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ABSTRACT OF THE DISSERTATION 
 
 

Development of a Phage Display System for Engineering Peptide Inhibitors Containing Multiple 
Non-Canonical Amino Acids 

 
 

by 
 
 

Tan Minh Truong 
 

Master of Science, Graduate Program in Cell, Molecular, and Developmental Biology 
University of California, Riverside, September 2017 

Dr. Huiwang Ai, Chairperson 
 
 
 

 
Phage display is a powerful screening method capable of potentially screening over 1011 

unique peptide sequences for protein-protein or protein-DNA interactions. It has been extensively 

utilized in manufacturing, basic research, and therapeutics. With the recent creation of a 

genomically recoded organism, wherein all amber codons were replaced with ochre codons in the 

C321ΔA E. coli strain, this allows for an expansion the genetic code by reassigning the amber 

codon to designate a genetic incorporation of synthetic, non-canonical amino acid (ncAA) and 

opens an exciting avenue for further developing the phage display technology. My aims are to 

therefore: (1) develop and optimize a phage display system that can efficiently genetically encode 

multiple, different ncAAs, and subsequently demonstrate this application in a screen for (2) 

peptide inhibitors to Protein Tyrosine Phosphatase non-receptor type 1 (PTP1B), as well as (3) Src 

Homology 2 (SH2) domain. PTP1B is implicated in breast cancer, diabetes mellitus type 2, and 

obesity; and several mutant SH2 domains mediating aberrant protein-protein interactions have 

been implicated in human diseases, such as congenital heart disease, X-linked 

agammaglobulinemia and lymphoproliferative syndrome. Developing this technology will enable 
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phage display to become an even more powerful screening method with its new, expanded 

chemistry set conferred from synthetic ncAAs. 
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HYPOTHESIS AND SPECIFIC AIMS 

SPECIFIC AIM 1: Develop a phage display system that can efficiently genetically encode multiple, 

different non-canonical amino acids. The capacity to introduce ncAAs into phage display enables 

the exploration of a more controlled sequence/structural space that may include reactive 

functional groups and post-translational modification mimics, also known as “warheads,” to 

selectively target enzymes and other proteins. A synthetic, E. coli K-12 strain-derived, C321ΔA 

genomically recoded organism is being used as a host bacterial strain to produce libraries of M13 

bacteriophage capable of efficiently displaying multiple ncAAs. This requires extensive 

modification and optimization of typical phage display protocols, such as determining optimal 

growth conditions, constructing expression plasmids, and modifying genomic DNA with gene 

knock-ins and knock-outs. 

SPECIFIC AIM 2: Identify selective peptide inhibitors for PTP1B. Several ncAAs, hypothetically 

mimicking phosphotyrosine, will be designed, synthesized, and used for highly efficient genetic 

incorporation into recombinant peptides targeting the PTP1B catalytic site. These compounds will 

then be separately genetically incorporated into phage libraries to screen for tight interaction 

within and around the PTP1B catalytic site. Following DNA sequencing of positive phage display 

library outputs, peptide binders will then be validated for inhibition of PTP1B phosphatase activity 

in vitro and in live cells. 

SPECIFIC AIM 3: Identify selective peptide inhibitors for SH2. Several phage libraries containing 

ncAAs mimicking phosphotyrosine will be generated from a panel of peptide sequences known to 

interact with SH2. Following DNA sequencing of positive phage display library outputs, select 

candidates will be characterized for increased affinity to the SH2 domain via surface plasmon 

resonance (SPR) and isothermal titration calorimetry (ITC).  
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INTRODUCTION 

Tyrosine phosphorylation is an essential post-translational mechanism prevalent 

throughout all three domains of life—participating in cell cycle control, growth factor signaling, 

and gene regulation, among other functions.1-3 Protein tyrosine kinases (PTKs) and protein 

tyrosine phosphatases (PTPs) work in concert to regulate these reversible phosphorylation marks 

on signaling molecule. Although there is considerably less known about PTPs compared to PTKs, 

there is increasing work on realizing the extent of PTP regulation on signal transduction and 

human hereditary loss- and gain-of-function diseases.4 

There are 107 PTPs encoded within the human genome—each of which are classified by 

their evolutionary development, substrate specificity, receptor or non-receptor states, or optimal 

pH activity.5 PTP1B is a cysteine-based, non-receptor type 1 PTP that was the first and is the best 

characterized PTP, with a spectrum of known substrates, capable of acting with both positive and 

negative regulatory functions, as well as a tumor suppressor and promoter, and is implicated in 

breast cancer, diabetes mellitus type 2, and obesity.6-8 Because PTP1B negatively regulates insulin 

sensitivity by dephosphorylating insulin receptors, knocking out PTP1B in mice subjected to a 

high-fat diet has been shown to counteract the normally observed obesity-induced insulin 

resistance.9  

A viable strategy to treat type 2 diabetes and obesity is to therefore find PTP1B inhibitors, 

which has seen increasing development from small-molecule drugs during the past two decades.7 

PTPs have a highly structurally conserved active site, and substrate specificity is often conferred 

by binding not only to the active site, but also to peripheral allosteric sites. Hence, the major 

challenge facing small-molecule inhibitors is their lack of selectivity for PTP1B against all other 
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PTPs because their size renders them incapable of concurrently facilitating both active and 

allosteric interactions necessary for a high degree of selectivity.10 

Peptide-based inhibitors are more suitable to address this major selectivity issue because 

one designed with a sufficiently long peptide chain can span active and allosteric interactions on 

its target protein. Compared to small-molecule drugs, however, peptide inhibitors suffer from 

poor bioavailability, low cell permeability, and low chemical diversity.11, 12 However, these issues 

do not cripple peptide inhibitor research because there is a proactive and growing field of 

academic and commercial interest in addressing the bioavailability of peptide-based drugs by 

further modification of the inhibitor and/or the system subjected to the inhibitor via oral, 

transdermal, or synthetic activation delivery methods.13 What’s more, as solid-phase peptide 

synthesis technology improves to acquire a wider chemical diversity, so too has the research for 

genetically encoded recombinant proteins progressed to expand its chemical diversity beyond the 

20 canonical amino acids and several natural post-translational modifications that nature restricts 

to extant organisms.14  

Since 1990, the potential for an expanded genetic code has focused on the rarity of the 

UAG “amber” codon.15 UAA “ochre,” UGA “opal,” and amber codons represent 63, 29, and 8%, 

respectively, of the termination codons in the E. coli K-12 genome; with the Release Factor 1 (RF1) 

protein exclusively responsible for peptide translation termination at amber codons.16 Schultz and 

others designed a tyr-tRNA/tyrosyl-tRNA synthetase pair from the archaebacterial 

Methanocaldococcus jannaschii, and adapted it into an E. coli system to incorporate an 

endogenous tyrosine into a recombinant protein by competing with RF1 against translation 

termination.17 Evolutionary aaRS-tRNA pair differences between orthologous prokaryotic and 

archaea systems facilitate bioorthogonality, especially when refined with directed evolution. 
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Directed evolution can also be used on a bioorthogonal aaRS-tRNA to charge an exogenous ncAA 

instead of an endogenous tyrosine by artificially evolving the catalytic site of the orthologous aaRS 

component.  

