTTAGCTTTGTTCTCGGCAATCTTCTTGCGAAATTC-3’
EGFR-TAG-F: 5-TAGAAAACCGGACTGAAGGAGCTG-3’

EGFR-TAG-R: 5-TGCATCATAGTTAGATAAGACTGC-3’

PyIRS-Ampl-F: 5°>-CTAGTCTAGAATGGATAAAAAACCACTAAACA-3’

PvIRS-Ampl-R: 5°- CTAGCTAGCTCACAGGTTGGTAGAAATCCCGTTAT-3’
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3.2.3 Plasmid Construction
The construction of pET-PyIT-sfGFP-S2(TAG), pBAD-sfGFPwt and mutants
F27(TAG) and NI135(TAG), and pEVOL-PyIT-PyIRS(N346A/C348A) has been

described by us previously.'**

pBAD-MPP8-stGFP: The codon optimized MPP8 chromo domain gene was synthesized

by Epoch Life Science Inc. (Houson, TX) and was amplified using a 5’-end primer
(MPP8-Scal-F) containing an Scal site and a 3’-end primer (MPP8-Sall-R) containing an
Sall site. The PCR product was cloned into the Sacl and Sall sites of a previously
constructed pBAD-sfGFP to afford pBAD-MPP8-sfGFP. The MPP8-F59TAG
containing construct for ortho-cyano-phenylalanine incorporation was generated by
Phusion high-fidelity DNA polymerase-based site-directed mutagenesis with primers

MPP8-TAG-F and MPP8-TAG-R to afford pPBAD-MPP8-F59TAG-sfGFP.

pEGFP-N1-EGFR: The pEGFP-N1-EGFR plasmid was purchased from Addgene

(Plasmid 32751). The EGFR-N128(TAG) construct was generated by Phusion high-
fidelity DNA polymerase-based site-directed mutagenesis with the primers EGFR-TAG-

F and EGFR-TAG-R.
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pCMV-UB-PyIT-PyIRS(N346A/C348A): PyIRS(N346A/C348A) was amplified from the

PEVOL construct using the primers PylIRS-Ampl-F and PylRS-Ampl-R. The PCR

product was cloned into Xball and Nhel site of pCMV- U6-PyIT.

3.2.4 Protein Expression and Purification

StGEP-S2X: E. coli BL21(DE3) containing the plasmids pET-PylIT-sfGFP-S2(TAG) and
PEVOL-PyIT-PyIRS(N346A/C348A) were grown in 500 mL LB media until the ODg
reached 0.8 at which time the media was switched to a liquid glycerol minimal media
(33.7 mM Na;HPO4, 22 mM KH,PO4, 8.6 mM NaCl, 9.4 mM NH4CIl, 1 mM MgSOs,,
0.3 mM CacCl,, 1% glycerol, 0.3 mM leucine). To switch the media, cells were pelleted
by centrifugation (4k rpm, 15 min), washed twice with phosphate buffered saline (PBS;
137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,4, 1.8 mM KH,PO,4, pH 7.5), and
resuspended in the minimal media. All media was supplemented with 34 pg-mL™
chloramphenicol and 100 pg-mL™ ampicillin. Protein expression was induced by the
addition of 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG) and 0.2 % arabinose
along with 2 mM of one of the ncAAs (19-25). After expression for 16 h, cells were
harvested by centrifugation (4k rpm, 20 min), resuspended in lysis buffer (50 mM
NaH,PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0), and sonicated. The soluble
fraction was recovered by centrifugation (10k rpm, 50 min) and the clear supernatant
was incubated with 2 mL Ni%*-NTA resin with end-over-end rotation for 1 h at 4°C. The
resin was then washed with 40 mL of the lysis buffer and the protein was eluted from the

column with an elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH
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8.0). The eluted protein was dialyzed against PBS and concentrated via ultrafiltration (10
kDa MWCO). The purified proteins were analyzed via 12% SDS-PAGE and

electrospray ionization mass spectrometry.

SfGFP-N135X, sfGFP-F27X, and MPP8-F59X-stGFP: E. coli Top10 were transformed

with a pBAD plasmid containing the gene encoding sfGFP-N135X, sfGFP-F27X, or
MPP8-F59X-sfGFP, along with pEVOL-PyIT-PyIRS(N346A/C348A). Transformed
cells were grown in 200 mL of a synthetic auto-induction media (described elsewhere)***
supplemented with 2 mM of ncAA 25. To avoid background, when preparing the auto-
induction media, phenylalanine was not included. All media was supplemented with 34
ng-mL™ chloramphenicol and 100 pg-mL™ ampicillin. The culture was grown for 16 h
at 37°C (250 rpm) and cells were harvested by centrifugation (4k rpm, 20 min). The
proteins were then purified as described above. SDS-PAGE of the purified wildtype and

mutant proteins is shown in Figure 3.1.
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Figure 3.1. SDS-PAGE analysis of sSfGFP and MPP8. (A) SDS-PAGE analysis of sSfGFP-F27->25 (1),
sfGFP-N135->25 (2), and wildtype sfGFP (3). NA indicates no ncAA was provided to the growth media.
(B) SDS-PAGE analysis of MPP8-F59->25 (1) and MPP8wt-sfGFP (2).
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3.2.5 Mammalian Cell Cultures and Transfection

HEK293T cells purchased from American Type Culture Collection (ATCC, Manassas,
VA) were grown in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen)
containing 10% fetal bovine serum (Invitrogen). Cells were seeded and grown on a
Becton Dickinson 24-well plate. At approximately 70-80% confluence, cells were
transfected with two plasmids, pCMV-U6-PylIT-PyIRS(N346A/C348A) and pEGFP-N1-
EGFR-N128(TAG). Transient transfection was carried out using Lipofectamine® 2000
Transfection Reagent from Invitrogen, according to the manufacturer’s protocol. After
transfection, the growth medium was DMEM with 10% FBS which contained ncAAs
19-25 or no unnatural amino acids. The cell images were recorded on an Olympus
FluoView FV1000 Confocal Microscope after 48 hours and analyzed using ImageJ

(NIH).

3.2.6 Fluorescence Measurements

For all samples the fluorescence was measured using a Quanta Master 40 fluorometer
(Photon Technology International) equipped with a Xenon lamp. Spectra were collected
at room temperature using a 1 cm quartz sample holder, 0.5 mm slit width, 1 nm
resolution, and 1 s-nm™ integration time. The samples were excited at 240 nm and the
fluorescence was measured from 250-450 nm. For the protein folding measurements,
stock solutions of the wildtype and mutant proteins were diluted to an appropriate
volume in PBS, pH 7.5 and varying concentrations of a 10 M urea solution were added

to give a final urea concentration ranging from 0 to 8. After the addition of the
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denaturant, 2 h were allotted for the transitions to occur before recording the

fluorescence spectrum.

3.3 Results and Discussion

3.3.1 PyIRS(N346A/C348A) Recognizes Ortho-Substituted Phenylalanine as a Substrate

Wang and co-workers previously determined the crystal structure of a PylRS mutant
(OmeRS) in complex with O-methyl-tyrosine.’ Figure 3.2 presents the active site
structure of this enzyme—substrate complex superimposed on the wild-type PyIRS with
pyrrolysyl-AMP bound. The two overlaid structures clearly show that the N346 side
chain is adjacent to the ortho position of the O-methyl-tyrosine side chain phenyl group.
Removing the N346 side chain would potentially leave space for adding an additional
substitution to this position. Since PyIRS(N346A/C348A) is expected to bind to a
phenylalanine derivative in a similar fashion as OmeRS, we suspect that

PyIRS(N346A/C348A) may well recognize an ortho-substituted phenylalanine

derivative and, together with tRNAlE’[']lA, mediate its incorporation at an amber mutation

site. We exploited an E. coli cell system harboring plasmids pEVOL-PyIT-

PYIRS(N346A/C348A) and pET-PylT-sfGFP-S2(TAG) to assess the ability of the

PyIRS(N346A/C348A)- tRNAFY! pair to incorporate ortho-substituted phenylalanine
CUA

derivatives in response to an amber mutation. The plasmid pEVOL-PyIT-

. : Pyl
PyIRS(N346A/C348A) contains genes coding for PyIRS(N346A/C348A) and tRNAC{J Al

while pET-PyIT-sfGFP-S2(TAG) contains genes coding for tRNAE{'JlA and superfolder
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Figure 3.2 The superimposed structures of OmeRS in complex with O-methyl-tyrosine and PyIRS in
complex with pyrrolysyl-adenosyl monophosphate (Pyl-AMP). The structures are based on PDB
entries 2Q7H and 3QTC. The PyIRS complex with Pyl-AMP is shown in orange for the protein carbon
atoms and pink for the Pyl-AMP carbon atoms. Four mutated residues in OmeRS and the para-methoxy-
phenylalanine ligand are shown in cyan for the carbon atoms. Letters in parenthesis indicate the four
mutated residues in OmeRS.

green fluorescent protein (sfGFP) with an amber mutation at its S2 position and a 6 x
His tag at the C-terminus. Growing cells in GMML medium (a minimal medium
supplemented with 1% glycerol and 0.3 mM I-leucine) led to translation termination at
the amber mutation site of sfGFP; therefore no full-length sfGFP was expressed.
However, supplementing the media with 2 mM of one of seven ortho-substituted
phenylalanine derivatives (19-25, shown in Figure 3.3A) promoted overexpression of
full-length sfGFP (Figure 3.3B). Incorporation of the ncAAs was confirmed via

electrospray ionization mass spectrometry (ESI-MS) (Figure 3.3C). For each of the
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seven ncAAs, the detected molecular weight agreed well with the theoretical value
(Table 3.1). Except for 24, this is the first report of the genetic incorporation of these

ncAAs in living cells, and for all of the ncAAs this is the first report of their

incorporation using an aaRS derived from PyIRS.
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Figure 3.3. Genetic incorporation of seven ortho-substituted phenylalanine derivatives. (A) Structures
of 19-25. (B) Site-specific incorporation of 19-25 into sfGFP at its S2 site. N/A indicates no ncAA was
available in the medium. ND represents non-detected. (C) Deconvoluted ESI mass spectra of sfGFP
variants incorporated with 19-25. sfGFP-X in which X is one of 19-25 and represents the specific sSfGFP

variant with X incorporated at its S2 site.
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ncAA Calculated Mass/Da Detected Mass/Da?

19 27764 27761
20 27808 27804
21 27855 27855
22 27743 27741
23 27759 27759
24 27774 27773
25 27754 27751

Table 3.1. ESI-MS characterization of sSfGFP variants incorporated with different ncAAs. Detected
masses have an error of + 1 Da.

Along with 19-25, two additional amino acids were tested, namely, ortho-
trifluoromethyl-phenylalanine (26) and ortho-fluoro-phenylalanine (27) (Figure 3.4). In
GMML supplemented with 2 mM ncAA 26, we obtained minimal expression of full-
length sfGFP. The mass spectra of the purified protein suggested the incorporation of
both 26 and phenylalanine at the S2 site (Figure 3.4A), indicating the recognition of
26 by PyIRS(N346A/C348A) is not significantly better than that of phenylalanine itself.

Minimal incorporation of phenylalanine at an amber codons is a common observation

for evolved Mj-TyrRS-tRNA(, and PylRS-tRNALY,, pairs.*® In a previous study, we
found that while PyIRS(N346A/C348A) was able to incorporate meta-fluoro-

phenylalanine at an amber codon, ESI-MS analysis of the expressed protein indicated

50


http://pubs.acs.org/doi/full/10.1021/cb400917a#notes-1
http://pubs.acs.org/doi/full/10.1021/cb400917a#notes-1

27729 FsC
100%
80%
H,N COOH
27796
2 60% 26
-
£
S a0% ‘
MM |
I .W’W
, J"u‘"t‘ J '"M’wn i My
2.70e4 2.75¢4 2.80e4 2.85e4 2.90e4
Mass, amu
B 27867 F
100%
] 7904
27851
80% |
27854 - 7924
=z H,N COOH
= 60%
= 7962 27
@
X 40% ‘

TMMWMM M Wy

l"‘“‘ . .\,MA,MW'”W., Lol M}/W"“J ‘I'\WI'JWW

2.70e4

Figure 3.4. The genetic incorporation of ortho-trifluoromethyl-phenylalanine and ortho-fluoro-
phenylalanine. (A) Deconvoluted ESI mass spectra of sSfGFP-26. (B) Deconvoluted ESI mass spectra of

SfGFP-27.

that this ncAA was also incorporated at phenylalanine codons.**’ Given the size
similarity of fluorine and a proton, we attributed the miss-incorporation of meta-fluoro-
phenylalanine at phenylalanine sites to an inability of the endogenous phenylalanyl-
tRNA synthetase to distinguish between the two substrates. Similarly, when testing the
incorporation of 27 at the S2 site of sfGFP, we found that the miss-incorporation rate

was high. Indeed, major ESI-MS peaks of the purified protein suggest the incorporation

2.75e4 2.80e4

Mass, amu
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of 27 into sfGFP at multiple sites (Figure 3.4B). Taken together, these observations

suggest that while the PyIRS(N346A/C348A)- tRNA?{JlA pair is able to direct the genetic
incorporation of a monofluorinated phenylalanine at amber codons, E. coli cells with a
more stringent phenylalanyl-tRNA synthetase that excludes monofluorinated
phenylalanine as a substrate will need to be engineered for cleaner incorporation.

In a previous publication, we showed that PyIRS(N346A/C348A) recognizes

phenylalanine and mediates its incorporation at an amber mutation site in coordination

with tRNAlé-‘{JlA.146 However, this background incorporation was suppressed when a

ncAA that serves as a better substrate of PyIRS(N346A/C348A) was provided. For

instance, the PyIRS(N346A/C348A)- tRNAEﬂA pair induced significant background
phenylalanine incorporation at an amber mutation at F27 of sfGFP in LB medium.
However, providing meta-trifluoromethyl-phenylalanine obviated this background
incorporation, and the expressed sfGFP had quantitative occupancy of meta-
trifluoromethyl-phenylalanine at F27.'*" We used the same system to test the
incorporation efficiencies of seven ortho-substituted phenylalanine derivatives (2 mM)
in LB. Our data show that, except for 23, all ncAAs led to sfGFP expression
significantly higher (1.8-3.9-fold) than the background (Figure 3.5A). Further, although
the sfGFP expression yield in the presence of 23 was comparable to the background, the
major peak in the ESI-MS spectrum of purified sfGFP indicated occupancy of 23 at the
designated amber mutation site (Figure 3.5B), indicating that 23 was efficiently
incorporated. Presumably, further optimization studies that modify expression

conditions, such as increasing the concentration of 23, may lead to higher incorporation
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efficiency. These data demonstrate that the practical use of the PyIRS(N346A/C348A)-
tRNA}a',lA pair in LB for the genetic incorporation of ncAAs is dependent on the ncAA

identities and their concentrations.
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Figure 3.5 The genetic incorporation of ortho-substituted phenylalanine derivatives in LB media. (A)
Expression of sSfGFP-F27->X where X is one of the ncAAs 19-25. N/A indicates no ncAA was provided
in the growth media. The bottom numbers indicate the expression level relative to the control. (B)
Deconvoluted ESI mass spectrum of sfGFP-F27->23. The major peak in the spectrum is from the
incorporation of 23 (theoretical molecular weight = 27859 Da), while the minor peak is from the
incorporation of phenylalanine (theoretical molecular weight = 27830 Da).
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3.3.2 The use of PyIRS(N346A/C348A) in Mammalian Cells

Next we asked whether the PyIRS(N346A/C348A)- tRNA?{JlA pair could be used to

incorporate NcAAs into proteins in mammalian cells. To test the ability of the

PyIRS(N346A/C348A)-tRNAlZ3(JlA pair to facilitate the selective incorporation of ncAAs
into proteins in mammalian cells, HEK293T cells were transfected with plasmids
containing genes encoding epidermal growth factor receptor with a C-terminal GFP

fusion (EGFR-GFP) and an amber mutation at the N128 position as well as

PyIRS(N346A/C348A) and tRNALY], .7 Cells in cultures supplemented with 5 mM of
ncAAs 19 or 21-25 displayed greater GFP fluorescence intensity compared to cells in the
absence of an ncAA, suggesting enhanced suppression of the amber codon in the
presence of ncAAs (Figure 3.6). Supplementing cultures with 5 mM 20 led to cell death.
This is likely due to the low solubility of 20 in the growth medium. As expected, a low
level of background protein expression was observed in the control culture, which can

likely be attributed to background phenylalanine incorporation at the amber mutation.

3.3.3. Ortho-Cyano-Phenylalanine Is an Environmentally Sensitive Fluorescent Probe
Of the seven ortho-substituted phenylalanine  substrates available to
PyIRS(N346A/C348A), 21 has the potential to be used for protein labeling via the

148, 158

palladium-catalyzed Suzuki—Miyaura cross-coupling reaction, and 24 can be used

to cleave the polypeptide backbone upon irradiation at 365 nm, as a fluorescent distance
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ncAA: N/A 19 21 22

Figure 3.6. Expression of EGFP-N128—X in HEK293T cells co-transfected with the plasmid

containing genes encoding PyIRS(N346A/C348A) and tRNA'E{J'A. Cell cultures were supplemented with

5 mM of 19-25 or no ncAA (N/A). Supplementing the cultures with 5 mM of compound 20 resulted in
nearly 100% cell mortality. The relative ratio of expressed EGFP proteins compared to the control, based
on fluorescence intensity, is 2.6, 4.3, 3.2, 4.1, 2.2 and 4.9 for ncAAs 19, 21, 22, 23, 24, and 25,

respectively.

probe due to its ability to quench the fluorescence of tryptophan, and as an IR probe due
to the strong vibrational absorption of the nitro group.*®® **% 1 25 could also be used as
an IR probe due to the strong vibrational absorption of the nitrile group™2and as a
sensor of protein local environment, protein folding/dynamics, and protein—ligand
interactions due to the environmentally sensitive fluorescent features of the benzonitrile

moiety. Indeed, an isomeric ncAA of 25, para-cyano-phenylalanine (pCNF), has been
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widely used as a reporter of protein local environment to study folding/dynamic analysis
and protein—peptide interactions.'®* 12 Additionally, pCNF can be selectively excited in
the presence of both tryptophan and tyrosine and has considerable spectral overlap with
both fluorophores; therefore, its ability to form a FoOrster resonance energy transfer
(FRET) pair with these residues was also recently explored.'®® 1% 25 could potentially

serve as an alternative to pCNF and, because of its naturally occurring orthogonal

tRNAE%A, could be used in eukaryotic systems. Since the intermediate polarity of the
nitrile group is well tolerated in both polar and nonpolar environments and the nitrile
group is relatively small, replacing phenylalanine with 25 should minimally disturb the
protein’s structure and folding pattern.® Our preliminary measurements revealed
that 25 has absorption and fluorescence spectra similar to those reported for pPCNF and
displays a nearly 10-fold increase in fluorescence when going from hydrophobic to
hydrophilic solvents (Figure 3.7), suggesting that 25 could be used as a probe of protein
local environment.

To test whether 25 could be used as a fluorescent probe of protein local
environment, two sfGFP proteins were expressed: sfGFP-N135—25and sfGFP-
F27—25 with 25 incorporated at N135 and F27, respectively. N135 is solvent exposed
and 25 is expected to be highly fluorescent at this site; however, F27 is buried within the
hydrophobic interior of the protein, and therefore 25 incorporated at this position should
display reduced fluorescence. Previous measurements indicate that mutations at these
two positions do not significantly alter the folding of sfGFP.'*’ The pEVOL-PyIT-
PyIRS(N346A/C348A) plasmid was co-transformed into E. coli Top10 cells along with
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Figure 3.7. Fluorescence emission spectrum of 20 UM ortho-cyano-phenylalanine dissolved in water,
ethanol, and 6 M guanidine hydrochloride. Spectra were recorded in a 1 cm quartz cuvette at room
temperature with a 1 nm resolution and 1 s-m™ integration time. A¢x = 240 nm.

pBAD-sfGFP that contained sfGFP with an amber mutation at either the 27th or 135th
position. Cultures were grown in a synthetic autoinduction medium supplemented with 2
mM ncAA 25 to afford full-length sStGFP-N135—25 and sfGFP-F27—25 in yields of
140 and 220 mg-L™*, respectively. No protein was detected in the absence of 25.
Figure 3.8 shows the fluorescence spectra of the folded proteins in phosphate buffered
saline at pH 7.5 when excited at 240 nm. In the folded state, sSFGFP-F27—25 displays
very little fluorescence, consistent with the positioning of 25 in the hydrophobic interior
of the protein. However, sfGFP-N135—25 displays nearly an 8-fold increase in
fluorescence intensity consistent with 25 being solvent exposed in this protein. As a

control, we also measured the fluorescence of the wildtype protein under the same
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Figure 3.8. Ortho-cyano phenylalanine fluorescence in sfGFP variants. Fluorescence spectra of sSfGFP-
F27—25 (red line), SFGFP-N135—25 (blue line), and wild-type sfGFP (black line) excited at 240 nm. The
structure of sSfGFP is presented in the left side of the figure with F27 and N135 labeled.

conditions. The wildtype protein displayed fluorescence intensity similar to that of
SfGFP-F27—25 with a slightly red-shifted spectrum. These results indicate that 25 can
be selectively excited in the presence of both tyrosine and tryptophan, as sSfGFP contains
one tryptophan residue and nine tyrosine residues, and demonstrate that 25 serves as an
effective indicator of local environment within a protein.