The efficiency of ncAA incorporation is defined by the ability of the bioorthogonal aaRS 

to charge a particular ncAA on its tRNA pair instead of charging the endogenous amino acid from 

which the orthologous aaRS initially had specificity for from its endogenous system. This efficiency 

can be improved not only by directed evolution to enhance the specificity of the aaRS-tRNA pair 

for the ncAA, but also by reducing the quantity of background amber codons invariably intended 

for translation termination in the host genome. Genomic nonsense suppression can reduce 

organismal fitness due to improper expression of important genes—although the context effects 

of proximal nucleotides and codons are subjected to evolutionary changes in order to help, but 

not wholly, maintain fitness in E. coli and mammalian cells by preventing such nonsense 

suppression at crucial genes.18, 19 Moreover, incorporation at background amber codons depletes 

ncAAs intended for incorporation into recombinant proteins, thereby reducing yield of expression 

and often times increasing cellular toxicity due to truncated recombinant expression. 

 Eliminating amber codon competition and reducing genomic amber codon background is 

therefore a good strategy to increase the efficiency of amber suppression for recombinant protein 

expression. RF1 recognizes ochre and amber stop codons, whereas Release Factor 2 (RF2) 

recognizes ochre and opal codons. Knocking out RF1 should therefore eliminate amber codon 

competition with orthologous aaRS-tRNA pairs. Although RF1 was previously reported to be 

essential, this was later disproven by showing that the loss of viability in RF1 mutants was due to 

an evolutionary mutant RF2 overburdened with terminating all genomic ochre codons.20, 21 

Rather, a reverted wild-type RF2 gene in an RF1 knockout strain was shown as viable and entirely 
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capable of terminating all ochre codons in E. coli K12 strains.21 The Church group and collaborators 

further increased the efficiency of ncAA incorporation by using multiplex automated genome 

engineering (MAGE) and conjugative assembly genome engineering (CAGE) to remove all 321 

amber codons from an E. coli K12 MG1655-derived strain and stitch together large, reconstructed 

genomic assemblages containing amber-to-ochre codon replacements from many other different 

E. coli strains.14 The resultant strain, called C321ΔA, is free of all genomic amber codons and has 

an RF1 knockout. Compared to an E. coli MG1655-derived strain, C321ΔA can show a roughly 0.6-

, 3.25-, and 12-fold increased ncAA incorporation efficiency on a recombinant protein containing 

1, 2, and 3 internal amber codons, respectively.22 The efficiency varies widely depending on the 

efficacy of the engineered aaRS-tRNA pair and its fidelity for the particular ncAA, but a trend of 

significantly increased amber suppression efficiency remains consistently seen in C321ΔA. 

Moreover, Chatterjee et al. described the use of a quadruplet “frame-shift” suppressor codon 

system (UAGA, UAGU, UAGC, UAGG) that relies on the extension of a non-competitive amber 

codon in C321ΔA in order to incorporate up to four different ncAAs via specific, orthogonal M. 

jannaschii–derived aaRS-tRNA pairs subjected to directed evolution.23 This would then enable 

multiple, different ncAAs to be incorporated on the same recombinant protein. 

 
It should therefore be possible to use C321ΔA to incorporate ncAAs in recombinant viral 

proteins, especially in a phage display library screening format (Figure 1). Phage display is 

powerful screening method capable of potentially screening >1011 unique peptide sequences for 

binding to a target molecule.24 Positive outputs of phage display can subsequently be assayed to 

determine their capacity as peptide inhibitors. Phage display typically uses M13 bacteriophage to 

detect protein interactions, wherein a protein of interest is fused to, or “displayed” on, either an 
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M13 pIII minor or pVIII major coat protein and subsequently screened against DNA or other 

proteins for an interaction. Phage display with M13 bacteriophage works such that the M13 

genome is split into two entities: one as either a plasmid (i.e. helper plasmid) or phage (helper 

phage) vector containing all M13 genes except the minor or major coat protein gene, which is 

present as an N-terminal fusion with the library on another separate plasmid (phagemid) as the 

second entity. For a 3+3 type phage display system wherein a host E. coli cell is expressing proteins 

from both helper plasmid and phagemid, M13 pV single-stranded binding proteins stabilize a 

single-stranded phagemid for export through a pIV export pore formed through the cytoplasmic 

membrane, periplasm, cell wall, and outer membrane.25 As the extrusion proceeds, pV dissociates 

while pIII, pVI, pVII, pVIII, and pIX coats the DNA as it leaves the cell to assemble a complete M13 

bacteriophage molecule. When the library of peptides displayed on pIII is screened against a 

protein or DNA target substrate, non-binders are washed away while binders are subsequently 

eluted, which are then used to mediate infection into E. coli cells showing a sex pilus, through 

which pIII will bind and facilitate the introduction of its phagemid DNA into the host cell. E. coli 

cells already maintaining a helper plasmid can then supplement the phagemid to amplify more 

bacteriophage for another round of phage display. Because the sequence of the displayed peptide 

is packed into the M13 bacteriophage, the genetic sequence of the peptide of interest can then 

be recovered, amplified, and analyzed.  

Although peptide inhibitors typically have poor bioavailability and cell permeability, 

bicyclic peptides generated from solid-phase synthesis or integrated into phage display libraries 

serve to generally improve cell permeability of potential peptide inhibitors.26, 27 However, using 

only canonical amino acids for bicyclic peptide phage display sacrifices chemical diversity and 

specificity of the peptide library for the sake of achieving cyclization. A combination of the above-
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described strategies would retain the ease and high throughput screening for peptide inhibitors 

in phage display, enabling expression of larger cyclized displayed peptides, and potentially 

increase bioavailability and cell permeability by using phage display containing at least two 

terminally located quadruplet codons on the displayed peptide to mediate conjugative peptide 

cyclization, such as through azide-alkyne cycloaddition chemistry.28-30  

Cyclic peptides could also potentially be useful for screening for SH2 binders, considering 

the large, known repertoire of short SH2 target peptide sequences.31 The C-terminal, SH2 domain 

of Lyn tyrosine kinase is able to recognize various states of post-translational modifications (PTMs) 

of tyrosine, such as phosphotyrosine 3-nitrotyrosine, and iodotyrosine.32 These tyrosine PTMs 

facilitate protein-protein interactions for downstream cellular signaling typically via 

autophosphorylation. Mallozzi et al. showed that phosphotyrosine and 3-nitrotyrosine peptides 

specific for SH2 elicited a 4.5- and 3.0-fold enhancement to Lyn autophosphorylation activity, 

respectively, compared to unmodified tyrosine peptides.33 Moreover, Okamura et al. later 

reported that relative affinities of peptides containing tyrosine, 3-nitrotyrosine, 3-iodotyrosine, 

or phosphotyrosine to the SH2 domain of Lck tyrosine kinase were 0.024, 0.26, 1, and 26, 

respectively.34 Protein-protein interactions facilitated by mutant SH2 domains are causally 

implicated in diverse immunodeficiencies and diabetes.35-37 Phage display with cyclic peptides 

containing ncAAs mimicking 3-nitrotyrosine, phosphotyrosine, or iodotyrosine could potentially 

better improve the process of screening for disruptive peptides to SH2 domains. 
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Figure 1. Schematic diagram of phage display cycle with non-canonical amino acids. (A) When 
supplemented with ncAAs, genomically recoded E. coli C321ΔA carrying an F plasmid, M13 helper 
plasmid, aaRS-tRNA synthetase plasmid, and a phagemid library can be used to produce a library 
of M13 bacteriophage for s=use in (B) phage display. (C) Theoretical interaction of a displayed, 
ncAA-incorporated phage peptide interacting with the catalytic site of an immobilized target 
protein during phage display. 
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SIGNIFICANCE OF THE PROPOSED RESEARCH 

The worth of the ingenious efforts and foresight of the research groups responsible for 

creating the first genomically recoded organism for vastly expanding the genetic code will 

ultimately be measured in the broad applications that are derived from its wake. Among the most 

fitting applications, then, is a further improvement of the phage display technology. There are no 

other non-synthetic methods that can easily produce as nearly as large of a screening library as 

phage display. Combined with an expanded genetic code to further increase the chemistry set of 

their displayed peptides would make an already invaluable tool even more so. The use of phage 

display having efficient ncAA incorporation is perhaps best demonstrated by screening for specific 

ncAA-containing peptide inhibitors targeting not only the catalytic sites of enzymes, but also 

secondary proximal interactions nearby. For example, PTP1B has a highly conserved catalytic site 

that preferentially binds to a context-specific tyrosine PTM. Screening for a specific peptide 

inhibitor to PTP1B by traditional phage display is not a viable strategy because only canonical, 

non-PTM amino acids can be displayed with the current methods. However, M13 bacteriophage 

displaying a peptide containing one or several ncAAs mimicking phosphotyrosine can potentially 

address this issue quite well. 
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Chapter 1 

SPECIFIC AIM 1: Develop a phage display system that can efficiently genetically encode multiple, 

different non-canonical amino acids. 

 
EXPERIMENTAL DESIGN 

DNA Cloning 

All plasmid cloning was performed with standard laboratory procedures. 

Preparing Electrocompetent Cells 

Overnight liquid cultures to be used for making electrocompetent cells were diluted 

1:100, 1:50, or set to OD600 = 0.2 in 500 or 1000 mL 2xYT media, with appropriate antibiotics 

(ampicillin [100 mg/ml], spectinomycin [50 mg/ml], chloramphenicol [50 or 20 mg/ml], 

tetracycline [20 or 12 mg/ml]), and shaken at 270 or 350 rpm, 37oC until OD600 = 0.8. Cells were 

washed thrice by centrifugation at 11,500 rcf for 5 min and resuspension in 15% glycerol. Washed 

cells were finally aliquotted, snap-frozen in either a CO2-acetone or liquid nitrogen bath, and 

stored at -80oC.  

 
Bacterial Transformation 

Unless stated otherwise, all solid and liquid culture media used was 2xYT, containing the 

appropriate antibiotics, and grown for at least 12 hr. All transformed cells were electroporated at 

1.5 kV, outgrown in SOC media at 37oC while shaking 270 rpm, and grown on solid agar media at 

37oC for 12-48 hr. All cells and plasmids used are listed in Table I and Table II, respectively. 
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Table I. Cell lines used in this work.  
 
 
 
 

Table II. List of plasmids used in this work. 
 
Generating Purified M13 Phage 

Picked colonies from transformed phage-producing cells were grown in 5 mL liquid media 

at 37oC until a resultant confluent culture was obtained within 12-48 hr, from which an aliquot 

was then used to inoculate 20 mL liquid media to OD600 = 0.2. The inoculated culture was then 

grown for 18 hr at 30oC and 350 rpm, and subsequently centrifuged at 4oC and 4250 rcf for >30 

min. The supernatant was filtered with a 0.2 μm mixed cellulose membrane filter (Millipore; 

Billerica, Massachusetts), and the suspended phage was precipitated in Phage Precipitation Buffer 

(5X stock solution: 20% PEG-8000, 2.5M NaCl) for >3 hr at 4oC with gentle agitation. Precipitated 

phage were then centrifuged 3x10 min at 21,000 rcf, with each time removing as much 

NAME GENOTYPE ADDITIONAL PLASMIDS FUNCTION SOURCE

BL21(DE3)
E. coli  str. B F– ompT  gal  dcm  lon  hsdS B (r B

–m B
–) λ(DE3 [lacI  lacUV5 -T7p07  ind1  sam7  nin5 ]) 

[malB +]K-12(λS)
none Protein Expression Lab Stock

C321ΔA K-12 F– λ– ilvG – rfb-50  rph-1 Δ(ybhB-bioAB)::zeoR ΔprfA; all 321 UAG codons changed to UAA none ncAA incorporation Lajoie et al .