Next we demonstrated the use of 25 for the study of protein folding using the
chromodomain of M-phase phosphoprotein 8 (MPP8). MPP8 has been shown to bind
specifically to methylated lysine 9 of histone 3 and overexpression of MPP8 is linked to
increase tumor metastasis.'® The crystal structure of MPP8 revealed that F59 is located
in the hydrophobic cage that forms a binding pocket for the methylated lysine
(Figure 3.9A).1% Therefore, in the folded protein, this residue is not exposed to the

solvent and an increase in the fluorescence of 25 would be expected as the protein is
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Figure 3.9. Monitoring protein unfolding with ortho-cyano-phenylalanine (A) The structure of MPP8
(based on the PDB entry: 3Q02). F59 is labeled. (B) Fluorescence spectra of the MPP8-F59—25 at varied
concentrations of urea. (C) Fluorescence intensity of MPP8-F59—25 measured at 297 nm as a function of
the urea concentration. The protein was measured at 2.5uM in PBS at pH 7.5. The excitation wavelength
was 240 nm. A seven point, second order Savitsky-Golay filter was applied to Figure 3.9B to refine

curves.

denatured. The chromodomain of MPP8, containing an amber mutation at F59, was

expressed as an N-terminal fusion protein to sfGFP in E. coli Topl10 cells that also

expressed the PyIRS(N346/C348A)- tRNAE{}A pair. Fusion to sfGFP allowed for high

levels of the soluble MPP8 to be expressed.’®” The cells were grown in the synthetic
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autoinduction medium supplemented with 2 mM ncAA 25to afford the full length
fusion protein. Figure 3.9B displays the fluorescence spectra of MPP8 in the presence of
varying concentrations of urea. At low concentrations of the denaturant, a peak
corresponding to the fluorescence of 25 was not detected, consistent with this residue
being buried in the hydrophobic cage. As the concentration of urea is increased from 0 to
8 molar, an increase in 25 fluorescence at 297 nm was observed accompanied by a
decrease in the tryptophan fluorescence of the protein, which is consistent with
both 25 and tryptophan becoming solvent exposed. No increase in fluorescence at 297
nm was observed for the wild-type protein (Figure 3.10). Figure 3.9C shows the two-
state unfolding curve for MPP8-F59—25 obtained by exciting the protein at 240 nm and

measuring the resulting fluorescence at 297 nm.
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Figure 3.10. Fluorescence intensity at 297 nm of wildtype sfGFP as a function of urea concentration.
The protein was measured at 2.5uM in PBS at pH 7.5. The excitation wavelength was 240 nm.
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3.4 Conclusion

In conclusion, we have demonstrated an expanded ability of the PyIRS(N346A/C348A)
mutant to incorporate phenylalanine derivatives with substitutions at the ortho position.
The enzyme demonstrates remarkable substrate promiscuity while retaining relative
orthogonality toward canonical amino acids, making it a valuable tool for the genetic

incorporation of ncAAs. Nearly 40 phenylalanine derivatives have been hitherto

genetically encoded at amber codons using the PyIRS(N346A/C348A)- tRNAE-‘{JlA pair.
In addition, we have demonstrated the ability of PyIRS(N346A/C348A) to facilitate the
genetic incorporation of ncAAs in mammalian cell lines. Finally, we have demonstrated
the ability of 25 to act as a sensitive fluorescent probe of protein local environment and
protein folding. 25 shows significant differences in fluorescence intensity between
hydrophobic and hydrophilic environments, and the nitrile substitution at
the ortho position makes it an extremely small and noninvasive substitution in protein
studies. We believe this advancement will greatly promote the adoption of the genetic

ncAA incorporation approach in a broader biochemistry research field. In subsequent

chapters, we will utilize the PyIRS(N346A/C348A)- tRNAPC){JlA pair along with other

PyIRS mutants for the genetic incorporation of ncAAs into phage displayed peptides.
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CHAPTER IV
CONSTRUCTION AND CHARACTERIZATION OF A TAG-OBLIGATE

PHAGE DISPLAY LIBRARY

4.1 Introduction

As discussed in Chapter 2, a straightforward method for increasing the chemical
diversity of phage-displayed peptides is through the genetic incorporation of ncAAs via
stop codon suppression. To date, over 150 ncAAs bearing diverse functional groups
have been site-specifically incorporated into proteins using this technique.*® This could
theoretically be used to install any of these ncAAs at any position within a peptide
library. However, direct application of nonsense suppression for phage display has
proven to be extremely challenging, largely due to the inefficiency of ncAA
incorporation via stop codon suppression.

Inefficient incorporation of ncAAs arises from several factors. For one, the
orthogonal tRNA must compete with release factors for suppression of the nonsense
codon during translation. Often, rather than the ncAA being incorporated at the nonsense
codon, translation is terminated. These competing processes result in a reduction in the
yield of proteins containing ncAAs compared to those that do not rely on nonsense
suppression.'®® % Further, it has been demonstrated that engineered aaRSs are far less
active (up to 1000-fold) than wildtype aaRSs.*”® This decreased activity is another

contributing factor to inefficient ncAA incorporation.
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In order for affinity selection of phage-displayed peptides to be successful,
enrichment of a phage clone during selection should be a result of the functional
advantage (binding affinity) provided to the clone by the displayed peptide. All other
factors that could bias the selection and favor the enrichment of clones irrespective of
the binding affinity of the peptide should be carefully minimized. The differential
reproductive rate of bacteriophages within a library has been shown to be a significant
source of bias in phage display affinity selections. In this type of bias, known as
propagation-related (PR)-bias, certain clones are enriched over others due to their faster
reproductive rate during the amplification steps between rounds of selection.>® '
Depending on the difference in propagation rate, PR-bias can make the selection of
slowly reproducing clones difficult, if not impossible, even if the displayed peptide binds
to the target. When the genetic ncAA incorporation technique is applied to phage
display, inefficient stop codon suppression can severely limit the rate at which clones
containing ncAAs propagate. This PR-bias against these clones has made the selection of
phage-displayed peptides containing ncAAs extremely challenging.

Despite this hurdle, Schultz and colleagues have utilized phage display to evolve
proteins and peptides containing ncAAs for several different targets. In these selections
careful and extensive optimization of expression conditions (including time,
temperature, plasmid system, and ncAA concentration) was used to maximize the rate of
phage production.® Further, these studies utilized highly efficient ncAA/aaRS pairs to
maximize the efficiency of stop codon suppression. However, even under the best

conditions the rate of phage production for clones containing ncAAs was 3-fold lower
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than clones that contain only canonical amino acids.® To overcome this expression bias,
the ncAAs used for selection in these studies were carefully chosen such that they would
provide a strong selective advantage. For example, phage-displayed antibody libraries
containing para-sulfo-tyrsoine (p-STyr) were used to evolve antibodies that bind to the

HIV coat protein gp120.%> %

p-STyr was chosen with the foreknowledge that naturally
occurring anti-gp120 antibodies contain p-STyr residues, and that these residues
contribute significantly to the binding interaction between the antibody and gp120.1"? In
another example, a phage-displayed peptide library containing bipyridyl alanine (Bpy-
Ala) was used for the evolution of peptides that bind to Ni**.*® However, it was known
prior to selection that phages containing Bpy-Ala would be favored given the ability of
the ncAA to chelate Ni** in a bidentate fashion. While this work by Schultz et al. has
pioneered the use of ncAAs in phage display, the method is currently limited to highly
efficient ncAA/aaRS pairs and to ncAAs that will provide a clear advantage during
selection. Only under these constraints can one overcome the PR-bias and select for
proteins and peptides containing nCAAS.

One way to minimize PR-bias would be to increase the ncAA incorporation
efficiency. Numerous studies have sought to address this problem through engineering
of the orthogonal aaRS and tRNA,'"* "* ribosome,'’ elongation factors,*”® or through

the deletion of release factors®®®

. While significant advances have been made, the
efficiency of incorporation is still low compared to canonical amino acids. Another
option would be to simply eliminate the fast propagating clones from the library pool.

By removing sequences that contain only canonical amino acids, clones containing
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ncAAs can be selected based on their functional performance without concern for their
slower propagation. Herein, we report a novel strategy, based on a unique property of the
Ff bacteriophage infection mechanism, for the construction of phage-displayed peptide
libraries. These libraries are designed such that every clone contains an ncAA that is
incorporated in response to amber (TAG) codons. We demonstrate that this “TAG-
obligate” library can be used to display peptides containing ncAAs that have varying
incorporation efficiencies. Finally, we show that this strategy for library construction
generates robust libraries that can undergo iterative rounds of selection and amplification

without apparent PR-bias.

4.2 Experimental Details

4.2.1 Miscellaneous Information

All primers were purchased from Integrated DNA Technologies, Inc. (Coralville, PA).
Enzymes and buffers for molecular cloning were purchased from New England Biolabs
(Ipswich, MA). ncAAs were purchased form Chem-Impex International, Inc. (Wood
Dale, IL) and used without further purification or synthesized as described. DNA
sequencing was performed by Eton Biosciences, Inc. (San Diego, CA). Mass spectra
were collected by the Department of Chemistry Mass Spectrometry Facility at Texas

A&M University.
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4.2.2 Primer List

CloDFori-Ascl-F: 5>-TTGGCGCGCCCAATTAGCTAGCTCACTCGGTC-3

CloDFori-Avrll-R: 5>-TGTTCCTAGGGATAAATTGCACTGAAATCTAG-3’

PEVOLori-Avrll-F: 5>-TGTTCCTAGGTCTTCAAATGTAGCACCTGAAG-3’

PEVOLori-Ascl-R: 5>-TTGGCGCGCCCCTTTTTTCTCCTGCCACATG-3

pADL-Ncol-(NNK)7-g3-F: 5°-CATGCCATGGCC(NNK),GCGGCGAAAGCGG-3’

PADL-Ncol-R: 5>-CATGCCATGGCCGGCTGGGCCGC-3’

4.2.3 Plasmid Construction

pEVOL-CDEF: To exchange the origin of replication on pEVOL from p15A to CloDF,
the CloDF origin was amplified from the plasmid pCDF-1 (EMD Millipore) using the
primers CloDFori-Ascl-F, containing an Ascl site, and CloDFori-Avrll-R, containing an
Avrll site. The PCR product was cloned into Ascl and Avrll sites that had been
introduced into previously reported pEVOL-PyIT-PyIRS constructs using the primer pair

PEVOLori-Avrll-F and pEVOLori-Ascl-R to afford pEVOL-CDF-PyIT-PylRS. 117

plll Phagemid Library: The phagemid pADL-10b was purchased from Antibody Design
Labs (San Diego, CA). To introduce a seven site library at the N-terminus of plll, the
phagemid was amplified using the primers pADL-Ncol-(NNK)7-g3-F and pADL-Ncol-
R. The PCR product was digested with Ncol, ligated with T4 DNA ligase, and used to

transform electrocompetent E. coli Top10 F’ yielding 1.4 x 10° transformants.
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4.2.4 Protein Expression and Purification
TEV Protease: Hisg-TEV(S219V) protease was expressed and purified essentially as

described previously*’

with minor modifications. Briefly, E. coli BL21(DE3) containing
the plasmid encoding TEV protease were grown in 2xXYT to an ODgg = 0.6 at which
point 1 mM IPTG was added and the protein was expressed at 30°C. 4 h after induction
the cells were pelleted (6k rpm, 20 min) and the cell pellets were stored at -80°C until
purification.

TEV protease was purified via nickel affinity chromatography exactly as
described in Chapter 3. Following elution from the column, the protein was dialyzed
overnight against TEV storage buffer (25 mM Tris pH 8.0, 100 mM NaCl, 10% glycerol,

1 mM DTT), concentrated to 15 pM, flash frozen, and stored at -80°C. SDS-PAGE

analysis of purified TEV protease is shown in Figure 4.1.
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Figure 4.1. SDS-PAGE analysis of purified TEV protease.
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SfGFP-N134 235: To express sfGFP with 35 at position 134, E. coli Topl0 were

transformed with the plasmid pBAD-sfGFP-N134(TAG), which contains the gene
encoding sfGFP with a TAG mutation at position N134, and a previously reported
PEVOL construct for the incorporation of Ng-propionyl-lysine (pEVOL-PyIT-PrkRS).}”
Cells were grown at 37°C in 2xYT media supplemented with 100 ug-mL™ ampicillin
and 34 pg-mL™" chloramphenicol to an ODggo = 0.6 at which point protein expression
was induced with the addition of 0.2% arabinose, 5 mM 35 (racemic), and 5 mM
nicotinamide. 16 h after induction cells were pelleted (4k rpm, 20 min) and cell pellets

were stored at -80°C until purification. SfFGFP-N134->35 was purified via nickel affinity

chromatography exactly as described in Chapter 3.

Ubiquitin-K48 235:To express ubiquitin with 35, E. coli BL21(DE3) were co-

transformed with the previously mentioned pEVOL-PyIT-PrKRS plasmid and a
previously reported’® pET-Ub-K48(TAG) plasmid which contains the gene encoding
ubiquitin with a TAG mutation at position K48 and a 6 x His tag at the C-terminus. The
transformed cells were grow at 37°C in 100 mL of 2xYT media supplemented with 100
ng-mL™* ampicillin and 34 pug-mL™ chloramphenicol to an ODgg = 0.6 at which point
protein expression was induced with the addition of 5 mM 35 (racemic), 1 mM IPTG,
and 0.2% arabinose to the growth media. 8 h after induction, the cells were pelleted (4k
rpm, 20 min) and cell pellets were stored at -80°C until purification. Ubiquitin-K48->35
was purified by low pH fractionation as described previously*” followed by purification

by nickel affinity chromatography as described in Chapter 3.
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4.2.5 Biotinylation of TEV Protease

To generate biotin labelled TEV protease, aliquots of the purified protein, in storage
buffer, were combined and dialyzed against PBS pH 7.6 overnight at 4°C. The following
day the protein was dialyzed against PBS for an additional 1.5 h. The pH was adjusted to
8.0 using 0.1 M NaOH and the protein was concentrated to 10 uM. The concentrated
protein was biotinylated with a 10-fold molar excess of Ez-Link™ NHS-Biotin (Thermo
Fisher Scientific) for 1 h at room temperature with end-over-end rotation. After 1 h the
excess biotin reagent was removed by ultrafiltration (10 kDa MWCQO) by performing
ten-fold dilutions in PBS and then concentrating to 1 mL (3x). Aliquots of the

biotinylated protein were flash frozen and stored at -80°C.

4.2.6 Phage Quantification

Phages were quantified via a colony forming unit (cfu) assay. In this assay, 10-fold serial
dilutions of the phage preparation were performed in 2xYT media. 10 uL of each
dilution was added to 90 uL of log phase E. coli Top10 F’ (ODgoo = 0.45-0.55) ina 1.5
mL tube. The tubes were incubated at 37°C for 45 min. After incubation, 10 pL of the
infected culture was spotted onto an LB agar plate containing the appropriate antibiotics.
The liquid was allowed to evaporate, and the plate was incubated overnight at 37°C. The
next day, the colonies in each spot were counted and this number was used to calculate

the number of colony forming units in the phage preparation.
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4.2.7 Superinfection-Selection to Generate the TAG-Obligate Phagemid Library

First Round of Superinfection: The seven site phagemid library in E. coli Top10 F’ was

grown at 37°C in 2xYT media supplemented with 100 pg-mL™ ampicillin and 10
ug-mL™ tetracycline. Upon reaching an ODggo of 0.27, pllIl expression was induced with
the addition of 0.2 mM IPTG. 30 minutes post induction, CM13 helper phage (Antibody
Design Labs, 1 x 10" pfu, MOI = 15) was added and the culture was incubated at 37°C
for an additional 40 minutes. Following infection with CM13, cells were pelleted (6k
rpm, 10 min), the supernate was removed, and the cell pellet was resuspended in 150 mL
2xYT containing 100 pg-mL™* ampicillin, 25 ug-mL™ kanamycin, and 1 mM IPTG. The
culture was grown overnight at 37°C. The following day, the phagemid library was
extracted with a commercial Midi prep kit (Epoch Life Sciences) according to the

manufacturer’s protocol and then purified by agarose gel electrophoresis.

Passage through DH5a: The purified phagemid library was used to transform
electrocompetent E. coli DHS5a containing M13KO7(gIIl'). Transformed cells were
recovered for 1 h in 2xYT media and then grown overnight in 500 mL 2xYT containing
100 pg-mL™* ampicillin, 25 pg-mL™ kanamycin, and 1 mM IPTG. A small aliquot of the
transformation was tittered to ensure the number of transformants exceeded the post-
superinfection titer from the first round of superinfection-selection. The following day,
the cells were pelleted (4k rpm, 30 min), the supernate was transferred to a new tube,
and phagemids were precipitated by the addition of a 5x polyethylene glycol (PEG)

precipitation solution (2.5 M NaCl, 20% PEG 8,000) with incubation on ice for 2 h.
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Precipitated phages were collected by centrifugation (4k rpm, 1 h) and then resuspended
in 3 mL PBS for 30 min at 4°C. The resuspended phages were centrifuged (10k rpm, 20

min) to remove residual cells and then incubated at 65°C for 15 min before tittering.

Second Round of Superinfection: Purified phages (3.7 x 10° cfu) were used to infect

actively growing E. coli Top10 F* at ODggo = 0.5 in 100 mL 2xYT supplemented with 10
ug-mL™ tetracycline (MOI = 0.15). After 1 hour, the culture was diluted 1:1 with fresh
2xYT and then ampicillin and IPTG were added to a final concentration of 100 pg-mL™
and 0.5 mM, respectively. The culture was grown at 37°C to ODgy = 0.42 at which point
60 mL was removed and infected with CM13 (1 x 10™ pfu, MOI = 10). After incubating
for an additional 45 min, the cells were pelleted (6k rpm, 10 min) and then resuspended
in 500 mL 2xYT containing 100 pg-mL™ ampicillin, 25 pg-mL™* kanamycin, and 1 mM
IPTG. The culture was grown overnight at 30°C and the phagemid was extracted and

purified as describe above.

4.2.8 Expression and Purification of Phages Containing ncAAs

Expression with Phenylalanine Derivatives: To express the TAG-obligate phagemid

library with phenylalanine derivatives we used a previously reported pyrrolysyl-tRNA
synthetase mutant containing the N346A/C348A mutations (PyIRS(N346A/C348A)).1
PyIRS(N346A/C348A) and its cognate tRNA (tRNAE{'JlA) were expressed from a pEVOL
construct containing the CloDF replication origin dubbed pEVOL-CDF-PyIT-

PyIRS(N346A/C348A) which was constructed as described above. Electrocompetent E.
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coli containing M13KO7(plIl") and pEVOL-CDF-pylT-PyIRS(N346A/C348A) were
transformed with the TAG-obligate phagemid library to yield 6.92 x 10° transformants.
Transformed cells were grown at 37°C in 200 mL of 2xYT media supplemented with
100 pg-mL™ ampicillin, 34 pg-mL™ chloramphenicol, and 25 pg-mL™ kanamycin to
ODgy = 0.4-0.6 at which point 1 mM IPTG and 0.2% arabinose was added and the
culture was split into two flasks. To one flask was added one of the ncAA 19 or 36-38
to a final concentration of 4 mM Following induction, the phagemids were expressed at
30°C for 18-24 hours.

After expression, each of the 100 mL cultures was split into two 50 mL tubes and
the cells were pelleted (6k rpm, 20 min). The upper 40 mL of the supernate was poured
into new 50 mL tubes and to each tube was added 10 mL of a 5x phage precipitation
solution (2.5 M NaCl, 20 % PEG 8,000). The tubes were mixed by inversion and the
phages precipitated at 4°C overnight. The following day the phages were pelleted (11k
rpm, 25 min), the supernate was decanted, and both pellets were resuspended in the same
10 mL of PBS pH 7.5. Residual cells were pelleted (6k rpm, 20 min) and the supernate
was transferred to a new tube. The phages were precipitated a second time by the
addition of 2.5 mL of phage precipitation solution and incubation at 4°C overnight. The
following day the phages were pelleted (11k rpm, 25 min) and the pellet was
resuspended in 1 mL PBS. Residual cells were pelleted (14k rpm, 10 min) and any
remaining cells were killed by incubating the phage solution at 65°C for 15 min. To
verify successful ncAA incorporation, the purified phages that were expressed in the

presence and absence of ncAA were quantified using the cfu assay described above.
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Expression with Lysine Derivatives: For expression of phages containing 28 and 29

electrocompetent E. coli Top10 containing M13KO7(plll") and a pPEVOL-CDF construct

containing tRNA{) ,and a previously reported*’”” PyIRS mutant with a Y384W mutation
(BUKRS) were transformed with the purified phagemid library yielding 3.1 x 10°
transformants. For the expression of phages containing 35, electrocompetent E. coli
Topl0 containing containing M13KO7(plll") and a pEVOL-CDF construct containing
tRNAFY ,and a previously reported’”” PylRS mutant containing the mutations
L301M/Y306L/L309A/C348F/Y384W (PrKRS) were transformed with the TAG-
obligate phagemid library yielding 2.1 x 10° transformants. Phages were expressed and

purified exactly as described for the phenylalnine derivatives but with the addition of 5

mM nicotinamide to the growth media.

4.2.9 Affinity Selection against TEV Protease

Streptavidin coated magnetic beads (100 pL, 50% slurry, Genscript) were washed with
PBS pH 7.4 (2x 1 mL) and then resuspended in 50 pL of PBS. 5 pg of biotin labelled
TEV protease in 400 pL PBS was added and the protein/bead mixture was incubated for
15 min at room temperature. After 15 min the beads were washed with PBS (3x 1 mL),
resuspended in 300 pL PBS and then 150 pL of 2x blocking buffer was added to the
tubes (PBS pH 7.4, 0.3% Tween 20, 3% BSA). At the same time 0.5 mL of 2x blocking
buffer was also added to the purified phagemid library in 1 mL PBS. Both tubes were
incubated at room temperature with end-over-end rotation for 30 min. After 30 min the

blocking buffer was removed from the tube with the beads and the blocked phage library
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(0.75 mL) was added. The beads/library mixture was incubated at room temperature
with end-over-end rotation for 30 min. After 30 min the supernatant was removed and
the beads were washed (8x 1 mL PBS containing 0.1% Tween-20; 2x 1 mL PBS).
Bound phages were eluted from the beads by incubating with 100 pL elution buffer (50
mM glycine pH 2.2) for 10 min. The elution was then immediately added to 50 pL of
neutralization buffer (1 M Tris pH 8.0).

A small portion (10 pL) of the eluted phages was used for tittering and the
remainder was amplified by adding the elution to a 20 mL culture of E. coli Top10 F’
(OD600 = 0.45-0.55) in 2xYT media supplemented with 10 pg'mL™ tetracycline, and
incubated at 37°C, for 45 minutes. After 45 minutes, the cells were pelleted (4k rpm, 20
min), resuspended in 300 mL of fresh 2xYT media supplemented with 100 pg-mL™
ampicillin, and grown overnight at 37°C. The following day the phagemids were
extracted using a commercial plasmid Miniprep kit (Epoch) according to the
manufacturer’s protocol. The purified phagemids were used to transform
electrocompetent E. coli Topl0 containing pEVOL-PyIT-PyIRS(N346A/C348A) and
M13KO7(plll"). After electroporation the transformed cells were recovered in 1 mL
2xYT supplemented with 35 pg-mL™ chloramphenicol and 25 pg-mL™ kanamycin for 1
hour at 37°C. A small portion of the recovered cells were tittered to ensure the number
of transformed cells exceeded the number of eluted phages by at least 100-fold. After 1
hour, the recovered cells were added to 50 mL of 2xYT media supplemented with

ampicillin, chloramphenicol, and kanamycin and amplified overnight. This amplified
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culture was used to prepare glycerol stocks for expressing phages for further rounds of

selection according to the methods described above.

4.2.10 Affinity Selection against Streptavidin

Selection was performed against streptavidin which had been nonspecifically adsorbed
to a polystyrene petri dish. To immobilize the target protein, lyophilized streptavidin
(Chem-Impex International, Woodale IL) was dissolved in 0.1 M NaHCO3; pH 8.6 to a
final concentration of 25 pg-mL™. 1.5 mL of the protein solution was added to a sterile
petri dish (60 x 15 mm, Falcon 35-3004) and incubated at 4°C overnight in a sealed,
humidified, box. The following day, the protein coating solution was removed, the petri
dish was filled with blocking buffer (0.1 M NaHCO;, 5 mg-mL™ BSA, 0.1 mg-mL™
streptavidin, pH 8.6), and the plate was incubated for 2 h at 4°C. Following blocking, the
plate was washed 6 times with 2 mL PBST (PBS + 0.1 % Tween-20, pH 7.5) and the
phage library, in 1 mL PBS, was added to the dish. The phages were incubated with the
target at room temperature in a humidified box for 1 hour (rounds 1-3) or 30 minutes
(round 4). After incubating the library with the target, unbound phages were removed
and the dish was washed 10 times by completely filling the dish with PBST, swirling for
30 seconds, pouring off the PBST, and then slapping the dish face-down on a clean
paper towel. The bound phages were then eluted with the addition of 1 mL of 0.1 mM D-
biotin in PBS incubating at room temperature for 30 minutes. Eluted phages were

quantified and amplified exactly as described for the selection against TEV protease.
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4.2.11 Chemical Synthesis

The Synthesis of N.-butyryl-lysine (28) and Nccrotonyl-lysine (29): Ne-butyryl-lysine

and Ng-crotonyl-lysine were synthesized according to our previously reported

procedure.'”’

The Synthesis of 2-amino-8-oxodecanoic acid (35): The synthetic scheme shown in

Figure 4.2 was followed for the synthesis of 2-amino-8-oxodecanoic acid (35).

i EDC, DMAP 't | EtMrBr o Nal, Acetone
.0
Br/\l")“)J\OH ———————> Br N ——————> Br A —_—
~ -0 | THF, 4 h reflux, 5 h
30 N 31 32
H
o NaH, DMF 0 — o o)
/\(V))J\/ N AcHN )
! 4 EtO,C 4 HO 4
NHAc 2 CO,Et reflux, 12 h NH2
33 \/O\H)\WO\/ 34 35
0O O

Figure 4.2. The synthesis of 2-amino-8-oxodecanoic acid (35).

A mixture of 30 (2.73 g, 14.0 mmol), 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide  hydrochloride (3.22 g, 16.8 mmol), 4-
dimethylaminopyridine (0.17 g, 1.4 mmol), and N,O-dimethylhydroxylamine (1.5 g,
15.4 mmol) in dichloromethane (75 mL) was stirred at room temperature for 16 h. The
mixture was diluted in dichloromethane (100 mL), washed with water (30 mL),

hydrochloric acid (0.5 M, 30 mL), sodium hydroxide (0.5 M, 30 mL) and brine (15 mL),
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dried (Na;SO,), and concentrated under reduced pressure to give the crude 31 (3.39 g,
quant.) as a yellow oil. The material was directly used without further purification.

To a stirred solution of 31 (3.39 g, ~14.0 mmol) in anhydrous THF (40 mL)
cooled in an ice bath under argon protection was added a solution of ethylmagnesium
bromide (3.0 M in diethyl ether, 6.6 mL, 20.0 mmol) dropwise over 20 min. After
stirring for 3 h, hydrochloric acid (1.0 M, 21.9 mL) was cautiously added dropwise. The
mixture was diluted in ethyl acetate (50 mL), washed with water (20 mL) and brine (20
mL), dried (Na,SO,), and concentrated under reduced pressure to give crude 32 (2.52 g,

83%) as a yellow oil, which was directly used in the next step.

A mixture of 32 (2.5 g, 12.1 mmol) and sodium iodide (5.39 g, 36.2 mmol) in
acetone (40 mL) was refluxed for 5 h. The solvent was then evaporated under reduced
pressure and ether (50 mL) was added. The suspension was filtered and washed with
ether (20 mL). The combined filtrate was washed with water (15 mL), sodium
thiosulfate (1.0 M, 10 mL) and brine (10 mL), dried (Na,SQO,), and concentrated under
reduced pressure to give 33 (2.90 g, 95%) as a yellow oil, which was directly used in the
next step.

To a suspension of diethylacetamidomalonate (1.60 g, 7.2 mmol) in anhydrous
DMF (5 mL) was added sodium hydride (60% dispersion in mineral oil, 0.30 g, 7.68
mmol), and the mixture was stirred at room temperature for 10 min. Compound 33 (2.00
g, 7.04 mmol) in DMF (4 mL) was then added dropwise over 5 min, and the resulting
yellow solution was stirred at room temperature overnight. Water (5 mL) was added, and

the mixture was diluted in ethyl ether (50 mL), washed with a mixture of brine (9 mL)
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and hydrochloric acid (1 M, 1 mL), dried (Na,SO,4), concentrated under reduced
pressure, and chromatographed (ethyl acetate/hexanes, 1:3 to 1:1) to give 34 (2.2 g,
82%) as a yellow oil.

'H NMR (300 MHz, CDCls) & 6.77 (br, s, 1H), 4.23-4.18 (m, 4H), 2.40-2.25 (m, 4H),
1.99 (s, 3H), 1.53-1.50 (m, 2H), 1.20-1.25 (m, 8H), 1.01-0.99 (m, 6H).

A suspension of 34 (3.0 g) in concentrated hydrochloric acid (12 M, 20 mL) was
heated at refluxed overnight. The solvent was evaporated under a high vacuum
generated by an oil pump, and the residue was dissolved in minimal amount of water
and loaded onto an ion-exchange column made from Dowex 50WX4-400 cation-
exchange resin (wet volume ~10 mL) which had been prewashed with hydrochloric
acid (6 M, 30 mL) and then copious amount of water until neutral. The column was
desalted with excessive water washing (200 mL) and then eluted with hydrochloric acid
(0.5 M to 3 M) to give 35 (2.17 g, quant.) as a white solid. The proton NMR of

compound 35 is shown in Figure 4.3.

'H NMR (300 MHz, D;0) & 3.90 (t, 1H, J = 3.6 Hz), 2.40-2.36 (m, 4H), 1.81-1.72 (m,

2H), 1.40-1.35 (m, 2H), 1.28-1.14 (m, 4H), 0.80 (t, 3H, J = 0.9 Hz).
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Figure 4.3. "H-NMR spectrum of 2-amino-8-oxodecanoic acid (35).

4.3 Results and Discussion

4.3.1 Construction of a TAG-Obligate Phage Display Library

Our strategy for constructing a TAG-obligate phage display library relies on a
phenomenon of Ff bacteriophage biology known as superinfection immunity. The
mechanism of Ff phage infection of E. coli was described in detail in Chapter 1. Briefly,
adsorption of the virus to the host cell relies on two interactions between E. coli cell
surface proteins and the phage coat protein plll. During adsorption of the phage to the

host, the N2 domain of plll binds to the F-pilus of E. coli. This is followed by binding of
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the N1 domain of plll to the E. coli membrane bound protein TolA. However, if the
bacterium is already expressing plll, either from a plasmid or from previous phage
infection, the endogenously-expressed plll will bind to TolA preventing adsorption and,
therefore blocking infection (superinfection) by the second phage.’®” ¥ Such cells are
said to have superinfection immunity. Our plan to construct the TAG-obligate library
was to first build a standard library with both sequences containing TAG codons and
those containing only sense codons. Then, we would perform a selection based on
superinfection immunity (superinfection-selection) to remove sequences that contain
only sense codons from the library pool.

We started by constructing a combinatorial heptapeptide (7-mer) library fused to
the N-terminus of plll using the pADL-10b phagemid system. In this phagemid vector,
plll is under control of a lac promoter which allows for tight regulation and high
expression of the peptide-plll fusions. When supplemented with a helper phage that is
lacking a functional gene encoding plll, this phagemid allows for pentavalent display of
peptide-plll fusions on phagemid particles. To construct the library seven randomized
codons were introduced by site-saturation mutagenesis, using NNK codons, at the N-
terminus of plll immediately downstream of the PelB leader sequence. Fusion to the
PelB leader peptide is required to direct plll to the periplasm following translation.'®?
Once in the periplasm, the leader sequence is removed by a signal peptidase to afford
the 7-mer as a free N-terminal fusion to pll1.*® Following cloning, transformation of

electrocompetent E. coli Top10 F’ with the phagemid library yielded 1.4 x 10° unique
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transformants (theoretical peptide diversity of a seven site library with 21 amino acids =
1.80 x 10°).

Next, we performed superinfection-selection to remove the peptide sequences
that contain only canonical amino acids from the library pool. To do this, E. coli Top10
F’ harboring the phagemid library were grown in media supplemented with ampicillin
and tetracycline to ODggo = 0.24 at which IPTG was added to induce the expression of
plll. Under these conditions if the cell harbors a copy of plll that contains only sense
codons, plll will be expressed rendering the cell immune to superinfection. However, if
plll contains a TAG codon, translation termination at the nonsense codon will prevent
the expression of plll leaving the cell vulnerable to superinfection (Figure 4.4A).
Therefore, these cells can be selected after infection with a second phage that bears an
antibiotic resistance marker (Figure 4.4B). Shortly after the induction of plll, the culture
was infected with the CM13 helper phage which bears a kanamycin selection marker.
Changing the growth media after infection to one containing 25 pg-mL™ kanamycin
allowed for the selective growth of cells that were infected with CM13, i.e., those that
contain a TAG within the randomized peptide library.

Sequencing analysis of several clones after the first round of superinfection-
selection revealed that a significant number of clones containing deleterious mutations in
plll were enriched along with those containing TAG codons. These mutations prevented
the expression of full length plll and thus allowed for superinfection by CM13. To cure

the population of clones containing nonfunctional plll, the phagemid library from the
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Figure 4.4. A general strategy for constructing TAG-obligate phage display libraries. (A) The cloned
library is expressed in ToplO F’ followed by superinfection with a helper phage bearing a selectable
marker. Clones that express plll are immune to superinfection. (B) Antibiotic selection allows for the
selective growth of clones that were susceptible to superinfection. (C) To remove clones bearing a
nonfunctional plll gene the library is expressed in an amber suppressor strain with the help of a helper
phage that lacks plll.

first round of superinfection-selection was extracted, purified, and used to transform E.
coli DHSa containing the M13KO7 helper phage with a phenotypic knockout of plIl
(M13KO7(plITl)). DHS5a is a supE strain of E. coli that incorporates glutamine in
response to TAG codons. Therefore, expression of the phagemid library in DH5a

containing M13KO7(plll") produces phagemid particles even if the peptide contains a
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TAG codon. However, since the helperphage lacks functional plll, the phagemid library
is the only source of plll protein. Therefore, phages are not produced when a deleterious
mutation prevents the expression of plll from the phagemid (Figure 4.4C). Expressing
the library in this way allowed us to generate phagemid particles containing the 7-mer
library free of deleterious mutations in plll. Phagemid particles expressed from DH5a
were purified and used to infect E. coli Top10 F’ for a second round of superinfection-
selection.

Over the two rounds of superinfection-selection, TAG enrichment was monitored
by quantifying the number of cells that were infected with CM13 (as determined by
kanamycin resistance) as a percentage of the total number of cells in the culture. In the
first round of selection, approximately 18% of the population was susceptible to
superinfection. This is comparable to the number of clones expected to contain at least
one TAG codon (19.9%) in a seven site library, based on a binomial distribution, using a
probability of 1/32 for TAG codons. After the second round of selection, greater than
98% of the population was susceptible to superinfection indicating a significant
enrichment of clones containing TAG codons (Figure 4.5). Sequencing after the second
round of superinfection-selection confirmed successful TAG enrichment as all clones
sequenced (n = 10) contained a TAG codon within the random peptide sequence (Figure
4.6) In the subsequent time, dozens of clones have been sequenced from this 7-mer
library and all have been found to contain a TAG codon with the random peptide
sequence. Notably, all clones sequenced to date have been found to have only one TAG

codon. This likely arises from the PR-bias against clones containing two ncAAS.
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Figure 4.5 The percentage of cells infected during rounds 1 and 2 of superinfection-selection. The
increase in the number of cells infected from round 1 to 2 indicates enrichment of clones containing TAG.

We note that this strategy for library construction leads to a net reduction in
library diversity. For example, a 7-mer library containing 21 amino acids will encode 21’
= 1.80 x 10° unique peptide sequences. Multiplying by the probability of finding at least
one TAG codon within the peptide (p = 0.199) we arrive at a theoretical library size of
3.58 x 10° after superinfection-selection. Therefore, these libraries have a theoretical
complexity between that of six and seven site libraries that contain only the 20 canonical
amino acids. The drop in diversity decreases, however, as the peptide length increases
since the probability of finding a TAG codon in longer peptides is significantly greater.
We anticipate that the usefulness of libraries containing ncAAs will offset this reduction
in diversity and note that libraries containing only canonical amino acids can easily be

screened in parallel for final comparison after selection.
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Figure 4.6 The sequences of clones isolated after the 2™ round of superinfection-selection
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4.3.2 Genetic Incorporation of ncAAs into Phage-Displayed Peptides

After constructing the TAG-obligate 7-mer library we next tested the expression of the
library with various ncAAs. We first tested the incorporation of four phenylalanine
derivatives (Figure 4.7B). To incorporate these ncAAs into phage-displayed peptides we
utilized a previously reported polyspecific pyrrolysyl-tRNA synthetase (PyIRS) mutant

containing the N346A and C348A mutations (PyIRS(N346A/C348A) in conjunction

with its amber suppressor tRNA (tRNAPyl ) that were described in Chapter 3. These
CUA

amino acids were chosen because they are all incorporated by the same PyIRS mutant
but with varying incorporation efficiencies. Using a sfGFP reporter protein with an
amber mutation at position S2, 19 was found to be one of the best substrates for
PyIRS(N346A/C348A) vyielding 40 mg-mL™ of purified protein.’® By contrast, 36
represents a modest substrate for PyIRS(N346A/C348A) with an incorporation
efficiency 2.5-fold lower than 19.*” The commonly used plasmid for aaRS expression
(PEVOL) utilizes the same p15A origin of replication as M13KO7(plll"). To ensure
compatibility of pEVOL with M13KO7(pllI), we first constructed a derivative of
pEVOL (pEVOL-CDF) in which the p15A origin was replaced with a CloDF origin.
CloDF maintains approximately the same number of copies of the plasmid per cell, yet is
compatible with the p15A origin of M13KO7(plll") and the pMBL1 origin of the
phagemid library.'®

To express the phagemid library containing phenylalanine derivatives, E. coli

Topl10 were transformed with the 7-mer TAG-obligate phagemid library, M13KO7(plII’
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Figure 4.7 The genetic incorporation of phenylalanine derivatives into phage-displayed peptides. (A)
A diagram of the three plasmid system used to express phenylalanine derivatives. (B) The structure of the
phenylalanine derivatives incorporated in this study. (C) The yield of phages expressed in the presence of
phenylalanine derivatives or in the absence of an ncAA (NA). The yield is displayed in millions of colony
forming units per milliliter of culture. Error bars represent positive standard deviations of three
independent expressions.
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), and pEVOL-CDF-PyIT-PyIRS(N346A/C348A) (Figure 4.7A). Growing cells in 2xYT
media supplemented with 4 mM of one of the four phenylalanine derivatives resulted in
a 36 to 83-fold increase in the number of phages produced as determined by a colony

forming unit assay (Figure 4.7C). The increase in phage yield is consistent with

suppression of the TAG codon by tRNAE{IlA and indicates successful incorporation of the

ncAAs. Background phage produced in the absence of an ncAA is likely due to
phenylalanine incorporation as we have shown that PyIRS(N346A/C348A) facilitates the
incorporation of phenylalanine at low levels when used in rich media.**’ However, as
discussed in Chapter 3, we have also shown that the level of phenylalanine incorporation
by PYIRS(N346A/C348A) decreases in the presence of a preferred ncAA substrate.'®*
This implies that phenylalanine incorporation into peptides expressed in the presence of
an ncAA will be minimal.

Interestingly, although the phage yield was significantly lower than that of
wildtype M13, the yield did not correlate with the previously observed incorporation
efficiency of the ncAAs. This suggests that, in this system, phage production may be
limited by something other than stop codon suppression efficiency. For example, the
negative impact of global TAG reassignment in the host cell could contribute to the low
phage vyield. If this is the case one would expect that increasing TAG suppression
efficiency may actually be detrimental to viral fecundity and could actually contribute to
PR-bias. This could be circumvented by using E. coli strains that have had TAG codons
completely removed from their genome, such as those that have been recently

reported.’®® However, with the low accuracy of the colony forming unit assay used to
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quantify phages it is difficult to compare differences in expression yield of only 2 to 3-
fold.

Next, we tested the incorporation of several lysine derivatives into the phagemid
library. We have recently reported a PylRS mutant containing the Y384W mutation
(BuKRS) that can facilitate the efficient incorporation of N¢-butyryl-lysine (28) and Ne-
crotonyl-lysine (29) in response to amber codons in E. coli.’’” Both 28 and 29 are
naturally occurring lysine posttranslational modification and their incorporation into
phage-displayed peptides could prove useful for studying the enzymes that interact with
these modifications.'®” '8 Expressing the phagemid library in E. coli Top10 containing
the plasmids pEVOL-CDF-PyIT-BuKRS and M13KO7(plIl") and in the presence of 5
mM 28 or 29 led to greater than a 100-fold increase in phage yield compared to when no
ncAA was added to the growth media indicating successful incorporation of both ncAAs
(Figure 4.8).

We also tested the incorporation of a new ketone-containing amino acid (35) into
the phage library. We have recently reported a PyIRS mutant (PrKRS) that can facilitate
the incorporation of Ng-propionyl-lysine in response to TAG codons in E. coli. To test
the ability of PrKRS to also recognize 35 as a substrate, we utilized two model proteins,
namely, superfolder green fluorescent protein (sfGFP) containing a TAG mutation at
position 134 (sfGFP-N134->X) and ubiquitin with a TAG mutation at position 48 (Ub-

K48->X). Expression of full length sfGFP-N134->X and Ub-K48->X in E. coli that

were concurrently expressing PrKRS and tRNAE’{JlAwas dependent on the addition of
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Figure 4.8 The genetic incorporation of Ng-butyryl-lysine and Ng-crotonyl-lysine into phage-
displayed peptides. (A) The structures of Ng-butyryl-lysine (28) and Ne-crotonyl-lysine (29). (B) The
yield of phages expressed in the presence and absence (NA) of 28. Error bars represent positive standard
deviations of four independent expressions. (C) The yield of phages expressed in the presence and absence
(NA) of 29. Values on the Y-axis represent the total yield, obtained from 50 mL cultures, and are
displayed in millions of colony forming units.

5 mM of 35 to the growth media (Figure 4.9B). MALDI-TOF mass spectrometry of

purified Ub-K48->35 displayed one major peak with a mass that agreed well with the

theoretical value for ubiquitin with 35 at position K48 (Figure 4.9C). Together, these

results demonstrate the ability of PrKRS to recognize 35 as a substrate and facilitate its
Pyl

incorporation in response to TAG codons in E. coli. When PrKRS and tRNA;, were

expressed in E. coli containing the 7-mer phagemid library and M13KO7(plll’), we
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observed an increase in phage yield of approximately 100-fold that was dependent on the
addition 5 mM of 35 to the growth media (Figure 4.9D). This result indicates successful

incorporation of 35 into the phage-displayed peptide library.
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Figure 4.9. The genetic incorporation of 2-amino-8-oxodecanoic acid. (A) The structure of 2-amino-8-
oxodecanoic acid (35). (B) The incorporation of 35 at the N134 position of sfGFP and the K48 position of
ubiquitin. (C) MALDI-TOF mass spectrum of Ub-48->35. Calculated mass: [M+H]" = 9442 Da;
Observed Mass = 9438 Da. (D) The yield of phages expressed in the presence and absence (NA) of 35.
The yield is displayed in thousands of colony forming units per milliliter of culture. Error bars represent
positive standard deviations of four independent expressions.
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4.3.3 Affinity Selection of Peptides Containing ncAAs

Next, we asked whether the TAG-obligate library could withstand iterative rounds of
selection and amplification. Library integrity over iterative rounds is a fundamental
prerequisite for evolution via phage display. If random mutations lead to the emergence
of clones containing only canonical amino acids, the PR-bias in favor of these sequences
would likely cause them to become the dominant clones during selection.