DH10B F– endA1  deoR + recA1  galE15  galK16  nupG  rpsL  Δ(lac)X74  φ80lacZΔM15  araD139  Δ(ara,leu)76
97  mcrA  Δ(mrr-hsdRMS-mcrBC)  StrR λ– none General Cloning Lab Stock

E. cloni 10G F- mcrA  Δ(mrr-hsd RMS-mcrBC) endA1 rec A1 Φ80dlac ZΔM15 Δlac X74 araD139 
Δ(ara,leu )7697 gal U gal K rps L nupG λ- tonA none General Cloning Lucigen

ED24 F– StrR Lac– pOX38-tc pOX38 repository Anthony et al .
SS320 hsdR mcrB araD139 Δ(araABC-leu) 7679 Δlac X74 galUgalK rpsL thi F'[proAB+lacIqlacZΔM15 Tn10 (tetr)] Phage Production Lucigen

PLASMID INDUCIBLE PROMOTER INSERT RESISTANCE FUNCTION SOURCE
pSEX81-sfGFP PLAC (IPTG) sfGFP-pIII Ampicillin Phagemid pSEX81 (Progen)

pSEX81-sfGFP_1TAG PLAC (IPTG) sfGFP-pIII; 39TAG Ampicillin Phagemid pSEX81 (Progen)
pSEX81-sfGFP_2TAG PLAC (IPTG) sfGFP-pIII; 39TAG, Y151TAG Ampicillin Phagemid pSEX81 (Progen)
pSEX81-sfGFP_3TAG PLAC (IPTG) sfGFP-pIII; 39TAG, Y151TAG, Y182TAG Ampicillin Phagemid pSEX81 (Progen)
pSEX81-sfGFP_6TAG PLAC (IPTG) sfGFP-pIII; -5/6/7TAG, 39TAG, Y151TAG, Y182TAG Ampicillin Phagemid pSEX81 (Progen)

pSEX83-sfGFP PBAD (Arabinose) sfGFP-pIII Ampicillin Phagemid pSEX81 (Progen)
pULTRA1-CAF PTAC (IPTG) CAF-specific M. jannaschii synthetase and tyr-tRNA pair Spectinomycin Amber Suppresion pULTRA and CAF 
pULTRA3-CAF PBAD (Arabinose) CAF-specific M. jannaschii synthetase and tyr-tRNA pair Spectinomycin Amber Suppresion pULTRA

M13cp Constitutive complete M13 genome Chlorampheincol Phage Production Chasteen et al .
M13cp-CT Constitutive M13 genome with N-terminally truncated gIII Chlorampheincol Phage Production Chasteen et al .
M13cp-CT2 Constitutive M13 genome, N-terminally truncated gIII, gIV STOPTAG→TAA Chlorampheincol Phage Production derived from M13cp-CT
M13cp-d3 Constitutive M13 genome, deleted gIII, gIV STOPTAG→TAA Chlorampheincol Phage Production derived from M13cp
F plasmid Constitutive transferred from SS320 Tetracycline Sex Pilus SS320 E. coli (Lucigen)
pOX38-tc Constitutive tra genes Tetracycline Sex Pilus Anthony et al .

pCDF1b-PTP1B T7 (IPTG) PTP1B (1-321) Spectinomycin Protein Expression pCDF-1b (Novagen)
pSEX81-SH2_lib PLAC (IPTG) SH2 (144-251; R158X, R178X, S180X, E181X, T182X, A188A/G) Ampicillin Phagemid Library pSEX81 (Progen)
pSEX83-SH2_lib PBAD (Arabinose) SH2 (144-251; R158X, R178X, S180X, E181X, T182X, A188A/G) Ampicillin Phagemid Library pSEX81 (Progen)

pBAD-EGFR PBAD (Arabinose) EGFR (944-1186) Ampicillin Protein Expression pBAD (Thermo Fisher)
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supernatant as possible. The final phage pellet was resuspended in 200 μL sterile PBS and 

analyzed for GFP fluorescence (λmax,ex: 490 nm, λmax,em: 510 nm) with a Tecan plate reader. 

 
Generating Purified M13 Phage 

Picked colonies from transformed phage-producing cells were grown in 5 mL liquid media 

at 37oC until a resultant confluent culture was obtained within 12-48 hr, from which an aliquot 

was then used to inoculate 20 mL liquid media to OD600 = 0.2. The inoculated culture was then 

grown for 18 hr at 30oC and 350 rpm, and subsequently centrifuged at 4oC and 4250 rcf for >30 

min. The supernatant was filtered with a 0.2 μm mixed cellulose membrane filter (Millipore; 

Billerica, Massachusetts), and the suspended phage was precipitated in Phage Precipitation Buffer 

(5X stock solution: 20% PEG-8000, 2.5M NaCl) for >3 hr at 4oC with gentle agitation. Precipitated 

phage were then centrifuged 3x10 min at 21,000 rcf, with each time removing as much 

supernatant as possible. The final phage pellet was resuspended in 200 μL sterile PBS and 

analyzed for GFP fluorescence (λmax,ex: 490 nm, λmax,em: 510 nm) with a Tecan plate reader.  

 
Quantification of Phage Particles 

An aliquot of SS320 electrocompetent cells were diluted 1000x in fresh 2xYT and grown 

at 37oC for 1 hr. 10-fold serial dilutions of the purified phage were then added to 200 μL cell 

culture, incubated at 37oC for 1 hr, and plated on 2xYT-Amp-Agar plates overnight. Each colony 

observed represents one infection event. Quantification by this method assumes a multiplicity of 

infection (MOI) = 1. Negative controls include plating purified phage alone and SS320 cells alone 

on 2xYT plates. 
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Liquid Mating Assay 

Donor and recipient strains were grown overnight to saturation, with appropriate 

antibiotics, diluted to OD600 = 0.2 in fresh liquid media without selection and grown to mid/late 

log phase at 37oC, mixed donor-to-recipient in 1:10 at 37oC for 5 min without shaking diluted 10-

fold and incubated at 37oC for 0.5-1 hr, vortexed vigorously to disrupt mating pairs, and plated on 

solid media with appropriate antibiotics to select for successful transconjugants.   