To test this we performed model selections against two commonly used
laboratory proteins. We first performed selection against the Tobacco Etch Virus (TEV)
protease using the phagemid library that had been expressed with either 37 or 38. To
select for peptides that bind to TEV protease, the purified phagemid library was
incubated with the immobilized, biotinylated, protein for 30 minutes at room
temperature. Following incubation and washing the bound phages were eluted non-
specifically with a low pH buffer. Eluted phagemids were amplified and sequenced (n =
6). Sequencing of the eluted phagemids revealed that in both selections the population
had converged onto one or two sequences (Figure 4.10). The most abundant sequences
in both selections consisted of highly hydrophobic peptides with four of the seven
residues having aromatic side chains. Although the TEV protease recognition sequence
(ENLYFQS) contains two neighboring aromatic residues, given the sequence specificity
of this protease it is unlikely that the selected peptides bind to the substrate binding
pocket of the enzyme.'®® 1% Peptides containing a high number of aromatic residues
have been routinely isolated in phage display selections. Generally these peptides are

unrelated to the target protein and many have been shown to bind to the plastic tubes or
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plates used during selection.”® Such target-unrelated peptides (TUPs) can often be
avoided by including a round of negative selection as is described for the selections in
Chapter 5.2* However, notably, each of the peptides identified from both selections

contained an in-frame TAG codon after three rounds of amplification and selection.

TEV Protease Selection Streptavidin Selection

ncAA 37 Round 3
Y D E N F G Y Y
Y D E W K \Y T S
Y D E T W S N W
Y D E M A K P X
Y D S R E P N
Y D S K L H P

ncAA 38 Round 4

Y A Y | F K L X K H Y P

Vv Y A Y | F K L X K H \4 P
\% Y A Y [ F K L X K H \4 P
\ Y A Y I F K L X K H Y P
X v G F S I K H X K A [ P
S Q R E D H K M X P Q R N
K M X P Q R N

K M X P Q R N

K M X P Q R N

K M X P Q R N

K w C X N C R

—  ncAA s A A K T !

Figure 4.10 The amino acid sequence of peptides containing phenylalanine derivatives isolated from
selections against TEV protease and streptavidin. The position of the TAG codon within the sequence
corresponds to the position of the ncAA and is shown with a blue X.
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To rule out the possibility that the sequences identified from selection were
obtained due to some PR-bias in favor of highly hydrophobic peptides, we performed an
additional model selection against the common laboratory protein streptavidin. During
this selection we altered the immobilization and elution strategy to rule out the
possibility that hydrophobic peptides were enriched due to binding to the solid support.
To select for peptides binding to streptavidin, the phagemid library expressed with 37
was incubated with the target protein that had been non-specifically adsorbed onto
polystyrene plates. After incubation, the plate was washed and bound phages were
competitively eluted with D-biotin (0.1 mM). Eluted phagemids were amplified and
sequenced after the third round of selection (n = 6). By the third round the population
had not converged onto a clear consensus. Therefore, we performed a fourth round of
amplification and selection. Sequencing of phagemids after the fourth round of selection
(n = 12) revealed that the majority of sequenced clones had converged onto two
sequences (Figure 4.10). The most dominant sequence (KMXPQRN, where X = 37)
contained a fragment of a known streptavidin-binding sequence (HPQ).*** A different
clone that contained the PQR motif was also observed in round three which suggests
specific enrichment of the PQR sequence. Notably, no peptides were isolated with
greater than one aromatic residue (aside from the ncAA) further supporting our
suspicion that the previously isolated peptides were TUPs that were enriched due to

binding to the plastic support.

94



4.4 Conclusion

In summary, we have developed a novel method for generating TAG-obligate
phage display peptide libraries. By eliminating the more quickly replicating phage
clones that contain only canonical amino acids, this type of library eliminates
propagation-related bias that has previously interfered with selections involving ncAAs.
Using this TAG-obligate library, we have vastly expanded the number of ncAAs that
have been incorporated into phage-displayed peptides. With this work, the number of
ncAAs that have been incorporated into phage-displayed peptides has increased from 8
to 15. These ncAAs include two naturally occurring lysine posttranslational
modifications, and the brand new amino acid 35 which contains a ketone reactive
handle. Finally, we demonstrated that libraries generated through superinfection-
selection are robust and can withstand iterative rounds of amplification and selection to

identify peptide sequences that bind to a given target.
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CHAPTER YV
PHAGE SELECTION OF PEPTIDES CONTAINING NON-CANONICAL

AMINO ACIDS FOR THE INHIBITION OF SIRTUIN 2

5.1 Introduction

Sirtuin 2 (SIRT2) is one of the seven mammalian lysine deacylases, collectively referred
to as the sirtuins, that are homologs of the yeast gene silencing protein, silent
information regulator 2.** SIRT2, like all sirtuins, is an NAD*-dependent deacylase that
catalyzes the conversion of Ng-acyl-lysine and NAD" to lysine and 2’-O-acyl-ADP-
ribose (Figure 5.1).** ** Predominantly localized in the cytoplasm, SIRT2 was
originally categorized as a tubulin deacetylase.®® However, numerous studies have
shown that SIRT2 displays robust deacetylase activity towards several other protein

" and nucleosomes'®® and

substrates, both in vitro and in vivo, including histones®
several transcription factors including p53'*% ?®° and Foxo1?®. Further, SIRT2’s
deacylase activity is not limited to acetylation. Indeed, SIRT2 catalyzes the removal of
numerous lysine acylations including propionyl-, butyryl-, crotonyl-, hexanoyl-,
octanoyl-, decanoyl-, dodecanoyl-, and myristoylation.?> These lysine modifications
serve as important regulators of both the function and subcellular localization of
proteins.?®® % Therefore, in its capacity as a lysine deacylase, SIRT2 has been
implicated as a key regulator of numerous cellular processes from metabolism to DNA

repair and aging.?%> %
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Figure 5.1. The mechanism of sirtuin-catalyzed lysine deacylation and inhibition by thioamides. (A)
The structures of N¢-acetyl-lysine (39), Ne-butyryl-lysine (28), and their thioamide analogs, 40 and 41,
respectively. (B) The proposed catalytic mechanism of sirtuin-catalyzed lysine deacylation. (C) lysine
thioamides undergo the same deacetylation mechanism as lysine amides, but form stalled thioimidate
intermediates.

Given the important role of SIRT2 in regulating diverse cellular processes, this
enzyme has emerged as a target for therapeutic intervention in human diseases. In terms
of cancer, SIRT2 has been classified as a tumor suppressor, largely due to the
observation that aging SIRT2 null mice have a higher incidence of aggressive tumor
formation.?%” *® However, SIRT2 has been observed to be upregulated in certain cancer

209.210 non-small cell lung cancer,?*! and breast

types including hepatocellular carcinoma,
tumors. In the latter, high levels SIRT2 were associated with reduced time until disease-
related death.?*? In addition, several SIRT2 inhibitors have been shown to have broad

anticancer activity, validating SIRT2 as a target for therapeutic intervention in cancer.™®*

213, 214 gIRT2 inhibitors also show promise in the treatment of age-related
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neurodegenerative diseases. As early as 2007 it was demonstrated that SIRT2 inhibitors
protect against neuronal death in response to a-synuclein in cellular and Drosophila
models of Parkinson’s Disease.”™ Recently it was shown that this neural protection is a
result of inhibition of SIRT2-catalyzed deacetylation of K6 and K10 on a-synuclein.*®
Further, it has been shown that inhibition of SIRT2 displays neuroprotective effects in a
Drosophila model of Huntington’s disease.”*’

Given the possibility of SIRT2 inhibitors to be used in the treatment of these
diseases, there has been widespread interest in the development of potent, SIRT2-
selective inhibitors. Through this search it has been shown that lysine thioamides, such
as Nthioacetyl-lysine (40, thAcK; Figure 5.1A), which mimics the natural acetyl-lysine
substrate, are potent deacetylase inhibitors.?*® Indeed, peptides based on the sequence of
p53, histone H3, or a-tubulin containing thAcK inhibit SIRT1-3 with 1Cs values in the
low micromolar to high nanomolar range.?*?*° Pseudopeptide inhibitors containing
thAcK have been shown to have antiproliferative effects on cancer cells and in animal
models of human cancer.??" #? Kinetic and biochemical studies have revealed that
thAcK is a mechanism-based sirtuin inhibitor that undergos the same deacetylation
mechanism as acetyl-lysine but forms a stalled 1’-S-alkylimidate intermediate after
reacting with NAD" (Figure 5.1C).%*° This makes thAcK inhibition selective for sirtuins
which are the only deacetylases known to use NAD*.??

Recently, it has been shown that altering the carbon chain length of the thioamide
modification on lysine can lead to increased potency and sirtuin isoform selectivity of

thioamide-based inhibitors. For example, lysine thioamides containing four, six, and
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twelve carbon chains were significantly more potent than thAcK and displayed greater
selectivity for SIRT2 over SIRT1 and SIRT3.%* This selectivity arises from the fact that
the sirtuins show differing activity towards lysine acyl groups based on the carbon chain

length.?*

While sirtuins show a strong preference for acyl group identity, their
preference for peptide sequences is less pronounced.??* However, some studies have
indicated that the identity of residues adjacent to thAcK can have a considerable impact
on sirtuin inhibition.?? 22! Herein, we utilize phage display to screen a library of greater
than 10° peptides containing Ne-butyryl-lysine (28, BuK) to select for peptide sequences
that bind to SIRT2. Following three rounds of selection, the phage population converged
on clones containing conserved residues immediately adjacent to the butyryl-lysine
which may point to subtle substrate preferences of SIRT2. We further demonstrate that

these peptides, when synthesized with Ne-thiobutyryl-lysine (40, thBuK), a thioamide

analog of BuK, are potent inhibitors of SIRT2-catalyzed lysine deacetylation.

5.2 Experimental Details

5.2.1 Miscellaneous Information

All primers were purchased from Integrated DNA Technologies, Inc. (Coralville, PA).

Enzymes and buffers for molecular cloning were purchased from New England Biolabs
(Ipswich, MA). DNA sequencing was performed by Eton Biosciences, Inc. (San Diego,
CA). Mass spectra were collected by the Department of Chemistry Mass Spectrometry

Facility at Texas A&M University.
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5.2.2 Primer List

BUKRS-N346A-F: 5>-GCGTTTTGTCAGATGGGTTCTG-3’

BUuKRS-N346A-R: 5°-CAGCATAGTGAACTCTTCCAGGTG-3’

BuKRS-N346/C348 Lib-F: 5>-NNKTTTTGTCAGATGGGTTCTGGCT-3’

BuKRS-N346/C348 Lib-R: 5>>-NNKTTTNNKCAGATGGGTTCTGGCTG-3

5.2.3 Plasmid Construction

pEVOL-PyIT-BuKRS(N346A): To generate the N346A mutation in BuKRS the
previously reported'’” plasmid pEVOL-PyIT-BuKRS was PCR amplified with the
primer pair BuKRS-N346A-F and BuKRS-N346A-R. The PCR product was
phosphorylated with T4 PNK, ligated with T4 DNA ligase, and used to transform E. coli

Top10.

BuKRS-N346/C348 Library: To generate the two site library in BuKRS, the plasmid
pEVOL-PyIT-BuKRS was PCR amplified with the primer pair BUKRS-N346/C348 Lib-
F and BUKRS-N346/C348 Lib-R. The PCR product was phosphorylated with T4 PNK,
ligated with T4 DNA ligase, and used to transform E. coli Topl10. Transformed cells
were plated on LB agar plates containing 34 pg-mL™ chloramphenicol and grown at
37°C overnight. The following day, colonies were harvested from the plate, combined,

and the plasmids extracted using a commercial plasmid extraction kit (Epoch).

100



5.2.4 Protein Expression and Purification

SfGFP-N134 2X: E. coli Top10 containing the plasmid pBAD-sfGFP-N134(TAG) and

pEVOL-PyIT-BuKRS were grown at 37°C in 2xY media supplemented with 100
pg-mL™* ampicillin, and 34 pg-mL™ chloramphenicol to an ODg of 0.5-0.6 at which
point protein expression was induced with the addition of 2 mM BuK or thBuK. 16 h
after induction, cells were harvested (4k rpm, 20 min) and cell pellets were stored at -
80°C until purification. Proteins were purified via nickel affinity chromatography
exactly as described in Chapter 3. Purified proteins were analyzed via SDS-PAGE and

Western blot using a pan anti-butyryl-lysine antibody (PTM Biolabs Inc.).

Sirtuin 2: The plasmid pHEX-Hisg-SIRT2 was a kind gift from Professor John Denu at
the University of Wisconsin School of Medicine and Public Health. E. coli Topl0
containing the plasmid pHEX-Hisg-SIRT2 were grown at 37°C in 2 L of 2xYT
containing 100 pg-mL™ ampicillin to ODgg of 0.6 at which point SIRT2 expression was
induced by the addition of 0.1 mM IPTG. 2 h after induction the cells were harvested by
centrifugation (6k rpm, 20 min) and the cell pellets were stored at -80°C until
purification.

Cell pellets were thawed and resuspended in 40 mL of lysis buffer (50 mM
NaH,PO, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1 mM phenylmethanesulfonyl
fluoride (PMSF)). The resuspended pellet was incubated in the presence of lysozyme (1
mg-mL™, chicken egg white) for 30 min on ice. Following incubation, the resuspension

was sonicated twice (1 s on, 1 s off, 1 min total, 60% output) and clarified by
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centrifugation (10k rpm, 45 min). To the clarified supernate was added 4 mL of a 50%
slurry of high affinity Ni**-charged resin (Genscript) and the mixture was incubated at
4°C with end-over-end rotation for 30 min. After 30 min, the mixture was filtered
through a disposable column, the resin was washed with 40 mL of lysis buffer, and the
bound protein was eluted with 7 mL of elution buffer (lysis buffer containing 250 mM
imidazole). Subsequent purification steps vary depending on whether the protein was
used for biotinylation and phage panning or SIRT2 inhibition assays.

For phage panning, the eluted protein was concentrated to 1 mL by ultrafiltration
(10 kba MWCO) diluted 1:9 with Q Sepharose buffer A (50 mM NaH,PO, pH 8.0, 50
mM NaCl, 0.1 mM DTT) and concentrated again to 1 mL. The concentrated sample was
applied to a 25 mL Q Sepharose column (GE Healthcare) that was pre-equilibrated with
Q Sepharose buffer A. The column was washed with 2 column volumes (CV, 2 mL-min’
1y of buffer A and the proteins were eluted with a linear gradient from 0-100% buffer B
(50 mM NaH,PO, pH 8.0, 1 M NaCl, 0.1 mM DTT) over 3 CV (2 mL-min™). Fractions
from the main peak were combined and concentrated to 1 mL for biotinylation. SDS-
PAGE of SIRT2 purified using this protocol is shown in Figure 5.2B.

For inhibition assays, the eluted protein was loaded onto a HiPrep 26/10
desalting column (GE Healthcare) that had been pre-equilibrated with Source 15Q buffer
A (20 mM Tris pH 8.0, 50 mM NaCl, 0.2 mM DTT, 10% glycerol). The desalted protein
was concentrated by ultrafiltration to 1 mL (10 kDa MWCO) and applied to a 10 mL

Source 15Q column (GE Healthcare) pre-equilibrated with Source 15Q buffer A. The
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Figure 5.2. SDS-PAGE analysis of purified sirtuin 2. (A) SIRT2 purified for activity assays. (B)
Biotinylated SIRT2 purified for phage panning. (C) Pulldown assay to confirm biotinylation of SIRT2.

The lane labelled “S” denotes supernate whereas “B” denotes beads. Masses of a standard ladder are
labelled.

column was washed with 3 CV (2 mL-min™) of Source 15Q buffer A and then eluted
with a linear gradient from 0-60% Source 15Q buffer B (20 mM Tris pH 8.0, 1 M NaCl,
0.2 mM DTT, 10% glycerol; 1 mL-min™) over 5 CV. The fractions containing pure
SIRT2 were concentrated to 40-70 uM, flash frozen in 10 uL aliquots, and stored at -
80°C. Enzyme concentration was determined from the absorbance at 280 nm using the
calculated extinction coefficient of 32,470 M*.cm™. SDS-PAGE of SIRT2 purified

using this protocol is shown in Figure 5.2A.

Sirtuin 1: The plasmid pQE80-Hiss-SIRT1 was a kind gift from Professor John Denu at

the University of Wisconsin School of Medicine and Public Health. E. coli BL21(DE3)
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containing the plasmid pQEB80-Hisg-SIRT1 were grown at 37°C in 3 L of 2xYT media
supplemented with 100 pg-mL™ ampicillin to an ODggo of 0.7 at which point protein
expression was induced with the addition of 0.5 mM IPTG. 4 hours post induction the
cells were harvested by centrifugation (4k rpm, 20 min) and cell pellets were stored at -
80°C until purification. Cell pellets were resuspended in 50 mL of lysis buffer (50 mM
Tris pH 8.0, 250 mM NaCl, 10 mM imidazole, 0.1 mM PMSF, 1% Triton X-100) and
incubated with 1 mg-mL™ lysozyme for 30 min on ice. Following incubation, the
resuspension was sonicated twice (1 s on, 1 s off, 1 min total, 60% output) and clarified
by centrifugation (10k rpm, 45 min). To the clarified supernate was added 4 mL of a
50% slurry of high affinity Ni-charged resin (Genscript) and the mixture was incubated
at 4°C with end-over-end rotation for 30 min. After 30 min, the mixture was filtered
through a disposable column, the resin was washed with 40 mL of lysis buffer
containing 0.1% Triton X-100, followed by 40 mL of lysis buffer containing 0% Triton
X-100. The bound protein was eluted with 7 mL of elution buffer (lysis buffer
containing 250 mM imidazole). The eluted protein was then desalted and purified on a
Source 15Q column exactly as described for SIRT2. The fractions containing SIRT1
were concentrated to 19 puM, flash frozen in 25 pL aliquots, and stored at -80°C.
Enzyme concentration was determined from the absorbance at 280 nm using the
calculated extinction coefficient of 40,340 M*.cm™. SDS-PAGE of SIRT1 purified

using this protocol is shown in Figure 5.3A.
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Figure 5.3. SDS-PAGE analysis of purified sirtuin 1 and GST-sirtuin 3. (A) SDS-PAGE analysis of
SIRT1. (B) SDS-PAGE analysis of GST-SIRT3. Masses of a standard ladder are labelled.

GST-Sirtuin 3: E. coli Top10 containing the plasmid pGEX4T-GST-SIRT3 were grown
at 37°C in 2 L of 2xYT media supplemented with 100 pg-mL™ ampicillin to an ODgg of
0.6 at which point protein expression was induced with the addition of 0.2 mM IPTG. 2
hours post induction the cells were harvested by centrifugation (4k rpm, 20 min) and cell
pellets were stored at -80°C until purification. Cell pellets were resuspended in 50 mL of
lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1 mM PMSF, 1% Triton X-100) and
incubated in the presence of 1 mg-mL™ of lysozyme for 30 minutes on ice. Following
incubation, the resuspension was sonicated twice (1 s on 1 s off, 1 min total, 60% output)

and clarified by centrifugation (10k rpm, 45 min). To the clarified supernatant was added
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3 mL of a 50% slurry of immobilized glutathione resin (Genscript) and the mixture was
incubated at 4°C for 30 min with end-over-end rotation. After 30 min the mixture was
filtered through a disposable column, and the resin was washed with 50 mL of lysis
buffer containing 0.1% Triton X-100. After washing, the bound protein was eluted with
10 mL of lysis buffer containing 0% Triton X-100 and 10 mM of reduced glutathione.
The elution was directly applied to a HiPrep 26/10 desalting column (GE Healthcare)
that had been pre-equilibrated with 50 mM Tris pH 7.5, 150 mM NaCl, 0.2 mM DTT,
and 10% glycerol. The desalted protein was concentrated to 16 uM via ultrafiltration (10
kDa MWCO), flash frozen, and stored in 25 pL aliquots at -80°C. Enzyme concentration
was determined from the absorbance at 280 nm using the calculated extinction
coefficient of 80,790 M*.cm™. SDS-PAGE analysis of GST-SIRT3 purified using this

protocol is shown in Figure 5.3B.

5.2.5 Biotinylation of Sirtuin 2

SIRT2 (53 uM) was biotinylated with a 10-fold molar excess of EZ-Link™ NHS-Biotin
(Thermo Fisher Scientific) for 2 h on ice with gentle rocking. After 2 h the solution was
directly loaded onto a Superdex 75 10/300 GL size exclusion column (GE Healthcare)
pre-equilibrated with 50 mM Tris pH 8.0, 250 mM NaCl, 0.2 mM DTT, 10% glycerol.
The eluted protein was concentrated by ultrafiltration (10 kDa MWCO) to 10 uM, flash
frozen in 10 pL aliquots, and stored at -80°C. Biotinylation of the protein was confirmed
in two ways. In method one biotin was detected via Western blot using a streptactin-

HRP conjugate (Bio-Rad). In method two biotinylation was confirmed by capture on
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magnetic streptavidin beads (Genscript) using 2 ug of biotinylated SIRT2 as described
previously.””® SDS-PAGE of the streptavidin pulldown is shown in Figure 5.2C.
Enzymatic activity of the biotinylated SIRT2 was confirmed using the Boc-Lys(Ac)-

AMC substrate as describe below.