 
Phage Display 

Phage production: production of the first round of M13 bacteriophage phage display 

proceeded as previously described, except bacterial cells containing a helper plasmid were 

transformed with a phagemid library to produce a phage library. Phage yield was measured as 

previously mentioned. Panning: when possible, between 1010-1011 total phage were added to a 

Phage Binding Solution containing 20 μL target oligopeptide-bound avidin beads (Pierce), 80 μg 

negative control competitor peptide, normalized to 750 μL with Phage Binding Buffer (0.1 M 

NaHCO3, 5 mg/ml BSA, pH 8.6, 0.2 μm filter-sterilized), and the solution was incubated at 4oC for 

1 hr with gentle rocking. Washing: Beads from the Phage Binding Solution were then centrifuged 

for 1 min at 5,000 rcf and vigorously washed with TBS ten times. Elution: washed beads were 

removed of as much supernatant as possible and incubated with 500 μL of 1 μg/mL Trypsin for 15 

min, with brief vortexing at 5 min intervals. Amplification: the eluted solution was then added to 

an early log phase solution of 20 mL 2YT with bacteria expressing helper plasmid. Output was 

measured from taking a 10 μL sample of the resuspended elution solution to titrate and quantify 

(as discussed previously) by using the same bacterial cells above, except lacking a transformed 
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helper plasmid. After five rounds, phagemids were harvested from output colonies and submitted 

to DNA sequencing for analysis. 

 
SUB-AIM 1A: Create M13 bacteriophage from SS320 E. coli cells. In order to determine the 

feasibility of developing and executing a novel phage display system, a typical M13 bacteriophage 

production experiment will be conducted with commercialized SS320 E. coli cells.   
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Figure 2. Fluorescence of displayed sfGFP produced from various cell lines. Comparison of M13 
bacteriophage production efficiency as indirectly assessed by GFP-pIII fusion fluorescence 
between various phage-producing E. coli cell lines: (A) SMct, (B) SS320, (C) C321ΔA, (D) CMct2F, 
(E) CMct2, (F, G) CMct2FU1GX, (H) CMct2FU3GX, (I) CMct2OxU3G3, (J) EcMd3Ox, (K) 
CMct2/d3U3G3. sfGFP fluorescence from phage samples was measured at λex: 470 nm for all 
subfigures except F, which was λex: 490 nm. All subfigures illustrate comparisons between 
different displayed peptides on their respective phagemid except for subfigures C, E, I, and K. 0.2% 
arabinose (Arb) and 1 mM IPTG concentrations were used for induction, where applicable and as 
indicated. 
Nomenclature for derivative cell lines:  
1st subset [bacterial strain]: C = C321ΔA, E = E. cloni 10G, S = SS320.  
2nd subset [helper plasmid]: Mct = M13cp-CT, Mct2 = M13cp-CT2, Md3 = M13cp-d3.  
3rd subset [tra operon]: F = F plasmid, Ox = pOX38-tc.  
4th and 5th subset [phagemid with or without aaRS-tRNA]: G = sfGFP, U1GX = pULTRA1-CAF + 
pSEX81-sfGFP_TAGX [X = 1,2,3,6], U3GX = pULTRA3-CAF + pSEX81-sfGFP_TAGX [X = 1,2,3,6] 
For example, CMd3OxU3G6 = C321ΔA + M13cp-d3 + pOX38-tc + pULTRA3-CAF + pSEX81-
sfGFP_TAG6 
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PRELIMINARY DATA 

Phage displaying fluorescent superfolder GFP (sfGFP) was produced from SS320 E. coli 

cells containing M13cp-CT and pSEX81-sfGFP plasmids. M13cp-CT “helper plasmid” encodes the 

M13 bacteriophage genome (gI-gXI) except gIII, which is N-terminally truncated; and pSEX81-

sfGFP “phagemid” encodes sfGFP N-terminally fused to full-length gIII. Production of SS320 phage 

was confirmed by measuring phage fluorescence, which showed two-fold greater fluorescence 

than phage displaying 6xHis tag at λem = 510 nm (Figure 2A), and by quantifying infectivity (1.29 x 

1010 phage/mL culture).  

 
SUB-AIM 1B: Generate M13 bacteriophage from genomically recoded C321ΔA E. coli cells. 

Having demonstrated the capability of producing phage from SS320 with M13cp-CT and pSEX81-

sfGFP, C321ΔA will then be tested for its phage-producing capability. 

 
PRELIMINARY DATA 

C321ΔA E. coli was transformed with M13cp-CT and pSEX81-sfGFP but no fluorescence, 

nor infectivity, was observed. Sequence analysis of the exogenous vectors showed that gIV in 

M13cp-CT is terminated by an amber codon. Because there is no mechanism to terminate amber 

codons in C321ΔA, the presence of this codon might suggest an aberrant or lack of gIV expression, 

and therefore an inability to express and assemble phage proteins. The amber codon terminating 

gIV in M13cp-CT was mutated to an ochre codon by site-directed mutagenesis (TAGÆTAA), 

resulting in M13cp-CT2. The integrity of this plasmid was confirmed in SS320, wherein cells 

containing M13cp-CT2 and pSEX81-sfGFP showed a 2.6-fold increase in fluorescence compared 

to SS320 cells containing wild-type M13cp-CT and pSEX81-sfGFP showing only a 2.0-fold increase 

in fluorescence, when both were respectively normalized to phage displaying 6xHis tags (Figure 
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2B). However, C321ΔA containing M13cp-CT2 and pSEX81-sfGFP still showed marginal 

fluorescence and no infectivity (Figure 2C). 

Among the most significant genetic difference between C321ΔA and SS320 that might 

affect phage production is the presence of a 100 kb F plasmid in SS320 that encodes the Transfer 

(tra) operon, which is a 33 kb region that contains 33 genes involved in the assembly of the sex 

pilus and regulatory DNA transfer proteins. Current literature describes the mode of M13 

bacteriophage assembly and release from host bacterial cells to be via a synchronous coating of 

the M13 DNA while simultaneously extruding through an apparatus that spans the bacterial 

plasma membrane, periplasm, cell wall, and outer membrane. This mechanism is not described 

as related to the sex pilus or its constituent proteins, which is required for M13 infection. 