5.2.6 BuKRS Library Screening

E. coli Topl0 were co-transformed with the BuKRS library and the plasmid pBAD-
sfGFP-N134(TAG) which contains the gene encoding superfolder green fluorescent
protein with a TAG mutation at position 134. Transformed cells were plated on LB agar
plates containing 0.1% arabinose, 100 pg-mL™* ampicillin, and 34 pg-mL*
chloramphenicol and grown at 37°C overnight. The following day, fluorescent colonies
were picked and grown in 200 pL 2xYT for 2 h. Individual cultures were then spotted in
duplicate on LB and GMML agar plates with and without 2 mM thBuK and 0.1%
arabinose. The plates were examined for fluorescent spots after 1 (LB agar) or 3

(GMML agar) days at 37°C.

5.2.7 In-Cell Fluorescence Measurements

E. coli Topl0 containing the plasmids pBAD-sfGFP-N134(TAG) and pEVOL-PyIT-
BuKRS were used to express sfGFP-134->X as described above with varying
concentrations of thBuK and BuK. 8 h after induction, cell cultures were diluted to

ODggo = 0.9-1.1 and the fluorescence of the GFP chromophore was measured in black
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96-well plates using a BioTek Synergy H1 microplate reader at Agx = 485 nm, Agm = 525

nm.

5.2.8 Phagemid Library Construction and Transformation
Construction and transformation of the TAG-obligate phagemid library for the
expression of phage-displayed peptides containing thBuK and BuK was described in

Chapter 4.

5.2.9 Phage Expression and Purification

The phage library containing BuK and thBuK was expressed and purified as described in
Chapter 4 with minor modifications. Briefly, library glycerol stocks were used to
inoculate 100 mL of 2xYT media containing 100 pg-mL™ ampicillin, 34 pg-mL™
chloramphenicol, and 25 pug-mL™ kanamycin to an ODgg = 0.1. Cells were grown at
37°C to ODggo = 0.6 at which time the temperature was changed to 30°C and phage
expression was induced by the addition of 1 mM IPTG, 0.2% arabinose, 5 mM
nicotinamide, and 5 mM of the ncAA. 18-24 h post induction the cells were pelleted (6k
rpm, 20 min), the upper 40 mL was removed, and phages were precipitated twice with
polyethylene glycol, overnight at 4°C. Following the second precipitation, phages were

resuspended in 1 mL PBS for affinity selection.
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5.2.10 Affinity Selection against Sirtuin 2

Rounds 1 and 3: Streptavidin coated magnetic beads (100 pL, 50% slurry, Genscript)

were transferred to a 1.5 mL tube, washed twice with 1 mL phosphate buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPQO,4, 1.8 mM KH,PO,4, pH 7.5),
resuspended in 100 uL PBS, and split into two tubes. Biotinylated SIRT2 (10 pg) in 400
pL PBS was added to one of the tubes and an equal volume of PBS was added to the
other tube (hereafter referred to as +SIRT2 and —SIRT2, respectively). The beads/protein
mixture was incubated with rocking for 20 min at room temperature. After 20 min the
supernate was removed, 1 mL of blocking buffer (0.1 M NaHCO; pH 8.6, 5 mg-mL™
BSA) was added, and the tubes were incubated for 30 at room temperature with end-
over-end rotation. After 30 min the blocking buffer was removed from the —SIRT2 tube,
the resin was washed with PBST (3x 1 mL; PBS containing 0.1% tween-20) followed by
PBS (1x 1 mL) and the purified phage library in PBS (Round 1: 6.2 x 10'° c.f.u., Round
3: 2.9 x 10" ¢.f.u.) was added to the tube for negative selection. The phage bead mixture
was incubated for 30 min at room temperature with end-over-end rotation. After 30 min,
the +SIRT2 resin was washed (3x 1 mL PBST, 1x 1 mL PBS) and the phage library was
transferred to the +SIRT2 tube and incubated for 30 min at room temperature with end-
over-end rotation. After 30 min the phage library was removed and the resin was washed
(10x 1 mL PBST) to remove nonspecifically bound phages. During each washing step
the resin was completely resuspended by pipetting up and down. To remove phages
binding to the polypropylene tube, the resin was transferred to a new tube after the 3",

6" and 9" washes. After the last wash, phages were eluted by incubating for 10 min
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with 100 pL of a low pH elution buffer (50 mM glycine pH 2.2). After 10 min, the
supernate was removed and immediately added to 50 pL of neutralization buffer (1 M
Tris pH 8). The neutralized elution was immediately used for amplification.

Round 2: Eight wells of a pre-blocked netutravidin coated polystyrene plate (Pierce)
were washed with PBS (3x 250 pL). Biotinylated SIRT2 (1.25 pg in 100 puL PBS) was
added to each of the wells and the plates were incubated in a sealed, humidified box at
room temperature for 30 min. After 30 min the SIRT2 solution was removed and the
wells were washed (3x 250 pL PBST, 1x 250 pL PBS). The phage library in PBS (800
L, 5.4 x 10° c.f.u.) was divided evenly into each of the wells and incubated for 30 min
at room temperature in a sealed humidified box. After 30 min, the phages were removed
and the wells were washed (10x 250 pL PBST). The bound phages were eluted with low
pH elution buffer (100 pL per well) for 10 min. The pooled elutions were added to 400

ML neutralization buffer and immediately used for amplification.

Phage Amplification: A small aliquot (10 uL) of the phage elution was removed for
tittering. The remaining phages were added to an actively growing culture of E. coli
Topl0 F* (ODggo = 0.5-0.6) in 20 mL 2xYT containing 10 pg-mL™ tetracycline for 45
min at 37°C with rotation. After 30 min the cells were pelleted (4k rpm, 15 min),
resuspended in 100 mL 2xYT containing 100 pg-mL™ ampicillin, and amplified
overnight at 37°C. The following day, phagemids were extracted from the amplified
culture using a commercial plasmid purification kit (Epoch). The purified phagemids

were used to transform electrocompetent E. coli Top10 containing M13KO7(plll") and
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pEVOL-CDF-PyIT-BuKRS for expressing phages for the next round. For each round the
number of transformants was at least 1000-fold greater than the number of eluted

phages.

5.2.11 Solid-Phase Peptide Synthesis

The peptides S2P03, S2P04, S2P04-5, Ac-S2P04-5, and S2P07 were synthesized via
manual Fmoc-based solid-phase peptide synthesis on Rink-amide resin using N,N,N’,N -
tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU) as a
coupling agent. Rink-amide MBHA resin (Novabiochem, 100 mg, substitution: 0.78
mmol g™) was swelled for 1 h in 10 mL of DMF. Deprotection, coupling, and cleavage
reactions were carried out at room temperature in a glass reaction vessel agitated with

end-over-end rotation under the following conditions:

Deprotection: A solution of 20% Piperidine in DMF (v:v, 5 mL) was added to the resin
for 5 min. The resin was washed (3x 5 mL DMF) and the deprotection reaction was
repeated for 15 min. After the second deprotection reaction the resin was washed again

(5x 5 mL DMF, 2x 5 mL DCM).

Coupling: Each coupling reaction contained the Fmoc-protected amino acid (312 pmol,

4 eq.), HBTU (304.2 umol, 3.9 eq.), and N,N-diisopropylethylamine (DIPEA, 780 umol,

10 eq.) dissolved in 5 mL DMF. The Fmoc-protected amino acid was preactivated with

111



HBTU and DIPEA for 5 min before adding to the resin for 40 min. After 40 min the

resin was washed (5x 5 mL DMF, 2x 5 mL DCM).

N-Terminal Acetylation: For synthesizing Ac-S2P04-5 with an N-terminal acetylation,

the resin was washed (5x 5 mL DMF, 3x 5 mL DCM) following the last Fmoc
deprotection and then incubated with a solution of acetic anhydride, pyridine, and DMF
(1:2:3, v:viv) for 1 hour at room temperature with agitation. The peptide was then

cleaved and simultaneously sidechain deprotected as described.

Cleavage: After the final Fmoc deprotection, the resin was washed (5x 5 mL DMF, 5x 5
mL DCM) and the peptide was cleaved from the resin and simultaneously sidechain
deprotected using 7 mL of a cleavage cocktail containing 88% trifluoroacetic acid
(TFA), 5% phenol, 5% H,0, and 2% triisopropylsilane (v:w:v:v) for two hours under a
blanket of nitrogen. After two hours, the resin was filtered and washed (2x 1 mL
cleavage cocktail) and the combined filtrate was reduced to ~4 mL using a stream of
nitrogen. The concentrated solution was added dropwise to cold diethyl ether (40 mL)
and incubated on ice for 10 min. The precipitated peptide was collected by
centrifugation (6k rpm, 10 min), washed twice with cold diethyl ether (20 mL), dried

under a stream of nitrogen, and stored at -20°C.

Purification: Crude peptides were dissolved in DMF and purified by semi-preparative

RP-HPLC on a C18 column (Alltech, 10 x 250 mm, 10 pum, 100 A pore or Supelco, 10 x
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250 mm, 5 um, 300 A pore). Solvent A: water with 0.1% TFA, Solvent B: acetonitrile
with 0.1% TFA. The peptides were eluted with a linear gradient from 20-50% Solvent B
over 30 min. Fractions containing the purified peptides were combined and lyophilized
to afford a fluffy white powder. Masses of the peptides were confirmed by MALDI-TOF
mass spectrometry. Peptide purity was determined according to the HPLC traces at 215
nm and was greater than 90% for all peptides used. MALDI-TOF mass spectra and

HPLC traces for the purified peptides are shown in Figures 5.4-5.8.
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Figure 5.4. Characterization data for the peptide S2P07. (Top) HPLC trace at 215 nm. The peptide
was eluted with a linear gradient from 20-50% acetonitrile in water (0.1% TFA) from 10-40 min.
(Bottom) MALDI-TOF mass spectra. Calculated mass: [M+H]" = 880.44 Da, [M+Na]" = 902.41 Da,
[M+K]" = 918.52 Da; Observed Mass: 902.88 Da, 918.91 Da.
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Figure 5.5. Characterization data for the peptide S2P04. (Top) HPLC trace at 215 nm. The peptide
was eluted with a linear gradient from 20-50% acetonitrile in water (0.1% TFA) from 10-40 min.
(Bottom) MALDI-TOF mass spectra. Calculated mass: [M+H]" = 806.43 Da, [M+Na]" = 828.41 Da,
[M+K]" = 844.52 Da; Observed Mass: 808.00 Da, 829.31 Da, 845.27 Da.
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Figure 5.6. Characterization data for the peptide S2P04-5. (Top) HPLC trace at 215 nm. The peptide
was eluted with a linear gradient from 20-50% acetonitrile in water (0.1% TFA) from 10-40 min.
(Bottom) MALDI-TOF mass spectra. Calculated mass: [M+H]" = 648.36 Da, [M+Na]" = 670.34 Da,
[M+K]" = 686.45 Da; Observed Mass: 670.49 Da, 686.46 Da.
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Figure 5.7. Characterization data for the peptide Ac-S2P04-5. (Top) HPLC trace at 215 nm. The
peptide was eluted with a linear gradient from 20-50% acetonitrile in water (0.1% TFA) from 10-40 min.
(Bottom) MALDI-TOF mass spectra. Calculated mass: [M+H]" = 690.37 Da, [M+Na]" = 712.35 Da,
[M+K]" = 728.46 Da; Observed Mass: 712.44 Da, 728.42 Da.
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Figure 5.8. Characterization data for the peptide S2P03. (Top) HPLC trace at 215 nm. The peptide
was eluted with a linear gradient from 20-50% acetonitrile in water (0.1% TFA) from 10-40 min.
(Bottom) MALDI-TOF mass spectra. Calculated mass: [M+H]" = 836.44 Da, [M+Na]* =858.41 Da,
[M+K]" = 874.52 Da; Observed Mass: 858.79 Da, 874.76.
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5.2.12 Sirtuin 2 Discontinuous Inhibition Assay

The Sirtuin 2 discontinuous inhibition assay was modified from the procedure described
by Jing et al.?** The inhibition reactions were performed in 100 pL volumes at 37°C in
black 96-well plates (Nunc). Different concentrations of the thBuK-peptide inhibitors or
TB (0.0064, 0.032, 0.16, 0.4, 0.8, 2, 4, and 100 uM) were incubated with SIRT2 (1 puM)
and NAD" (2 mM) in assay buffer (50 mM Tris pH 8.0, 137 mM NaCl, 2.7 mM KClI, 1
mM MgCl,, 1 mM DTT, 5% DMF) for 15 min. After incubation with the inhibitor,
deacetylase reactions were initiated by the addition of 50 pM Boc-Lys(Ac)-AMC
substrate. The reaction was allowed to proceed for 20 min before being stopped by the
addition of 100 uL of a 2x stop solution (1 mg-mL™ trypsin, 50 mM nicotinamide in
assay buffer). After addition of the stop solution reactions were incubated for an
additional 30 min and then the AMC fluorescence was measured in a BioTek Synergy
H1 microplate reader at Agx = 390 nm, Agy, = 460 nm (Gain = 75, Read Height = 7 mm).
Fluorescence data were normalized relative to 100% activity (no inhibitor) and 0%
activity (no enzyme) controls. 1Cs values were determined by nonlinear regression of

the plot of normalized fluorescence vs. inhibitor concentration using GraphPad Prism.

5.2.13 Sirtuin 1, 2, and 3 Inhibition Assay

The continuous assay for comparing isoform specificity of S2P04 was performed using
the universal fluorogenic sirtuin substrate described by Schuster et al.>*® The inhibition
reactions were performed in 50 pL volumes at 37°C in black, half-area, 96-well plates.

The sirtuin enzyme (0.25 puM) was pre-incubated with different concentrations of the
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peptide S2P04 (0.0064 — 50 uM for SIRT1 and SIRT2, 0.5 — 100 uM for SIRT3) or TB
(0.16 — 150 uM for SIRT1, SIRT2, and SIRT3 ) and 1 mM NAD" in assay buffer (20
mM Tris pH 7.8, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT) for 15 min. Following
incubation, the reaction was started with the addition of the fluorogenic substrate (5 uM)
and product formation was monitored by measuring the fluorescence intensity every 20 s
for 5 min (SIRT2) or 30 min (SIRT1 and SIRT3) in a BioTek Synergy H1 microplate
reader at Agx = 320 nm, Agy = 408 nm (Gain = 130, Read Height = 7 mm). Initial rates of
product formation were determined by a linear regression of the plot of fluorescence
intensity vs. time and normalized relative to 0% (max inhibitor) and 100% (no inhibitor)
controls. 1Csq values were determined by nonlinear regression of the plot of normalized

initial rate vs. inhibitor concentration using GraphPad Prism.

5.2.14 Chemical Synthesis

Synthesis of N.-thiobutyrlyl-lysine (41) and N,-Fmoc-N,-thiobutyrlyl-lysine (47)

The synthetic scheme shown in Figure 5.9 was followed for the synthesis of Ne-
thiobutyrlyl-lysine (41) and N,-Fmoc-Ng-thiobutyrlyl-lysine (47).

To a suspension of Boc-Lys(Z)-OH (42, 40.3 g, 0.106 mol) and potassium
carbonate (27.6 g, 0.200 mol) in DMF (200 mL) was added iodomethane (9.90 mL,
0.159 mol), and the mixture was stirred at room temperature for 30 h. The mixture was
filtered, and the filter cake was washed with ethyl acetate (50 mL), dissolved in water

(100 mL), and extracted with ethyl acetate (100 mL 2x). All the ethyl acetate solutions
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Figure 5.9. The synthesis of Ng-thiobutyrlyl-lysine and N,-Fmoc-Ng-thiobutyrlyl-lysine.

were combined with the filtrate, and the solution was evaporated under vacuum until
most of the DMF had been removed. The residue was dissolved in ether (250 mL),
washed with water (100 mL) and brine (50 mL), dried (Na,SO,), and evaporated to
afford 43 (41.8 g, quant.) as a yellow oil. The material was pure enough for the next
reaction without further treatment.

A solution of 43 (4.20 g, 10.6 mmol) in methanol (100 mL) was hydrogenated
under an H, balloon in the presence of palladium on carbon (10 wt.% Pd, 0.71 g, 0.67
mmol) at room temperature for 3 h, and TLC analysis showed complete conversion. The
mixture was then filtered over a pad of Celite and the solution was directly used for the
next reaction. The material should be immediately used without purification since
prolonged storage at room temperature or flash chromatography would contribute to

lactam formation.
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To a solution of the above amine (44, ~9.15 mmol) in anhydrous
dichloromethane (90 mL), cooled in an ice bath, was added N,N-diisopropylethylamine
(2.80 mL, 16.07 mmol) dropwise, followed by a solution of n-butyryl chloride (1.10 mL,
11.07 mmol) in dichloromethane (10 mL) dropwise over 20 min. The mixture was then
stirred at room temperature for 12 h, and it was washed with sodium hydroxide solution
(05 M, 20 mL) and brine (20 mL 2x), dried (Na;SO,), evaporated, and flash
chromatographed (EtOAc/hexanes, 1:3) to give 45 (2.77 g, 79% for two steps) as a
colorless oil. Rf = 0.28 (EtOAc/hexanes, 1:2).

To a solution of compound 45 (2.5 g, 7.5 mmol) in THF (20 mL) was added
Lawesson's reagent (3.0 g, 7.5 mmol) at room temperature. The reaction mixture was
stirred overnight under nitrogen (monitored by TLC). After removal of THF using a
rotary evaporator, the residue was purified by silica gel column (EtOAc/hexanes = 3:7)
to give the product 46 as light yellow oil (1.96 g, 75% yield).

To a solution of 46 (1.90 g, 5.49 mmol) in THF (30 mL) was added
lithiumhydroxide solution (1.0 M, 5.5 mL, 5.49 mmol), and the mixture was stirred at
room temperature for 2 h. The mixture was diluted in water (20 mL) and extracted with
ether (30 mL, 2x). The ether extracts were discarded, and the remaining aqueous
solution was adjusted to pH 3 with hydrochloric acid (3 M), with the concomitant
formation of white precipitate. The suspension was extracted with ethyl acetate (30 mL,
2x), and the combined organic phases were washed once with brine (20 mL), dried
(Na,SO,), and evaporated to give the crude carboxylic acid as a colorless oil, which was

used without further purification.
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The above crude acid (~4.8 mmol) was dissolved in 1,4-dioxane (10 mL), and

hydrogen chloride in 1,4-dioxane (4.0 M, 2.4 mL, 9.63 mmol) was added. The resulting
white suspension was stirred at room temperature for 20 h, filtered, washed with
dichloromethane, and dried to give 41 (1.03 g, 70% for two steps) as a white solid.
'H NMR (D,0, 500 MHz) 6 3.93 (t, 1H, J = 3.6 Hz), 3.48 (t, 2H, J = 3.6 Hz), 2.49 (t,
2H, J = 4.2 Hz), 1.92-1.79 (m, 2 H), 1.60-1.52 (m, 4 H), 1.38-1.30 (m, 2H), 0.73 (t, 3H,
J=4.2 Hz). BC NMR (D0, 125 MHz) 5 204.8, 171.8, 52.6, 47.3, 45.3, 29.3, 26.3, 22.3,
21.6, 12.3.

Compound 41 (1.00 g, 3.73 mmol) and NaHCO3; (1.17 g, 11.1 mmol) were
dissolved in a mixture of 20 mL H,O and 20 mL THF. The solution was cooled to 0 °C
in an ice bath, and 9-fluorenylmethyl chloroformate (1.17 g, 4.47 mmol) dissolved in dry
THF was added dropwise over 10 min. The reaction mixture was stirred for 4 h. THF
was evaporated and the aqueous phase was acidified with 3 M HCI (ag.) to pH 2-3. The
product was extracted 3 times with EtOAc and the organic phase was dried and
evaporated. The product was purified by column chromatography (MeOH gradient O-
10% in DCM) to give product 47 (1.00 g, 60%) as a solid. Proton and carbon NMR for
47 are shown in Figure 5.10.

'H NMR (CD30OD, 300 MHz): & 7.80 (d, 2H, J = 4.5 Hz), 7.69 (t, 2H, 4.8 Hz), 7.40 (t,
2H, J = 45 Hz), 7.32 (t, 2H, J = 4.8 Hz), 4.36 (d, 2H, J = 3.9Hz), 4.23 (t, 1H, J = 4.2
Hz), 4.16-4.13 (m, 1H), 3.60 (t, 2H, J = 3.9 Hz), 2.57 (t, 2H, J = 4.5 Hz), 1.90-1.85 (m,

1H), 1.78-1.65 (m, 5H), 1.47-1.44 (m, 2H), 0.93 (t, 3H, J = 4.5 Hz). *C NMR (CD30D,
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125 MHz); & 204.7, 175.1, 157.2, 143.9, 143.7, 141.9, 127.4, 126.8, 124.8, 119.5, 66.8,

54.1,45.2,31.1, 26.9, 23.0, 22.6, 12.2.
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Figure 5.10. Characterization data for N,-Fmoc-Ng-thiobutyrlyl-lysine. (Top) *H-NMR spectrum for
N.-Fmoc-Ng-thiobutyrlyl-lysine (47). (Bottom) “*C-NMR spectrum for compound 47.
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Synthesis of TB (53): The synthetic scheme shown in Figure 5.11 was followed for the

synthesis of TB (53).

NH, HC1 NHBoc NHBoc
. Aniline
Boc Anhydride HOBt, EDCI 4 M HCI, Dioxane
—_— e ————
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Figure 5.11. The synthesis of TB.

To a 500 mL of round-bottom-flask was added Z-Lys-OH (48, 5.0 g, 15.82
mmol), followed by THF (100 mL) and aqueous NaOH (1 M, 17.40 mL, 17.4 mmol).
The reaction mixture was cooled to 0°C. Di-tert-butyl dicarbonate (3.75g g, 17.4 mmol)
was dissolved in THF (100 mL) and added to the above mixture dropwise over 40 min.
Then the resulting mixture was stirred at room temperature for 20 h. THF was removed
under reduced pressure. The residue was diluted with water (100 mL), and extracted
with EtOAc (100 mL). The aqueous layer was collected and acidified to pH = 3 with
HCI (1 M in water), then extracted with EtOAc (100 mL x 3). The combined organic

layers were dried over anhydrous Na,SO,4 and concentrated under reduced pressure to
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afford compound 49 (4.81 g, 80% yield). Compound 49 was pure enough for the next
step without further purification.

A mixture of 49 (2.20 g, 5.5 mmol), aniline (1.15 g, 11.0 mmol), EDCI (1.63 g,
8.5 mmol) and HOBt-H20 (1.34 g, 8.5 mmol) in DCM (100 mL) was stirred for 24 h at
room temperature. The reaction mixture was poured into water and the whole was
extracted with AcOEt. The AcOEt layer was separated, washed with saturated aqueous
NaHCOs, brine, and dried over Na,SO,. Filtration and concentration in vacuo gave a
colorless solid. The solid was suspended in n-hexane and collected by filtration to give
2.53 g (90%) of 50 as a colorless solid.

To a solution of the fully protected compound 50 (2.52 g, 5.53 mmol) dissolved
in 15 mL dioxane was added HCI (2.76 mL, 11.07 mmol, 4 M in dioxane) and the
mixture was stirred and monitored by TLC for 8 h. After complete removal of the
solvent, compound 51 was obtained as a white powder (2 g, 92%). 51 was pure enough
to use for the next step without further purification.

To a solution of the above amine (51, 2 g, 5.10 mmol), in anhydrous
dichloromethane (30 mL), cooled in an ice bath, was added N, N-diisopropylethylamine
(1.10 mL, 7.92 mmol) dropwise, followed by a solution of n-butyryl chloride (1.10 mL,
7.91 mmol) in dichloromethane (10 mL) dropwise over 5 min. The mixture was then
stirred at room temperature for 12 h, and it was washed with sodium hydroxide solution
(0.5 N, 20 mL) and brine (20 mL x 2), dried (Na2SO4), evaporated, and flash
chromatographed (EtOAc/hexanes, 1:3) to give 52 (1.85 g, 85%) as a colorless oil. Rf =

0.28 (EtOAc/hexanes, 1:2).
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To a solution of compound 52 (1.5 g, 3.52 mmol) in THF (20 mL) was added
Lawesson's reagent (1.42 g, 3.52 mmol) at room temperature. The reaction mixture was
stirred overnight under nitrogen (monitored by TLC). After removal of THF using a
rotary evaporator, the residue was purified by silica gel column (EA/Hexane = 3:7) to
give the product 53 as light yellow oil (1.1 g, 75% yield). Proton and carbon NMR of 53
are shown in Figure 5.12.

'H NMR (CDCls, 300 MHz): & 8.43 (br, 1H), 7.70 ( br, 1H), 7.51(d, 2H, J = 4.5 Hz),
7.34-7.28 (m, 7H), 7.12-7.11(m, 1H), 5.72 (d, 2H, J = 4.8 Hz), 5.15-5.09 (m, 2H), 4.38
(br, s, 1H), 3.70-3.60 (m, 2H), 2.59 (t, 2H, J = 4.8 Hz), 1.97-1.90 (m, 1H), 1.83-1.72 (m,
6H), 1.49-1.48 (m, 2H), 0.93 (t, 3H, 4.5 Hz). ®*CNMR (CDCl;, 125MHz); & 205.4,
170.7, 156.8, 137.4, 135.9, 128.9, 128.5, 128.2, 127.8, 124.7, 120.3, 6.2, 60.5, 55.3,

48.6,45.4,32.2,27.1,22.8,22.7,21.1,14.2, 13.9.
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Figure 5.12. Characterization data for TB. (Top) *H-NMR spectrum
spectrum for compound 53.
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5.3 Results and Discussion

5.3.1 Genetic Incorporation of thBuK

In Chapter 4 we described the construction and characterization of a phagemid system
capable of displaying peptide libraries containing various ncAASs. In this system, ncAAs

were incorporated in the peptides in response to TAG codons by the pyrrolysyl-tRNA

synthetase (PyIRS) in conjunction with its cognate tRNA (tRNAE’SA). In our efforts to

identify peptide inhibitors of SIRT2, we initially aimed to directly screen this library
containing thBuK. To express the peptide library with thBuK, we first investigated the
ability of an available PyIRS mutant to facilitate the genetic incorporation of thBuK. We
have previously reported a PylRS mutant containing a Y384W mutation (BuKRS) that
can efficiently incorporate Ng-butyryl-lysine (BuK) in response to amber codons in E.
coli.'™ Given the structural similarity of BuK and thBuK, we tested whether BUKRS
could also recognize thBuK as a substrate. To do this, E. coli Topl0 were co-

transformed with two plasmids: pEVOL-PyIT-BuKRS, which contains genes encoding

BuKRS and tRNAla'JlA, and pBAD-sfGFP-N134(TAG), which contains the gene
encoding a sfGFP reporter protein with a TAG mutation at position 134. Expression of
full length sfGFP from these cells was dependent on addition of thBuK to the growth
media, consistent with suppression of the TAG codon and incorporation of thBuK at
position 134 (Figure 5.13A). In-cell fluorescence measurements showed that the
intensity of sfGFP fluorescence increased with increasing concentrations of thBuK
(Figure 5.13B). To further investigate the incorporation of thBuK into sfGFP, we

performed Western blot with an antibody specific for butyryl-lysine. Previous studies
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have shown that, due to the structural similarity of AcK and thAcK, both can be detected
by antibodies generated to detect AcK.?*" 2 We utilized wildtype sfGFP and sfGFP-
N134(TAG) that had been expressed with BuK as negative and positive controls,
respectively. As shown in Figure 5.13C, the pan anti-butyryl-lysine antibody detected
SfGFP when expressed with BuK and thBuK but not the wildtype protein, further

supporting the genetic incorporation of thBuK.

A B
sfGFP-N134(TAG) 6000+
BuKRS: + +
2 mM thBuK: - +
50— § 4000
3
37— -
@ 2000
<—sfGFP
25— ol
0 2 4 6 8 10
20— thBuK Concentration (mM)
C D
sfGFP
) 60000 -
Wildtype: + - -
N134->BuK: - + -
N134->thBuK: - - + ;

400001

Rel. Flu. Int

20000 4

o
I

NA thBuK BuK

Figure 5.13. The genetic incorporation of Ng-thiobutyryl-lysine. (A) The genetic incorporation of Ng-
thiobutyryl-lysine (thBuK) at the N134 position in sfGFP. (B) In-cell fluorescence measurements of
sfGFP. sfGFP expression level is dependent on the concentration of thBuK provided in the growth media.
Error bars represent one standard deviation of the mean of two measurements. (C) SDS-PAGE and
Western blot of sSfGFP-wt, sSfFGFP-N134->BuK, and sfGFP-N134->thBuK. Proteins were detected with a
pan anti-butyrlyl-lysine antibody. (D) In-cell fluorescence of cells expressing sSfGFP-N134(TAG) in the
presence of BuK, thBuK, or no ncAA (NA). Error bars represent one standard deviation of the mean of
two measurements.
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Although these data demonstrate that BUKRS can facilitate the incorporation of
thBuK, the efficiency with which the ncAA is incorporated is very low. This is
illustrated by the fluorescence intensity signal of cells expressing sfGFP-N134(TAG) in
the presence of thBuK which is 7.4-fold lower than when the same protein is expressed
in the presence of BuK (Figure 5.13D). We anticipated that this low incorporation
efficiency would make detection of the incorporation of thBuK into the phage library
challenging. To test the incorporation of thBuK in the phage library, E. coli Top10 were
transformed with a phagemid encoding the heptapeptide TAG-obligate library, as well as
pEVOL-CDF-PyIT-BuKRS, and M13KO7(plll"). Phages were expressed from these
cells in 2xYT media supplemented with BuK, thBuK, or no ncAA. Adding BuK to the
growth media resulted in nearly a 100-fold increase in the number of infective phages
that were produced compared to the no ncAA control. Whereas adding 5 or 10 mM of

thBuK led to only insignificant increase in the number of phages produced (Figure 5.14).

101

=

o
w
L

=

o
-
1

Phage Yield (106 cfu.mL™h
=
o
L

10°-
NA thBuK BukK

Figure 5.14. Phage expression with thBuK and BuK. Yield is displayed in millions of colony forming
units per milliliter of culture. Error bars represent one standard deviation of the mean of two independent
expressions.
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Next, we made several attempts to improve the incorporation efficiency of
thBuK by modifying the BuKRS enzyme. From the crystal structure of PylIRS in
complex with adenylated-BuK, we identified two residues in the enzyme active site that
were in close proximity to the side chain amide oxygen of BuK, namely, N346 and C348
(Figure 5.15A). Assuming that thBuK binds in a similar manner as BuK, we reasoned
that mutating the closest residue (N346) to a smaller, more hydrophobic side chain may
help to accommodate the sulfur of thBuK which is larger and more hydrophobic than
oxygen. Mutating N346 to A has been used previously to expand the binding pocket of
PyIRS.*® Therefore, we introduced an N346A mutation into BuKRS via site-directed
mutagenesis. We again utilized the expression of sfGFP-N134(TAG) to gauge the
incorporation efficiency of thBuK by BuKRS(N346A). Contrary to our prediction,
fluorescence measurements of cells expression sfGFP-N134(TAG) indicated that there
was no significant increase in the incorporation efficiency of thBuK with
BuKRS(N346A) (Figure 5.15B). Interestingly, this mutation significantly reduced the
ability of the enzyme to recognize BuK as a substrate. This likely arises from the fact
that BUKRS(N346A) is missing both N346 and Y384. In wildtype PyIRS these two
residues are instrumental in substrate recognition. N346 makes two interactions with the
Pyl substrate including a water-mediated hydrogen bond with the alpha amine and a
direct hydrogen bond with the sidechain amide oxygen. Whereas, Y384 makes direct

hydrogen bonding interactions with the alpha amine and the nitrogen of the pyrrole
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Figure 5.15. The crystal structure of PylIRS in complex with adenylated-BuK and expression of
sfGFP with BUKRS(N346A). (A) The crystal structure of PyIRS in complex with adenylated-BuK (PDB:
4CH3). The PyIRS enzyme is shown as a purple ribbon. Residues lining the amino acid binding pocket are
shown as sticks. The adenylated-BuK is shown in blue. Residues N346 and C348 which are in proximity
to the sidechain amide oxygen of BuK are labelled. (B) In-cell fluorescence measurements of cells
expressing sfGFP-N134(TAG) and BUKRS(N346A) in the presence of BuK, thBuK, or no ncAA (NA).
Error bars represent one standard deviation of the mean of two measurements.

ring.??° Since these two residues are mutated in BuKRS(N346A), three out of five
potential hydrogen bond interactions between the enzyme and substrate are removed
explaining the decreased incorporation of BuK.

In a further attempt to identify a PylRS mutant that could more efficiently
incorporate thBuK we screened a PyIRS mutant library in which N346 and C348 were
randomized to any of the 20 canonical amino acids. A plasmid encoding the enzyme
library was used to transform E. coli Topl0 along with a second plasmid encoding
sfGFP-N134(TAG). Transformed cells were grown on agar plates supplemented with
thBuK and fluorescent colonies were screened for thBuK incorporation. Unfortunately,

none of the mutants in the library were able to more efficiently incorporate thBuK while
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excluding canonical amino acids. These results indicate that efficient thBuK
incorporation will require more comprehensive restructuring of the PyIRS substrate

binding pocket to accommodate the thioamide sidechain.

5.3.2 Affinity Selection against Sirtuin 2
Since our attempts to improve the incorporation efficiency of thBuK were unsuccessful,
we could not directly use the peptide library containing thBuK to identify inhibitors of
SIRT2. Therefore, we devised an indirect selection strategy dubbed “bait-and-switch”
selection. Under this strategy, we planned to perform selection against SIRT2 using the
peptide library that had been expressed with BuK, instead of thBuK. This selection
allows us to identify peptide sequences containing BuK that bind to SIRT2. Following
selection, these peptides can be synthesized with thBuK and used for SIRT2 inhibition.
Since BuK is a substrate for SIRT2, this strategy requires that selection be performed
against the apoenzyme, lest the butyryl group be removed and the deacylated peptide
released from the enzyme. Therefore, we performed selection against SIRT2 in the
absence of the NAD" cofactor. We reasoned that withholding NAD™ will not interfere
with selection as it has been well documented that SIRT2 follows an ordered sequential
mechanism in which the first substrate to bind is the acylated peptide, followed by
NAD*.*** Further, binding of the peptide to SIRT2 is not affected by the presence or
absence of NAD". %

We performed selection against human SIRT2 that had been recombinantly

expressed in E. coli and subsequently biotinylated with biotin N-hydroxysuccinimide
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ester. Briefly, biotinylated SIRT2 was immobilized by capture on streptavidin coated
magnetic beads (rounds 1 and 3) or neutravidin coated polystyrene plates (round 2). The
immobilized enzyme was then incubated with the phage library (5x10° — 6x10™ cfu) for
30 minutes followed by washing away of nonspecifically bound phages and elution of
specific binders with a low pH buffer. Eluted phages were isolated after the third round
of selection and their DNA sequenced (n = 20). The peptide sequences of isolated clones

are shown in Figure 5.16.

Clone Amino Acid Sequence
-6 -5 -4 -3 -2 -1 +1 +2 +3 +4 +5 +6
S2P01 L X M T HEE L
S2P02 H L X T F F Y
S2P03 T v X T S L
S2P04 T T v X | G
S2P05 T T v X | G
S2P06 T T v X | G
S2P07 T F X v p
S2P08 w G F X A P
S2P09 W G F X A p
S2P10 F X L E F L
S2P11 S Vi F X v |
S2P12 A F X H M \'
S2P13 Q R F X P |
S2P14 Q R F X P |
S2P15 X 1 (o4 c Y A
S2P16 X \' Cc C Y A
S2P17 (o4 w W X v S
S2P18 T E S N X G
S2P19 L F L W M X
S2P20 S P X N K V)

Figure 5.16. The amino acid sequence of peptides containing BuK identified from affinity selection
against sirtuin 2. The amino acid sequences of peptides isolated from the third round of selection against
SIRT2 is shown. The position of BuK is indicated by X.
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Sequencing of phages after the third round of selection revealed that the
population had converged on consensus sequences primarily involving the residues
immediately adjacent to the BuK residue. At the -1 position 40% of the sequenced
clones contained a phenylalanine residue while 30% of clones contained a leucine or
valine residue.* At the +1 position, there was a strong preference for short aliphatic side
chains with 55% of the sequenced clones containing isoleucine, valine, alanine, or
leucine at this position. There was a slight preference for serine or threonine residues at
position +3 with 30% of clones containing one of these two residues. However, it should
be noted that not all clones contained a +3 position within the randomized sequence. Of
those that did contain a +3, 66% contained serine or threonine. Finally, 25% of the
sequenced clones converged on the unique consensus Cys — Thr — Y¥/pne — BUK — V3.

Two recent studies have also utilized peptide libraries in selections against
SIRT2. In one study, Morimoto et al. utilized a macrocyclic peptide library armed with a
trifluoroacetyl-lysine warhead to search for inhibitors of SIRT2.%" In a second study,
Rauh et al. used an acetylated peptide microarray to investigate the deacetylases
substrate specificity of SIRT2.%*2 Consistent with our findings, both of these studies
found that SIRT2 shows only a preference for the residues immediately adjacent to the
acylated lysine. In screening their cyclic peptide library Morimoto et al. found that
greater than 70% of peptides contained either a V or L at position -1. Further, Rauh et al.

found that V, L, and | were three of the four most preferred residues at position -1 in

* In discussing the peptide sequences we number the residues relative to their position with respect to BuK
where -1 is immediately N-terminal to BuK and +1 is immediately C-terminal to BuK etc. (see Figure
5.16).
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their screen of a peptide microarray. These findings are consistent with our results in
which 30% of the clones contained an L or V at the -1 position. However, neither study
reported an F at position -1 which constituted 40% of clones in our study. Interestingly,
all three studies give conflicting results for which residue is preferred at position +1. The
cyclic peptide library and peptide microarray report a strong preference for either R or
Y/S at this position, respectively; whereas, we observed a strong enrichment of amino
acids with aliphatic side chains at position +1. The fact that these studies have shown
inconsistencies in the preferred residue at the +1 position may be attributed to an
inability of SIRT2 to discriminate between residues at this position. Indeed, the crystal
structure of a macrocyclic peptide identified by Morimoto et al. in complex with SIRT2
showed that the R at position +1 is pointing away from the surface of the enzyme and
not in visible contact with any SIRT2 residues.”® Further, crystal structures and
isothermal titration calorimetry data of Sir2Tm, a bacterial ortholog of SIRT2, suggest
that this residue is not important for substrate recognition.”** In our study, 66% of clones
containing a +3 position in the randomized sequence had either an S or T at this position.
This is consistent with both the peptide array study, which found S to be one of the two
most preferred residues at this position, and the cyclic peptide library screen which
found an S at +3 in the most potent cyclic peptide inhibitor. The crystal structure of this
cyclic peptide in complex with SIRT2 revealed that the S at position +3 makes hydrogen
bonding interactions with Q265 of SIRT2 providing a possible explanation for why this

residue is preferred at this position. Efforts are currently underway to obtain the crystal
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structure of SIRT2 in complex with peptides identified in this study which will provide

more detailed structural insight into the enzyme-substrate interactions.

5.3.3 Synthetic Peptides Containing thBuK Inhibit Sirtuin 2

Next, we asked whether these peptides, when synthesized with thBuK in place of BuK
could serve as inhibitors of SIRT2. To investigate this, we synthesized three of the
peptides identified from our selection that had converged on the Cys — Thr — Y¥/pye —
BuK — V. consensus. Peptides were synthesized via manual Fmoc-based solid-phase
peptide synthesis and their inhibitory potency measured against recombinant SIRT2 in a
discontinuous inhibition assay as described in the experimental details. As a reference
we used compound 53 (TB) which was recently demonstrated to be a potent, isoform
selective inhibitor of SIRT2.2** Figure 5.17 shows the inhibition curves for the inhibition
of SIRT2 with TB and the synthetic peptides containing thBuK. The data show that all
three of the synthetic peptides inhibited SIRT2 significantly more potently that TB. The
most potent inhibitor, S2P04, inhibited SIRT2 with an 1Cs, of 184 £ 19 nM which is 3.7-
fold lower than the ICso of TB (Table 5.1).

Since the consensus sequence identified from our selection involved only five of
the seven residues in the library, we synthesized a shortened version of S2P04 and
measured its ability to inhibit SIRT2. The shortened peptide, S2P04-5, contained only
the five residues of the consensus sequence, Cys — Thr — Val — thBuK — I. Interestingly,

S2P04-5 inhibited SIRT2 with an ICsy nearly double that of S2P04 (Table 5.1). This
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Figure 5.17. Inhibition curves for the inhibition of sirtuin 2 with TB and synthetic peptides
containing thBuK. Reaction mixtures contained 1 pM SIRT2, 2 mM NAD", 50 uM Boc-(Ac)Lys-AMC,
and 6.4 nM — 100 uM of the synthetic peptide or TB. Error bars represent one standard deviation of the
mean of three independent experiments.
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Compound Structure ICs50, NM

S
HNP S
B ﬁj 697 + 59
2K
OoNTo
S2P03 NH,~C-T-V-X-T-S-L -NH, 290 + 58
S2P04 NH,— 1-C-T-V-X-I-G —NH, 184 + 19
S2P07 NH,~C-T-F-X-V-P-T -NH, 198 + 30
S2P04-5 NH,~C-T-V-X-| -NH, 339 + 53
Ac-S2P04-5 Ac-C-T-V-X-1-NH, 400 + 48

Table 5.1. 1Csy values measured for TB and synthetic peptides with sirtuin 2. X = thBuK

observation suggests that while SIRT2 shows no clear preference for specific residues,
amino acids at these positions can still contribute to the substrate-enzyme interaction.
This likely arises from interactions not involving side chains, such as backbone
hydrogen bonds. In addition, we synthesized a version of S2P04-5 (Ac-S2P04-5) in
which the N-terminal amine was capped with an acetyl group thereby removing the
positive charge on the N-terminal amine. Ac-S2P04-5 inhibited SIRT2 with an ICs
similar to S2P04-5 indicating that the charge of the N-terminus is likely not involved in

the substrate-enzyme interaction.
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5.3.4 Selected Peptides Containing thBuK Exhibit Isoform Selectivity Comparable to TB
Next, we measured the potency of S2P04 against two other sirtuin isoforms that also
recognize lysine butyrlation, namely sirtuin 1 (SIRT1), which is a nuclear sirtuin, and

202 TB has been shown to inhibit

sirtuin 3 (SIRT3), which is located in the mitochondria.
both SIRT1 and SIRT3 but is most potent against SIRT2.?%? The ICs of S2P04 and TB
was measured against recombinant SIRT1, SIRT2, and GST-SIRT3 in a continuous
inhibition assay as described in the experimental details. As shown in Figure 5.18 both
S2P04 and TB displayed selectivity for SIRT2 over SIRT1 and SIRT3. S2P04 inhibited
all three enzymes significantly more potently than TB, however, the selectivity of S2P04
for SIRT2 over other sirtuin isoforms was comparable to that of TB. For example, the
ICso of TB was 3-fold lower for SIRT2 compared to SIRT1 while the 1Cs, of S2P04
measured for SIR2 was 2.7-fold lower than that measured for SIRT1 (Table 5.2). The
low solubility of TB at concentrations greater than 150 uM prevented an accurate
determination of the 1Cso of TB with SIRT3. Collectively, these results suggest that
while the amino acids adjacent to thBuK can lead to increased potency, acyl group
identity is the driving force governing isoform selectivity for our synthetic peptides.
Given that these peptides were selected for binding to SIRT2, one might ask:
why do they show no improvement in isoform selectivity over TB? In fact the
observation that amino acid identity does not contribute to isoform selectivity is not

entirely surprising. Current studies do not agree on the degree to which peptide amino

acid sequence is a determinant of substrate specificity, however; many agree that
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Figure 5.18. Inhibition curves for the inhibition of sirtuin 1, sirtuin 2, and sirtuin 3 with TB and
S2P04. (A) Inhibition by TB. (B) Inhibition by S2P04. Reaction mixtures contained 0.25 uM of the sirtuin
enzyme, 1 mM NAD®, 5 uM fluorogenic substrate, and 0.16 — 150 uM TB or 6.4 nM — 100 uM S2P04.
Error bars represent one standard deviation of the mean of two independent experiments.