Moreover, there is also no published literature showing production of M13 bacteriophage from a 

bacterial cell line lacking the F plasmid. Therefore, to determine whether the tra operon encoded 

by the F plasmid is necessary for phage production in C321ΔA, the SS320 F plasmid was 

transferred to C321ΔA via bacterial conjugation (C321ΔA.F), and the resultant transconjugant was 

transformed with M13cp-CT2 and pSEX81-sfGFP (CFMct2G). Phage production from this strain 

was confirmed by measuring fluorescence (Figure 2D) and quantifying infectivity (1.05 x 109 

phage/mL culture). Incidentally, quantification of C321ΔA-produced phage yield seemed 

dependent on host strain fitness, such that varying infectivity measurements were observed when 

transduced into different host strains for quantification (SS320: 2.1 x 1010; SS320 + helper phage: 

4.1 x 108; C321ΔA.F’: 8.2 x 108; C321ΔA.F’ + helper phage: 2.0 x 107 total phage). 

Analysis of the F plasmid sequence shows ten genes terminated by an amber codon—four 

of which are tra genes. In order to determine whether further reducing background amber codons 

in the F plasmid will increase the efficiency of producing phage from C321ΔA, C321ΔA was 
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conjugated to ED24 cells carrying the pOX38-tc plasmid, which is a 55 kb plasmid formed from the 

recircularization of the largest HindIII fragment of F plasmid. pOX38-tc contains six fewer amber 

codons than F plasmid—two of which terminate tra genes. Fluorescent phage produced from 

C321ΔA containing M13cp-CT2, pOX38-tc, and pSEX81-sfGFP (CMct2OxG) cell line shows a 2.77-

fold fluorescence increase over F plasmid-carrying CFMct2G, further suggesting that decreasing 

background amber codons increases to phage production efficiency in C321ΔA (Figure 2E). 

 
SUB-AIM 1C: Develop and optimize M13 bacteriophage production capable of incorporating 

ncAA from genomically recoded C321ΔA E. coli cells. An orthogonal aaRS-tRNA pair from 

Methanocaldococcus jannaschii archaebacteria will be used in a phage-producing C321ΔA cell line 

to genetically incorporate ncAAs into the displayed protein of M13 bacteriophage.  

 
PRELIMINARY DATA 

To determine the amber suppression efficiency of phage proteins in C321ΔA, several 

phagemid vectors derived from pSEX81-sfGFP were created to contain one (Y39TAG), two 

(Y151TAG, Y182TAG), three (Y39TAG, Y151TAG, Y182TAG), and six (-5/6/7TAG, Y39TAG, Y151TAG, 

Y182TAG) amber codons (termed pSEX81-sfGFP_TAG1, _TAG2, _TAG3, and _TAG6, respectively). 

An additional plasmid, pULTRA1-CAF, encoded a bioorthogonal aaRS-tRNA pair previously derived 

from Methanocaldococcus jannaschii to incorporate a hypothetical phosphotyrosine analog, 

CAF.38 Successful amber suppression in this system would rely on incorporation of CAF at non-

structurally-important surface positions of sfGFP, resulting in both a fluorescence detection and 

read-through of gIII for a recovery of viable and infectious M13 bacteriophage. C321ΔA containing 

M13cp-CT2, F plasmid, pULTRA1-CAF, and a phagemid containing either one, two, or three amber 

codons (CMct2OxU1G, CMct2OxU1G1, CMct2OxU1G2, or CMct2OxU1G3) showed varying 
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efficiencies of incorporation (Figure 2F), with increased efficiency of amber suppression more 

obvious in proteins containing more amber codons.  

Introduction of uninduced pULTRA into the C321ΔA phage production system significantly 

decreases growth rates, requiring extended culture incubation times from 12 to 48 hr to observe 

a bacterial colony formation or to reach confluency in liquid media—while frequently completely 

halting growth. IPTG-inducible promoters, such as PTAC in pULTRA and PLAC in pSEX81, have a lower 

range of inducibility control at ~50-fold in E. coli, compared to arabinose-inducible promoters 

(PBAD) providing over 1,000-fold range of inducer control.39, 40 In order to rescue growth rates and 

address high failure rates of phage production, the PTAC promoter controlling the aaRS gene in 

pULTRA was replaced with PBAD. This change slightly improved the growth rate, such that colony 

growth was usually observed after 24 hr incubation at 37oC rather than 48 hr. Incidentally, with 

prolonged incubation time at 37oC, the color of bacterial pellets from phage cultures changed 

from white to dark yellow to brown, and the consistency progressively matured from viscous to 

grainy. These observations seemed indicative of the health of the bacterial cells, and therefore 

indicative of their capacity to produce phage. Indeed, 25oC incubation of C321ΔA phage culture 

carrying a PBAD-controlled synthetase in pULTRA3 showed an increase in nonsense suppression 

over PTAC-controlled pULTRA1 via absolute phage fluorescence (Figure 2G, H), as well as an 

increase of phage production yields over previous results that were more comparable to those 

observed in SS320: CMct2OxU3G = 2.65 x 1010, CMct2OxU3G1 = 2.33 x 1010, CMct2OxU3G2 = 2.02 

x 109, and CMct2OxU3G3 = 2.64 x 109 per mL phage culture. 

Wickner and Killick reported that 30mM MgCl2 supplemented in growth media promoted 

in vitro M13 bacteriophage assembly, and Expression Technologies Inc. (San Diego, CA) explained 

that higher bacterial cell density can be reached in magnesium-supplemented media only in 
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conjunction with increased aeration to 350 rpm.41 These reports were consistent with the results 

of CMct2OxU3G3 phage grown in SOB media (containing 20 mM Mg2+) and shaking at 25oC, 350 

rpm for 48 hr, which showed high absolute phage fluorescence and a 5-fold increased 

fluorescence over uninduced samples (Figure 2I). However, this condition, as well as when phage 

cultures were grown in Terrific Broth supplemented with Mg2+, also seemed to frequently 

promote the formation of protein crystals of purified phage precipitates, and was therefore 

discontinued from use. 

A cell utilizing both IPTG- and arabinose-inducible systems can experience cross-talk, 

wherein IPTG cross-inhibits PBAD.40 Although the weak PLAC in pSEX81 does not require IPTG 

induction for expression of recombinant pIII fusion protein, the addition of IPTG contributes to 

the expression from the phagemid, and therefore should increase the valency of displayed 

peptides on the M13 bacteriophage (from a minimum of 1 up to a maximum of 5), which is 

desirable during the early rounds of phage display screening so as to decrease the loss of false-

negative binders. To further increase the display valency, pSEX83-sfGFP phagemid was created, 

which contains a PLACÆPBAD promoter replacement, and shows greater control of induction, as 

well as 2.32-fold greater absolute induced fluorescence than its PLAC-controlled counterpart in 

EC10G E. coli cells (Figure 2J). 