Compound IC5g, uM
- SIRT1 SIRT2 SIRT3
B 9.5+0.9 3.1+03 >150
S2P04 0.28 £ 0.01 0.096 £+ 0.006 167

Table 5.2. 1Cx,values measured for TB and S2P04 with sirtuin 1, sirtuin 2, and sirtuin 3. S2P04
inhibited SIRT1 and SIRT2 ~33-fold more potently than TB.

the role of amino acid sequence is likely minimal.?* > Indeed, some studies have
reported robust deacetylase activity in vitro for SIRT1-2 across a range of substrates
irrespective of amino acid sequence.’®® % Several hypotheses have been proposed to
explain the apparent lack of sequence specificity of sirtuin-catalyzed deacetylation. One

hypothesis supported by recent evidence suggests that protein fold, not amino acid
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sequence, may be the primary determinant governing substrate specificity for SIRT1-
3.27 Another intriguing hypothesis suggests that the sirtuins may have evolved as group
of protein quality-control enzymes to combat non-enzymatic lysine acylation by acyl-
CoA.? 2% |n any case, the fact that sirtuins display little sequence specificity explains

why our selected peptides do not display greater isoform specificity—though they were

selected for binding to SIRT2.

5.4 Conclusion

In this study, we have demonstrated the use of phage display with an expanded genetic
code to generate peptide libraries containing naturally occurring lysine posttranslational
modifications. We screened a peptide library containing Ne-butyryl-lysine to identify
peptide sequences containing the ncAA that bind to the lysine deacylase SIRT2. We
show that these peptides, when synthesized with a slowly-reacting analog of Ne-butyryl-
lysine, are potent inhibitors of sirtuin 2-catalyzed lysine deacylation. The results of this
work may help to elucidate subtle substrate preferences of SIRT2 and will aide in the
rational design of SIRT2-selective inhibitors. Efforts are currently underway to solve the
crystal structure of SIRT2 in complex with peptides identified in this study. These
results may provide a rational explanation for why these peptides were specifically
enriched in our selection. In this work we also demonstrated the ability of a PyIRS
mutant to facilitate the genetic incorporation of thBuK in response to TAG codons in E.

coli. While the efficiency with which thBuK was incorporated was not sufficient to
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support phage expression, the genetic incorporation of thBuK into other proteins, such as

histones, could provide a useful tool for studying sirtuin activity.
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CHAPTER VI
EFFORTS TOWARDS THE SELECTION OF PHAGE-DISPLAYED CYCLIC
PEPTIDES USING A REGIOSPECIFIC, KINETICALLY CONTROLLED,

BIS-ELECTROPHILE

6.1 Introduction

As described in Chapter 2, cyclization can be used as a general strategy to increase the
binding affinity and proteolytic resistance of peptides. Phage display has been used as a
tool to screen libraries of cyclic peptides for the identification of novel ligands for
numerous targets. Current methods for cyclizing phage-displayed peptides utilize fixed
cysteine residues that flank the randomized peptide sequence. In one such method,
peptides are cyclized via an intrapeptide disulfide bond that forms upon oxidation of the
cysteines during phage expression.® Phage-displayed cyclic peptide libraries based on
disulfide bonds have been widely used for the identification of cyclic peptide ligands;
however, this method is limited by the fact that disulfide bonds are labile, being easily
broken by common reducing agents used to maintain protein stability and activity. More
recent methods for cyclizing phage-displayed peptides have utilized organic bis-
electrophiles which react with each of the nucleophilic cysteines to form the cyclic
peptide via an organic linker.*® This method affords cyclic peptides with more stable
linkages that cannot be broken by commonly used buffer components. However, current
compounds that are used for cyclizing phage displayed peptides consist of electrophilic

alkyl halides or Michael acceptors that are nonspecific and will react with cysteines
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present elsewhere in the phage.® This is problematic as wildtype Ff phages contain eight
additional cysteine residues in plll, and reaction of these cysteines with organic
electrophiles leads to a significant reduction in phage viability.'%" **4

With the goal of screening phage-displayed cyclic peptide libraries, we sought to
identify more regiospecific electrophiles that will react with cysteines flanking the
library, but spare cysteines elsewhere in the phage. To this end, we turned to the
biocompatible  condensation  reaction between cysteine and 6-hydroxy-2-
cyanobenzothiazole (54, Figure 6.1A). This reaction occurs rapidly (9.19 M™*.s™) and
irreversibly in aqueous solvents at neutral pH. Rao and colleagues have demonstrated
that 54 reacts specifically with 1,2- and 1,3-aminothiols.?*° This specificity allowed them
to develop derivatives of 54 that can be used to label proteins at N-terminal cysteine
residues while sparing internal cysteines.?* We reasoned that the specificity of 54 for N-
terminal cysteines could be used to cyclize peptides displayed at the N-terminus of plll
on Ff bacteriophages. Therefore, we designed the bis-electrophile derivative of 54, 55
(CAmMCBT), which contains a chloroacetamide moiety. We predicted that CAmMCBT
could be used to cyclize peptides bearing N-terminal and internal cysteines that are
displayed on the surface of bacteriophages. The CBT moiety of CAMCBT is predicted to
react with the N-terminal cysteine, while the chloroacetamide will react with an internal
cysteine to give the cyclic product (Figure 6.1B). Although the chloroacetamide moiety

can also react with the cysteine residue at the N-
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54 Cysteine

H
N S
c/T \CE )—C=N
N
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Figure 6.1. The reaction of 6-hydroxy-2-cyanobenzothiazole with cysteine and the reaction of
CAmMCBT with phage-displayed peptides. (A) Cysteine and 6-hydroxy-2-cyanobenzothiazole (54) react
to give luciferin. The reaction proceeds in aqueous solvents at neutral pH. (B) Phage-displayed peptides
containing N-terminal and internal cysteines are predicted to react with 55 to give a cyclic peptide product.

terminus, the reaction of CBT with this cysteine is ~400 times faster than the reaction of
chloroacetamide with this cysteine.?*® 2*2 Therefore, the desired cyclic product is
kinetically favored.

In this chapter, we report the synthesis of CAmMCBT and demonstrate its ability
to form the desired cyclic peptide product when reacted with peptides containing N-
terminal and internal cysteine residues. The reaction proceeds with high yields in only
three hours, at room temperature, in aqueous solvents, and at neutral pH. We use
CAmMCBT to cyclize peptides on a phage-displayed dodecapeptide library and screen this
library against two model proteins. Future directions for this ongoing work are also

discussed.

148



6.2 Experimental Details

6.2.1 Miscellaneous Information

All primers were purchased from Integrated DNA Technologies, Inc. (Coralville, PA).
Enzymes and buffers for molecular cloning were purchased from New England Biolabs
(Ipswich, MA). DNA sequencing was performed by Eton Biosciences, Inc. (San Diego,
CA). Mass spectra were collected by the Department of Chemistry Mass Spectrometry

Facility at Texas A&M University.

6.2.2 Primer List

TEV-CAC-sfGFP-F: 5>-CGGCCGCGGCCTGCGTTAGCAAAGGTGAAGAACTG-3’

TEV-CAC-sfGFP-R: 5>-CGGCGCACTGAAAATACAGGTTTTCCATGGTTAATTCCTCCTG-3’

12mer-plll-Ncol-F: 5°-CGGCCATGGCCTGC(NNK);, TGCGCGGCGAAAGCGGCCGGCCC-3’

12mer-plll-Ncol-R: 5’-CATGCCATGGCCGGCTGGGCCGC-3’

6.2.3 Plasmid Construction

pBAD-TEV-CAsC-stGFP: The plasmid pBAD-sfGFP has been described by us

previously.*® To introduce the polyalanine model peptide and TEV protease recognition
sequence to the N-terminus of sfGFP, the plasmid pBAD-sfGFP was PCR amplified
with the 5’-end primer, TEV-CAsC-sfGFP-F, and the 3’-end primer, TEV-CAsC-sfGFP-
R using Phusion high-fidelity DNA polymerase. The PCR product was phosphorylated
with T4 polynucleotide kinase, followed by ligation with T4 DNA ligase, and used to

transform E. coli Top10.
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12mer Peptide-plll Library: The plasmid pADLg3 (Antibody Design Labs, San Diego,

CA) was amplified with Phusion high-fidelity DNA polymerase using the primers
12mer-pllI-Ncol-F and 12mer-plll-Ncol-R. The product was digested with Ncol, ligated
overnight with T4 DNA ligase, and used to transform electrocompetent E. coli Top10 (1
ng DNA per pL of cells). Transformed cells were diluted 1:9 in 2xYT and incubated at
37°C. After 1 hour, 100 pL was removed for to quantify transformation efficiency and
the remaining culture was diluted to ODggp < 0.2 in fresh 2xYT media, supplemented
with 100 pg-pL™ ampicillin, and grown at 37°C overnight. In total 1.1 x 10°
transformants were obtained. The following day, the plasmid was extracted using a
commercial extraction kit (Qiagen) and used to transform electrocompetent E. coli

ER2738 exactly as described above yielding 1.8 x 10° transformants.

6.2.4 Protein Expression and Purification

TEV-CAsC-sfGFEP: E. coli Top10 containing the plasmid pBAD-TEV-CAsC-sfGFP-Hisg

were grown at 37°C in 1 L of 2xYT media, containing 100 pg-mL™ ampicillin, to ODego
= 0.6 at which point protein expression was induced with the addition of 0.2% arabinose
to the growth media. 18 h post induction, cell pellets were harvested by centrifugation
(6k rpm, 20 min). The cells were lysed and the protein purified by Ni-NTA exactly as
described in Chapter 2. Following Ni-NTA purification, the buffer was changed to TEV
cutting buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT) by
diluting 1:9 in TEV cutting buffer and concentrating by ultrafiltration (10 kDa MWCO;

2x). The protein was then incubated with TEV protease at a molar ratio of 1:500
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(enzyme:substrate) for 48 h at 4°C. Following digestion with TEV protease, the protein
was loaded onto a 10 mL Mono S column pre-equilibrated with Mono S buffer A (50
mM NH4PO4pH 4.4, 50 mM NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol) the protein
was eluted with a linear gradient from 0-60% Mono S buffer B (50 mM NH4PO,4 pH 4.4,
1 M NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol) over 20 min, followed by 60-100%
over 1 h. The fractions containing pure protein were combined, concentrated to 60 uM,
flash frozen, and stored at -80°C. Protein concentration was determined by measuring
the absorbance of the GFP chromophore at 485 nm using the reported extinction

coefficient of 83,300 M*.cm™.2%

His;-TEV-HRas(1-169): The plasmid pQLink-His;-TEV-HRas(1-169) was kind gift

from Professor Sharon Campbell at the University of North Carolina, Chapel Hill. E.
coli BL21(DE3) containing the plasmid pQLink-His;-TEV-HRas(1-169) were grown at
37°C in 2 L of 2xYT media, containing 100 pg-mL™ ampicillin, to ODggo = 0.8 at which
point the temperature was changed to 30°C and HRas expression was induced with the
addition of 1 mM IPTG. 8 h post induction, cell pellets were harvested by centrifugation
(6k rpm, 20 min) and stored at -80°C until purification.

Cell pellets were resuspended in 40 mL of lysis buffer (50 mM NaH,PO,4 pH 8.0,
300 mM NaCl, 10 mM imidazole) and lysed by sonication. The sonicated resuspension
was clarified by centrifugation (10k rpm, 45 min) and the clarified supernatant was
passed through a disposable column containing 2 mL of high affinity Ni?*-charged resin

(Genscript). The resin was washed with 40 mL of lysis buffer and the bound protein
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eluted with 7 mL of elution buffer (lysis buffer containing 250 mM imidazole). The
eluted protein was concentrated by ultrafiltration (10 kDa MWCO) to 4 mL and then
dialyzed overnight at 4°C against 2x 4 L Q Sepharose buffer A (64 mM Tris pH 7.5, 50
mM NaCl, 10 mM MgCl,; 3 kDa MWCO). The following day, the protein solution was
concentrated to 1 mL and applied to a 31 mL Q Sepharose column (GE Healthcare) that
was pre-equilibrated with Q Sepharose buffer A. The column was washed with 2 CV of
buffer A (2 mL-min™) and the bound protein eluted with a linear gradient of 0-100%
buffer B (64 mM Tris pH 7.5, 1 M NaCl, 10 mM MgCl;) over 3 CV. The fractions
containing pure HRas were concentrated and dialyzed overnight at 4°C against 3x 4 L of
PBS pH 7.4. The purified protein was quantified using a Pierce™ BCA Protein Assay
Kit, with BSA as a standard, according to the manufacturer’s protocol. SDS-PAGE

analysis of HRas purified using this protocol is shown in Figure 6.2A.

6.2.5 Biotinylation of HRas

The purified HRas was concentrated to 89 puM and biotinylated with a 5-fold molar
excess of EZ-Link™ NHS-Biotin (Thermo Fisher Scientific) for 2 h at room
temperature. After 2 h the solution was directly loaded onto a Superdex 75 10/300 GL
size exclusion column (GE Healthcare) pre-equilibrated with 64 mM Tris pH 7.5, 50
mM NaCl, 30 mM MgCl,. The eluted protein was concentrated by ultrafiltration (10 kDa
MWCO) to 1 mg-mL™, flash frozen in 10 pL aliquots, and stored at -80°C. Biotinylation
of the protein was confirmed via Western blot using a streptactin-HRP conjugate (Bio-

Rad) which is shown in Figure 6.2B.

152



250— 1 2

150—
100—

75 =— [OR—
25—
50— 20— “

37—
o < P
25— -- <—HRas 20— =
20— .
15—

Figure 6.2. SDS-PAGE analysis of purified HRas. (A) SDS-PAGE of HRas purified using the above
protocol. (B) Western blot to confirm biotinylation of HRas. The protein before (Lane 2) and after (Lane
1) treatment with NHS-biotin was blotted onto a nitrocellulose membrane and then visualized with a
streptactin-HRP conjugate (Bio-Rad).

6.2.6 CAsC-sfGFP Cyclization with CAMCBT

Purified CAsC-sfGFP was diluted to 10 uM in PBS pH 7.4. To this was added a freshly
prepared solution of tris(2-carboxyethyl)phosphine (TCEP) to a final concentration of 1
mM and the solution was incubated at 37°C. After 30 min, CAmCBT in DMSO was
added to a final concentration of 50 uM (5% DMSO final) and the solution was
incubated at room temperature for 3 hours. The reaction was quenched with the addition
of 10 mM L-cysteine and the buffer was changed to 10 mM NH,CO;3; by dilution
followed by concentration via ultrafiltration (3 kDa MWCQO) three times. The
concentrated solution was lyophilized and then analyzed by electrospray ionization mass

spectrometry.
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6.2.7 Phage Expression and Purification

E. coli ER2738 containing the 12-mer peptide-plll phagemid library were grown at 37°C
in 250 mL of 2xYT media supplemented with 100 ug-mL™ ampicillin, 12 pg-mL™*
tetracycline, and 1% glucose. Upon reaching ODggo = 0.5-0.6, 50 mL of the culture of
was transferred to a small flask and infected with M13KO7d3 helper phage (Antibody
Design Labs, San Diego, CA; MOI = 25) at 37°C with shaking. After 45 min the cells
were pelleted (4k rpm, 15 min) and resuspended in 100 mL of 2xYT media containing
100 pg-mL™* ampicillin, 25 pg-mL™ kanamycin, and 1 mM IPTG. 12-18 h post
induction, the culture was transferred to two 50 mL tubes, cells were pelleted (6k rpm,
20 min), and the upper 40 mL was decanted into new tubes. Phages were precipitated
twice with the addition of sodium chloride and polyethylene glycol solution as described
in Chapter 4. Phages were resuspended in 3-4 mL of PBS pH 7.4 for panning against
HRas or 2-3 mL of kallikrein binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 10

mM MgCl;, 1 mM CacCl) for panning against plasma kallikrein.

6.2.8 Labelling Phages with FITC-CBT

The purified phage library or M13KO7 (Antibody Design Labs) in PBS (pH 7.4) was
incubated with 1 mM TCEP for 30 min at 37°C followed by the addition of 50 uM
FITC-CBT. The reaction was incubated at room temperature for 2.5 h followed by
precipitation of the proteins with the addition of trichloroacetic acid. The precipitated
protein pellet was washed twice with 500 pL of ice-cold acetone and the fluorescence

was visualized under blue light.
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6.2.9 Phage Infectivity Assay

For determining the effect of treatment with CAmMCBT on phage infectivity, the purified
phagemid library in PBS (pH 7.4) was incubated under various reaction conditions
including: (1) PBS only, (2) 1 mM TCEP for 30 min at 37°C followed by 3 h at room
temperature, (3) 30 min at 37°C followed by the addition of 50 pM CAmMCBT and
incubation for 3 h at room temperature, and (4) 1 mM TCEP for 30 min at 37°C
followed by the addition of 50 or 100 pM CAmMCBT and incubation for 3 h at room
temperature. Following incubation under the various conditions, the phages were

quantified via the colony forming unit assay described in Chapter 4.

6.2.10 Peptide Library Cyclization with CAmMCBT

The purified phage library (10*-10 cfu) in PBS or kallikrein binding buffer (pH 7.4)
was incubated with 1 mM TCEP at 37°C for 30 min. After 30 min, CAmMCBT in DMSO
(5% DMSO final) was added to a final concentration of 100 puM. The solution was
incubated for 3 h at room temperature with slow rotation. Following the reaction, the

library was directly used for affinity selection without further purification.

6.2.11 Affinity Selection against HRas

The cyclized phage library (10'-10" cfu) in PBS was panned against 10 pg of
biotinylated HRas immobilized on streptavidin coated magnetic beads (rounds 1, 3, and
4) or neutravidin coated polystyrene plates (round 2) exactly as described in Chapter 5

with the following modifications. The HRas ligand, guanosine triphosphate (30 puM),
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was added to the phage library after cyclization and to all blocking and binding buffers
for each round of selection. For round 4, the library was incubated with the immobilized

target for 20 rather than 30 min and the number of washes was increased from 10 to 15.

6.2.12 Affinity Selection against Plasma Kallikrein

Biotin labelled human plasma kallikrein was purchased from Molecular Innovations
(Novi, MI). The cyclized phage library (10*! cfu) in kallikrein binding buffer was panned
against 10 pg of plasma kallikrein immobilized on streptavidin coated magnetic beads
(rounds 1 and 3) or neutravidin coated polystyrene plates (round 2) exactly as described
in Chapter 5 with the following modifications. The blocking buffer consisted of 1%
(w/v) BSA and 0.1% Tween-20 in kallikrein binding buffer, and the washing buffer was
kallikrein binding buffer containing 0.1% Tween-20. Following library cyclization with
CAmMCBT, 0.25 mL of 5x blocking buffer was added to 1 mL of the cyclized library.
The library was incubated for 30 min in the 1x blocking buffer before incubating with

the immobilized kallikrein.

6.2.13 Solid-Phase Peptide Synthesis

The peptide HRP24 was synthesized via manual Fmoc-based solid-phase peptide
synthesis on Rink-amide resin, using N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-
yl)uranium hexafluorophosphate (HBTU) as a coupling agent, essentially as described in
Chapter 5 with the following modifications. Fmoc-Lys(5/6-FAM)-OH was coupled for

2.5 h with 3 rather than 4 eq. of the Fmoc-protected amino acid. The next 10 residues
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were coupled with 4 eq. for 40 min each. The final 6 residues were coupled with 4 eq.
twice, once for 15 min followed by a second coupling reaction for 30 min. The crude
peptide was dissolved in 20% acetonitrile in water containing 0.1% TFA and purified by
semi-preparative RP-HPLC on a C18 column (Alltech, 10 x 250 mm, 10 pum, 100 A
pore). Solvent A: water with 0.1% TFA, Solvent B: acetonitrile with 0.1% TFA. The
peptide was eluted with a linear gradient from 20-100% solvent B over 15 min. Fractions
containing the purified peptide were combined and lyophilized to afford a fluffy orange

powder. The mass of the peptide was confirmed by MALDI-TOF mass spectrometry.

6.2.14 Synthetic Peptide Cyclization

The peptide HRP24 was dissolved in PBS (pH 7.4) to a concentration of 10 uM. To this
was added a freshly prepared solution of TCEP to a final concentration of 1 mM. The
solution was incubated for 30 min at 37°C and then CAmCBT in DMSO was added to a
final concentration of 50 uM (5% DMSO final). The solution was incubated at room
temperature for 2 h and then purified and concentrated by Ci;g Zip-Tip® (Millipore
Sigma) according to the manufacturer’s protocol. The mass of the purified sample was

analyzed by MALDI-TOF mass spectrometry.

6.2.15 Chemical Synthesis

The Synthesis of CAMCBT: The synthetic scheme shown in Figure 6.3 was followed for

the synthesis of CAmCBT (55).
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Figure 6.3. The synthesis of CAMCBT.