 
SUB-AIM 1D: Develop a multivalent M13 bacteriophage display system, wherein all M13 

bacteriophage particles contain five functional pIII proteins, each displaying a protein-of-

interest. The use of M13cp-CT2 helper plasmid, containing a truncated gIII, with a phagemid 

necessitates that up to six different populations of mature M13 phage will be assembled and 

produced—one bearing all five truncated pIII proteins from the helper plasmid (and is therefore 
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non-infectious and non-viable) and five others containing from one (monovalent) and up to five 

(pentavalent) functional pIII expressed from the phagemid. Creating a uniform population of 

multivalent M13 bacteriophage is highly desirable for the early rounds of phage display in order 

to reduce the high probability of losing false-negative phage molecules due to their 

underrepresentation.  

 
PRELIMINARY DATA 

Chasteen et al. were the first to describe the method for eliminating helper phage ten 

years ago by directly supplying the host bacterial cell with both a helper plasmid (instead of 

traditionally infecting host cells with M13 bacteriophage carrying M13cp-CT as its packed genome 

[i.e. helper phage]) and phagemid combination system.42 This group also proposed a scheme from 

which this sub-aim hopes to achieve, whereby instead of encoding a truncated gIII, as in M13cp-

CT, they created other helper plasmids that were either deleted for gIII, called M13cp-dg3, or 

contains four stop codons within the first 32 codons of gIII, called M13cp-sg3. Phage produced 

from M13cp-sg3 cells were deemed impractical, with a yield of 106 phage particles per mL, and 

phage produced from M13cp-dg3 were also problematic, with lower yields and binding signals at 

similar titers to M13cp-CT.42 This sub-aim was ventured because the progress made of seemingly 

improving phage production conditions in C321ΔA (i.e. high aeration, 25oC growth, and Mg2+ 

supplementation) might address the presumably poor quality of M13cp-dg3 phage by growing 

host cells under more permissive conditions. However, attempts to produce phage from SS320 

with M13cp-dg3 and pSEX81-sfGFP (SMdg3G) resulted in an even worse outcome, with 

impractically low fluorescence and negligible titers. 
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Traditional methods of producing phage particles sometimes involved using M13KO7ΔpIII 

helper phage, which carries a genome containing all M13 genes, except for a deleted gIII.43-45 

Sequence alignment of M13cp-dg3 and M13KO7ΔpIII shows that the deleted regions of gIII are 

different between these two plasmids. Because M13KO7ΔpIII is commercialized with reported 

success in numerous publications, the deleted pIII region in M13KO7ΔpIII was recreated in M13cp-

CT2 to create M13cp-d3. Phage with pentavalent display produced from C321ΔA with M13cp-d3, 

pOX38-tc, pULTRA3-CAF, and pSEX81-sfGFP_TAG3 (CMd3OxU3G3) showed higher phage 

fluorescence than a similar C321ΔA cell line producing phage with just monovalent display 

(CMct2OxU3G3; Figure 2K). 

 
SUB-AIM 1E: Consistently and reliably produce ncAA-incorporated M13 bacteriophage. 

Protocols for producing M13 bacteriophage are similar and abundant, with groups consistently 

achieving monovalent and pentavalent phage titer/mL yields of 1011-1012 and 109-1010, 

respectively. Throughout the optimization stage for C321ΔA phage, our success in simply 

producing phage comes at less than 10 percent of total attempts—wherein a failed attempt is 

defined as harvesting a phage yield of less than 105 phage titer/mL. We sought to investigate and 

address this inconsistency. 

 
PRELIMINARY DATA 

While SS320 cells can consistently and reproducibly generate ~1011 fluorescent phage 

titers/mL overnight culture, C321ΔA cells (CMd3OxG) frequently failed to produce any phage or 

show the characteristic fluorescence emission peak (λmax,em: 510 nm) of the displayed GFP protein 

from both cell lysate and the supposedly harvested phage batches. Because we validated our 

materials and procedures for phage production by performing parallel experiments in C321ΔA 
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and SS320, the lack of cellular fluorescence seems to suggest that the helper plasmid suppresses 

recombinant gene expression, especially from the GFP-pIII fusion carried on the phagemid. M13 

bacteriophage is a non-lytic, non-lysogenic, and non-temperate phage, but the degree of its 

constitutive expression in the host is presumably dependent on environmental factors because in 

SS320, deviation from a normal culture temperature of 30oC to 37oC reduces the total yield of 

infectious phage after 24 hr, whereas decreasing the culture condition to ambient room 

temperature reduces the phage production rate. Moreover, bacterial transformants containing a 

helper plasmid show multiple populations of irregular sizes and morphologies of colonies when 

plated on growth media and incubated at 37oC but not when incubated at 30oC. Therefore, to 

maintain the viability and functionality of phage-producing cells, we found it to be necessary and 

sufficient to generate phage-producing cell lines at low culturing temperatures (30oC, except 

when 37oC was necessary to prepare cells for electrocompetency) in order to reduce helper 

plasmid expression. We are also currently pursuing an alternative, traditional method of 

introducing M13 bacteriophage genes as a helper phage instead of as a helper plasmid to C321ΔA 

phage-producing cell lines, which requires the creation of a hyperphage-producing E. coli cell line 

containing a gIII knock-in.  

 
SUB-AIM 1F: Develop a system to produce M13 bacteriophage containing multiple, different 

ncAAs. To tap the potential of efficiently incorporating multiple ncAAs would be to develop a 

genetic system that can incorporate multiple, different ncAAs within the same recombinant 

protein. Chatterjee et al. previously reported the use of a quadruplet “frame-shift” suppressor 

codon system (UAGA, UAGU, UAGC, UAGG) that relies on the extension of a non-competitive 

amber codon in C321ΔA in order to incorporate up to four different ncAAs via specific, orthogonal 



 

24 

M. jannaschii–derived aaRS-tRNA pairs subjected to directed evolution.23 This will require 

designing several libraries to enhance aaRS-tRNA pair specificity for a particular ncAA to a 

designated quadruplet codon. Once efficient suppression efficiency is achieved, up to four aaRS-

tRNA pairs specific to four different ncAAs will be introduced to a phage-generating C321ΔA cell 

line. The system will then be validated by measuring its ability to suppress GFP containing multiple 

quadruplet amber codons via mass spectrometry.  