To a 250 mL round-bottom-flask containing H,SO,4 (81.85 mL) at 0°C was added
56 (11.51 mL, 88.4 mmol), dropwise, followed by KNO;3 (9.87 g, 97.3 mmol, 1.1 eq.).
The solution was stirred for 30 min at 0°C followed by 1 h at room temperature and then
poured onto ice giving rise to a yellow precipitate (57). The precipitate was collected by
vacuum filtration, washed with cold water (2x 5 mL), and then recrystallized from
ethanol. The crystals were collected by vacuum filtration, washed with cold ethanol (3x,
5 mL), and dried. The recrystallized product (11.50 g, 60.6% yield) was used for the
next step without further purification.

In a 500 mL round-bottom-flask, 57 (3.00 g, 13.9 mmol) was dissolved, with
light heating, in a solution of 234 mL ethanol, 156 mL water, and 31.18 mL HCI (4.8
M). To this was added SnCl,-2H,0O (31.52 g, 139.7 mmol, 10 eq.) and the resulting
solution was refluxed at 120°C until complete consumption of 57 as monitored by TLC.
After approximately 3.5 h, the solution was cooled and made basic by adding aqueous

NaOH (5 M) affording a yellow precipitate. The precipitate was removed by filtration

158



and the supernate was concentrated under reduced pressure. The concentrated solution
was extracted with ethyl acetate (3x 33 mL). The organic layer was washed with brine,
dried over anhydrous Na,SO4, and evaporated. The crude solid was purified by flash
chromatography (ethyl acetate/hexane = 1:1) to give 58 as an off white solid (3.03 g,
37% yield).

In a 250 mL round-bottom-flask, KCN (0.845 g, 17.04 mmol) was dissolved in
130 mL DMSO and the solution was refluxed at 135°C overnight under an atmosphere
of argon. The next day 58 (0.900 g, 4.87 mmol) in 18.1 mL DMSO was added to the
solution dropwise while stirring. The resulting solution was refluxed at 120°C until
complete consumption of 58 as determined by TLC at which point the solution was
cooled to room temperature and poured into a solution containing 87 mL of 1 M
KH2PO,4 and 130.5 mL of diethyl ether. The organic layer was removed and the aqueous
layer was extracted with ethyl acetate (3x 20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na,SO,4, and evaporated. The crude solid was
purified by flash chromatography (ethyl acetate/hexane = 1:4 to 1:2) to afford 59 (0.131
g, 15%) as a yellow solid.

To a solution of the above amine 59 (0.120 g, 0.685 mmol) in dry DCM (5 mL),
cooled in an ice bath, was added diisopropylethylamine (0.252 mL, 2 eq.) and a solution
of chloroacetyl chloride (0.06 mL, 1 eq.). The reaction was stirred at room temperature
overnight and the volatiles removed under reduced pressure. The residue was purified by
silica gel column chromatography eluting with ethyl acetate in hexane to afford the

compound 55 (0.115 g, 59%) as a yellow solid.
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'H NMR (CDCl3 300 MHz): § 8.71 (d, 1H, J = 4.5 Hz), 8.35 (br, s, 1H), 8.23 (d, 1H, J =

7.3 Hz), 7.53 (dd, 7H, J = 4.5, 8.6 Hz) 4.21 (s, 2H).

The Synthesis of FITC-CAMCBT:

The synthetic scheme shown in Figure 6.4 was followed for the synthesis of FITC-CBT

(61).

FITC
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Figure 6.4. The synthesis of FITC-CBT.

The amine 60 (50 mg, 0.18 mmol) was dissolved in a solution of diisopropylethyl
amine (41 pL, 0.22 mmol) in dry methanol and THF (2:1, 1.2 mL). The solution was
cooled to 0°C before adding fluorescein-5-isothiocyanate (FITC, 72 mg, 0.18 mmol).
The reaction mixture was warmed to room temperature and stirred overnight before
concentrating and purifying by column chromatography on silica gel using a gradient of
DCM:acetone:MeOH (80:10:10 to 0:90:10) to afford compound 61 (71 mg, 62%) as an

orange solid.
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'H NMR (DMSO-dg), 300 MHz) & 8.59 (d, J = 2.1 Hz, 1H), 8.43 (s, 1H), 8.37 (d, J = 1.8
Hz, 1H), 8.11-8.08 (m, 1H), 8.02 (2, 1H), 7.82-7.70 (m, 2H), 7.28 (d, J = 2.1 Hz, 1H),

6.70-6.56 (m, 6H), 4.49 (d, J = 2.1 Hz, 2H).

6.3 Results and Discussion

6.3.1 Cyclization of a Model Peptide with CAMCBT

In order to determine whether CAMCBT could react with peptides containing two
cysteines to give the predicted cyclic product, we constructed a peptide-GFP fusion
protein on which to test the reaction. A short sequence of five alanine residues, flanked
on both sides by cysteine residues, was introduced as an N-terminal fusion to superfolder
green fluorescent protein (CAsC-sfGFP) via PCR cloning as described in the
experimental details. To ensure quantitative removal of the N-terminal methionine, we
introduced a TEV protease recognition sequence immediately upstream of the first
cysteine. Treatment of the protein with TEV protease following purification removes all
upstream residues to afford a free N-terminal cysteine. The peptide-GFP fusion was
expressed in E. coli Top10 followed by purification via nickel affinity chromatography
and subsequent cation exchange chromatography after treatment with TEV protease.
Analysis of the purified CAsC-sfGFP by electrospray ionization mass spectrometry
(ESI-MS) revealed predominantly one peak with a mass that agreed with the theoretical
value (Figure 6.5A). Next, the purified protein (10 puM) was incubated with tris(2-

carboxyethyl)phosphine (TCEP, 1 mM) for 30 minutes at 37°C to ensure that the
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Figure 6.5. ESI mass spectra of CA;C-sfGFP before and after treatment with CAMCBT. (A) Mass
spectrum of CAsC-sfGFP before treatment with CAmCBT (Theoretical mass = 28259 Da). (B) Mass
spectrum of CAsC-sfGFP after treatment with 50 uM CAMCBT (Theoretical mass = 28458 Da). Other
peaks in the spectrum correspond to unreacted CAsC-sfGFP and the sodium adduct of the cyclic product.

cysteines were fully reduced. Treating the reduced protein with five equivalents of
CAmMCBT, for three hours at room temperature, in phosphate buffered saline (PBS)
resulted in a shift of the major peak on the mass spectrum (Am/z = 199.0) corresponding
to formation of the cyclic product (Figure 6.5B). The relative intensity of the mass peaks
indicated greater than 80% conversion to the cyclic product in just three hours.
Incubating the protein with CAmCBT in the absence of TCEP led to only minimal

conversion to the cyclic product (data not shown).

6.3.2 Cyclization of Phage-Displayed Peptides

Encouraged by our results with the model peptide, we moved to test the reaction on a
phage-displayed peptide library. We started by constructing a peptide library flanked by
N-terminal and internal cysteine residues. To do this, we utilized site-saturation
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mutagenesis to introduce a library of twelve randomized residues, and two fixed
cysteines, as a genetic fusion to the phage coat protein plll. The library was constructed
using the pADL-10b phagemid system that, when complimented with a plll-defective
helper phage, allows for peptide display on all five copies of plll. Transformation of E.
coli ER2738 following cloning yielded 1.8 x 10° unique transformants. In this
expression system, secretion of plll into the periplasm for phage packaging is driven by

1.2* Once in

the pelB leader sequence, a 22 residue peptide fused to the N-terminus of pll
the periplasm, the leader sequence is removed by an endogenous E. coli leader
peptidase.'®® 2* Previous studies have shown that the pelB leader sequence can be used
for the in vivo generation of N-terminal cysteine residues and this has been applied for
the expression of proteins for expressed protein ligation.?*® We designed our library such
that cleavage of the leader sequences in vivo affords the free N-terminal cysteine
required for reaction with CAmCBT. Incubating phages expressed from this library with
a fluorescein isothiocyanate derivative of CBT, 61 (FITC-CBT) led to a precipitated
phage pellet that was visibly fluorescent, indicative of the reaction of CBT with the N-
terminal cysteine (Figure 6.6A). In contrast, no fluorescence was detected when FITC-
CBT was incubated with wildtype M13. This suggests that the CBT moiety does not
react with cysteines present elsewhere in the phage.

Next, we tested the impact of reaction with CAmCBT on phage viability. As

discussed in the introduction, nonspecific reaction of CAmCBT with endogenous phage

cysteines can lead to a significant reduction in the ability of phages to infect their host.
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Figure 6.6. Labelling phages with FITC-CBT and the effect of CAmCBT on phage viability. (A)
Labelling of phages with FITC-CBT. Phages from the library contain an N-terminal cysteine and are
labeled with FITC-CBT, whereas wildtype phages are not. (B) The effect of 1 mM TCEP, 50 uM
CAmMCBT (CAmMCBT), or both (Reaction) on the number of infective phages. (C) The effect of 1 mM
TCEP and 100 uM CAmCBT (Reaction) on the number of infective phages. Control indicates the titer of
phages incubated in PBS only. Error bars represent one standard deviation of the mean of three
experiments.

To test the effect of cyclization with CAmMCBT on phage viability, we utilized a colony
forming unit assay in which the number of infective phages was quantified before
and after cyclization with CAmCBT, as well as after incubation with the individual
reaction components. As shown in Figure 6.6B incubating the phages under the reaction
conditions led to a slight (1.8-fold) reduction in the number of infective phages when 50
MM of CAMCBT was used. Higher concentrations of CAMCBT resulted in a similar
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reduction in the number of infective phages of about 1.2-fold (Figure 6.6C). This low
reduction in phage viability can likely be attributed to the greater selectivity of

CAmMCBT for N-terminal cysteines compared to other reported compounds.*®” 1%8

6.3.3 Affinity Selection against HRas and Plasma Kallikrein

Next, we performed affinity selection using the cyclic peptide library against two model
proteins namely, the GDP-bound form of the GTPase HRas and the human plasma
protease kallikrein. Briefly, the biotinylated targets were first immobilized by capture on
streptavidin coated magnetic beads or neutravidin coated magnetic plates. Next, the
phage library that had been modified with CAmCBT was incubated with the
immobilized target for 30 minutes before washing to remove nonspecifically bound
phages and elution of specifically bound clones with a low pH buffer. Sequencing of
clones after the third round of selection against plasma kallikrein (n = 22) revealed that
the population had converged on a strong consensus sequence of the type Ser — Phe/Tyr—
Cys — Xxx — Asp — /i (Figure 6.7A). Sequencing of clones from the selection against
HRas (n = 18) revealed a less convincing consensus (Figure 6.7B). Therefore, we
performed an additional round of affinity selection against HRas in which more stringent
binding and washing conditions were used. Eight out of the ten clones sequenced after
the fourth round of selection contained a consensus sequence of the type Lys — Lys —
Xxx — His — His. In total, 16 of the 28 clones sequenced from rounds three and four

contained the consensus Lys — Lys — ¥/, o, — His — His (Figure 6.7C).
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Figure 6.7. The amino acid sequence of peptides identified from affinity selection against plasma

kallikrein and HRas. (A) The sequence of peptides identified after the third round of affinity selection

against plasma kallikrein. (B) The sequence of peptides identified after the third round of affinity selection

against HRas. (C) Peptides identified after the fourth round of affinity selection against HRas.
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6.3.4 Modification of Synthetic Peptides with CAmCBT and First Attempts towards
Measuring Binding Affinity

After identifying consensus sequences from affinity selection, we next turned to measure
the binding affinity of the selected peptides with HRas. To do this, we designed an assay
based on fluorescence polarization utilizing synthetic, fluorescently-labeled, peptides.
We synthesized the peptide HRP24 containing an Ala — Ala — Lys(5/6-FAM) linker at
the amidated C-terminus via manual Fmoc-based solid-phase peptide synthesis. In, this
peptide, the Lys residue at the C-terminus is conjugated at the sidechain amine to 5/6-
carboxyfluorescein. The crude peptide was purified by reverse phase HPLC and then,
following reduction with TCEP, incubated with five equivalents of CAMCBT, in PBS,
for 2 hours at room temperature. MALDI-TOF mass spectrometry of the peptide before
and after treatment with CAmCBT revealed a shift in the major peak corresponding to
expected mass of the cyclic product (Figure 6.8). Notably, no unconjugated peptide was
detected in the mass spectrum after only two hours.

Unfortunately, we noticed at this time that cyclization with CAmCBT led to a
significant reduction in the solubility of HRP24. At high concentrations of the peptide
this was observed as the formation of an orange precipitate shortly after the addition of
CAmMCBT. Although no precipitate was observed at lower concentrations of the peptide,
a color change of the solution from green to orange was indicative of the formation of
insoluble aggregates. The low solubility of the synthetic peptides, we feared, would

interfere with the accurate measurements of binding affinity in our assay. Indeed,
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Figure 6.8. MALDI-TOF mass spectra of the peptide HRP24 before and after reaction with
CAmMCBT. (A) Mass spectrum of HRP24 before reaction with CAmCBT (Theoretical mass = 2254.2 Da).
(B) Mass spectrum of HRP24 after reaction with CAmMCBT (Theoretical mass = 2453.2).

contrary to theory, the fluorescence polarization of the synthetic peptide decreased with
the addition of HRas. We are in the process of synthesizing peptides identified from
selection against plasma kallikrein to see whether this observation is sequence

dependent.

6.3.5 Future Directions

The low solubility of HRP24 when conjugated with CAMCBT interferes with our
ability to measure the binding of the peptide to HRas via fluorescence polarization. The
high solubility of sfGFP may explain why no precipitation was observed in our
preliminary trials in which we used CAmMCBT to cyclize CAsC-sfGFP. Indeed, genetic
fusion to sfGFP has been used as a general strategy to enhance the solubility of poorly
soluble proteins.’®” ?*” Based on these studies and our own observations, we plan to
utilize peptide-sfGFP fusion proteins to measure the potential binding and inhibitory
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properties of peptide sequences identified from selection against HRas and plasma
kallikrein. Several of the peptides identified in selections against both targets have
already been cloned and expressed as fusions to the N-terminus of sfGFP. Our
preliminary results have shown that, when expressed as fusions to sfGFP, these peptides,
including HRP24, remain soluble following conjugation with CAmCBT. Efforts are
currently underway in our laboratory to measure the inhibition of plasma kallikrein using

the aforementioned peptide-sfGFP fusion proteins.

6.4 Conclusion

In this study we have demonstrated the ability of a newly synthesized bis-electrophile
(CAmMCBT) to react with peptides bearing N-terminal and internal cysteines and yield
cyclic peptide products. The reaction occurs in aqueous solvents, at neutral pH, to afford
the cyclic product in high yield. Mass spectrometry revealed greater than 80%
conversion to the cyclic product in 3 h when CAmMCBT was used to cyclize a peptide
fused to the N-terminus of sfGFP. Further, synthetic peptides underwent quantitative
conversion to the cyclic product in just 2 h. The high selectivity of the CBT moiety for
N-terminal cysteine residues resulted in a lower reduction in phage viability compared to
other commonly used electrophiles for peptide cyclization. We used CAMCBT to
cyclize a peptide library, displayed on the N-terminus of plll on the M13 bacteriophage,
and identified strong consensus sequences when the cyclic peptide library was panned
against HRas and plasma kallikrein. Efforts are currently underway to measure the

binding and potential inhibitory properties of the identified peptide sequences.
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CHAPTER VII

CONCLUDING REMARKS

Over the past 30 years, phage display has emerged as a widely-used and powerful tool
for the directed evolution of peptide ligands. In this thesis we sought to improve upon
the utility of phage display by expanding the chemical diversity of phage-displayed
peptides. In particular, we sought to utilize the technique of genetic code expansion,
through nonsense suppression, to genetically incorporate non-canonical amino acids
(ncAAs) in response to redefined TAG codons.

Throughout this thesis we have demonstrated a remarkable ability of the
pyrrolysyl-tRNA synthetase (PyIRS) to facilitate the genetic incorporation of a wide
variety of ncAAs with diverse structural features. We began our studies by exploring the
expanded substrate spectrum of a rationally designed PylRS mutant containing the
N346A/C348A mutations (PylIRS(N346A/C348A). This mutant had been shown to
facilitate the genetic incorporation of phenylalanine derivatives with meta and para
substituents while remaining orthogonal to canonical amino acids.**® " *° The data
presented in this thesis demonstrate that PyIRS(N346A/C348A) can also recognize
phenylalanine derivatives with substitutions at the ortho position as a substrate. A recent
publication by our laboratory also demonstrated the ability of PyIRS(N346A/C348A) to
facilitate the genetic incorporation of histidine deriviatives.**® Although polyspecificity
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appears to be a general feature of evolved aaRSs™"", the fact that this one enzyme mutant

can facilitate the genetic incorporation of nearly 50 ncAAs with high efficiency is
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striking. Polyspecificity of aaRSs is ideal for enzymes that will be used to incorporate
ncAAs for phage display as this allows for the library to expressed with different ncAAs
using the same cell strain.

We have also demonstrated, in this thesis, a new method for constructing phage
display libraries that results in a library in which every clone contains an in-frame TAG
codon. This type of library eliminates propagation-related bias that has previously
interfered with selections involving ncAAs. Using TAG-obligate libraries, in
conjunction with PylIRS mutants, we have vastly expanded the number of ncAAs that
have been incorporated into phage-displayed peptides. These ncAAs include those that
contain reactive handles, such as the ketone-containing ncAA (35) whose genetic
incorporation was first reported in this work. These reactive functional groups can be
used to selectively conjugate the phage-displayed peptides to further expand their
chemical diversity.

The ncAAs we have incorporated into phage-displayed peptides also include two
naturally occurring lysine posttranslational modifications, namely, N¢-butyryl-lysine and
Ne-crotonyl-lysine. Phage-displayed peptide libraries containing posttranslational
modifications will, no doubt, be useful tools for studying the proteins that interact with
these modifications. For example, these libraries could be used to profile the substrate
specificity of an enzyme that binds to a particular modification. They will also be useful
to identify sequence-optimized peptides, containing the modification, which can be used
as inhibitors of enzymes that interact with the modification. As a demonstration of this,

we utilized our TAG-obligate heptapeptide library containing Ne-butyryl-lysine to select
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for peptides that bind to the lysine deacylase sirtuin 2. Peptide sequences identified from
this selection were synthesized with the structural analog of Ne-butyryl-lysine, Ne-
thiobutyryl-lysine, and were shown to be potent inhibitors of sirtuin 2-catalyzed lysine
deacylation. Various methods have been reported for the genetic incorporation of other
posttranslational modifications and we anticipate that peptide libraries containing these
modifications will be useful for the field of epigenetics.’

Herein, we also reported the design and synthesis of a regiospecific, kinetically-
controlled, bis-electrophile for cyclizing phage-displayed peptides. In designing this
compound, we coupled cyanobenzothiazole with chloroacetamide giving the compound
CAmMCBT (55), which reacts with peptides containing N-terminal and internal cysteines
yielding a cyclic product. Kinetics ensure that CAmMCBT reacts with the peptide in a
particular order giving only one product. Yields of the reaction were high (>80%) when
CAmMCBT was used to cyclize a peptide-sfGFP fusion protein, and synthetic peptides
reacted with CAmCBT quantitatively giving only the desired product. Little impact on
phage viability was observed when phage-displayed peptides were cyclized with
CAmMCBT, owing to the specific reactivity of the compound. Efforts to select phage-
displayed peptides that were cyclized with CAmMCBT against two model proteins yielded
strong consensus sequences. Though we are still working to measure the binding affinity
and potential inhibitory properties of these peptides, this work demonstrates that the
cyanobenzothiazole moiety can be used to design compounds that react with phage-

displayed peptides in a regiospecific manner. We anticipate that tris-electrophiles based
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on cyanobenzothiazole could also be used to generate phage-displayed bicyclic peptide

libraries.
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aaRS
Bpy-Ala
BSA
BuK
cfuorc.f.u.
CcVv
DMEM
EGFR
EPR
ESI-MS
FITC
FRET
GST
ICso
IPTG

M13KO7(plIl")

MALDI-TOF MS
Mj-TyrRS

MPP8

APPENDIX

LIST OF ABBREVIATIONS

aminoacyl-tRNA synthetase

bipyridyl alanine

bovine serum albumin
Ne-butyryl-lysine

colony forming unit

column volume

Dulbecco’s modified eagle medium
epidermal growth factor receptor
electron paramagnetic resonance
electrospray ionization mass spectrometry
fluorescein isothiocyanate

Forster resonance energy transfer
glutathione S-transferase

half maximal inhibitory concentration
isopropyl B-D-thiogalactoside

A plll phenotypic knockout of the M13KO7 helper phage
containing a K10(TAA) mutation

matrix-assisted laser desorption/ionization mass spectrometry
the tyrosyl-tRNA synthetase of Methanocaldococcus jannaschii

M-phase phosphoprotein 8
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MWCO
NcAA
nckFG
NMR
PBS
PBST
pCNF
pfu or p.f.u.
Phage
PhP

PK

PLP
PMSF
PR-bias
p-STyr
PTM
pTyr
PyIRS
SDS-PAGE
Sec
SECIS

sfGFP

molecular weight cut-off
non-canonical amino acid
non-canonical functional group
nuclear magnetic resonance
phosphate buffered saline

PBS supplemented with Tween 20
para-cyano-phenylalanine

plaque forming unit
bacteriophage

phagemid particle

plasma kallikrein

pyridoxal 5’-phosphate
phenylmethylsulfonyl fluoride
propagation-related bias
para-sulfo-tyrosine
posttranslational modification
phospho-tyrosine
pyrrolysyl-tRNA Synthetase
sodium dodecyl sulfate polyacrylamide gel electrophoresis
selenocysteine

selenocysteine incorporation sequence

superfolder green fluorescent protein
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SH2 src-homolgy 2

SIRT2 sirtuin 2

SSDNA single-stranded DNA

TCEP tris(2-carboxyethyl)phosphine
TEV tobacco etch virus

TFA trifluoroacetic acid

thAcK N-thioacetyl-lysine

thBuK Ne-thiobutyryl-lysine

TUP target-unrelated peptide

Ub ubiquitin

wit wildtype
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