 
SUB-AIM 1G: Develop a system to produce M13 bacteriophage displaying a cyclic peptide.  

Peptide inhibitors are generally more amenable to achieving greater selectivity for their target 

protein compared to their small chemical inhibitor counterpart, but suffer from poor 

bioavailability and cell permeability.13 However, cyclic peptides have previously been shown to 

alleviate both of these issues.26, 27 To maintain the feasibility of ncAA-incorporating phage display 

as a superior method for screening promising protein inhibitors, M13 bacteriophage will be 

produced to display multiple, different ncAAs in order to facilitate both enhanced chemistry for 

target catalytic site inhibition as well as for cyclization of the displayed peptide. The displayed 

peptide will contain two unique quadruplet codons near its N- and C-termini, separately 

designating ncAAs with an azide or alkyne functional group to be covalently linked together by 

copper(I)-catalyzed azide-alkyne cycloaddition chemistry. A third and possibly fourth quadruplet 

amber codon, encoded within the displayed peptide, will be used to promote specificity to the 

target protein molecule in a phage display screening. Liquid chromatography–mass spectrometry 

(LC-MS) will be used to validate the peptide cyclization and a parallel artificial membrane 

permeability assay (PAMPA) will be used to quantitatively assess passive membrane diffusion of 

the candidate peptide inhibitor in vitro. 
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Chapter 2 

SPECIFIC AIM 2: Find a peptide inhibitor for PTP1B.  
 
EXPERIMENTAL DESIGN 

Protein Expression 

Fresh transformant colonies on solid media were inoculated into 5 mL Terrific Broth (TB) 

media, with selection, and grown overnight at 37oC, 270 rpm. 500 mL TB media was inoculated 

1:100 with overnight cultures, grown at 37oC and 270 rpm until OD600 = 0.7-0.8, induced with 0.2% 

arabinose and/or 1mM IPTG, and switched to 25oC growth for 24 hr. Expression cultures were 

then pelleted, resuspended in 25 mL PBS, sonicated for 10 min, centrifuged at 20,000 rcf for 20 

min, affinity purified with Ni-NTA, and dialyzed into Storage Buffer Storage Buffer (50 mM Tris-

HCl pH 7.5, 1 mM EDTA, 10% glycerol, 5 mM DTT). Protein samples were concentrated with 

Amicon Ultra-4 10k MWCO Centrifugal Filter (EMD Millipore; Darmstadt, Germany) and protein 

concentrations were measured by Bradford Assay, and subsequently stored in 500 μL aliquots at 

-20oC. 

 
p-Nitrophenyl Phosphate Assay 

This assay was performed as described elsewhere.46 

 
SUB-AIM 2A: Determine whether a short, EGFR-derived peptide incorporating CAF, CAF2, or VsF 

ncAAs is capable of inhibiting PTP1B phosphatase activity. Epidermal growth factor receptor 

(EGFR) is a substrate for PTP1B at pTyr992. The short C-terminal, intracellular domain of EGFR 

contains Y992, which will be mutated to an amber codon and suppressed with potential 

phosphotyrosine analogs CAF, CAF2, or VsF in C321ΔA. The resulting truncated protein and 
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synthetic peptide will then be used to assess their inhibitory capacity on PTP1B phosphatase 

activity via a p-nitrophenyl phosphate assay.  

 
PRELIMINARY DATA 

The catalytic subunit of human PTP1B (amino acid residues 1-321) was cloned into pCDF-

1b and expressed in BL21(DE3) E. coli, as previously described.47, 48 PTP1B phosphatase activity 

was determined by p-Nitrophenyl Phosphate (PNPP) assay, which shows comparable enzyme 

kinetics as previously reported by others (Figure 3).48 EGFR intracellular domain (amino acids 918-

1186) was cloned into pBAD/HisB along with a mutant variant containing Y992STOPUAG. Although 

other groups have successfully expressed recombinant EGFR in BL21 E. coli, expression in C321ΔA 

and DH10B K-strain E. coli cell lines have failed to produce soluble protein products, even when 

fused with chaperone proteins. Alternatively, we are synthesizing short peptide substrates of 

EGFR as targets for PTP1B: (1) DADEYLIPQQG, (2) DADEpYLIPQQG, and (3) DADEXLIPQQG, where 

X = CAF, CAF2, or VsF, in order to test for their affects in disrupting PTP1B phosphate activity, as 

measured by a p-nitrophenyl phosphate assay. 
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Figure 3. PTP1B phosphatase activity. Phosphatase activity of PTP1B was measured by a p-
nitrophenyl phosphatase assay, which directly measures the proliferation of a yellow p-
nitrophenol product upon PTP1B hydrolysis of colorless p-nitrophenyl. 
 
 
SUB-AIM 2B: Genetically incorporate phosphotyrosine mimics to phage display peptides in 

order to identify selective peptide inhibitors to PTP1B. Upon validating the capacity of CAF, CAF2, 

and/or VsF to act as phosphotyrosine mimics, a phage display library will be generated based on 

data from the previous sub-aims to screen for a selective peptide inhibitor to PTP1B. Peptide 

sequences from positive phage display outputs will be analyzed and further validated for their 

selective inhibitory capacity by assaying for disrupted phosphatase activity across a panel of 

several purified PTPs. The best candidates will then be further characterized by SPR and ITC. 
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Chapter 3 

SPECIFIC AIM 3: Identify selective peptide inhibitors for SH2.  
 
SUB-AIM 3A: Design and optimize orthogonal aaRS-tRNA pairs for site-specific incorporation of 

3-nitrotyrosine, iodotyrosine, and azide- and alkyne-containing ncAA side-chains designated to 

quadruplet amber codons. Two M. jannaschii tyrosyl-tRNA synthetase have separately been 

previously evolved to site-specifically incorporate 3-nitrotyrosine and iodotyrosine in E. coli.49, 50 

These synthetases will be further evolved to designate quadruplet amber codons, such as UAGA 

and UAGU, through several rounds of positive and negative directed evolution screening in 

C321ΔA. Methanosarcina barkeri pyrrolysyl-tRNA synthetase will similarly be subjected to 

directed evolution to separately incorporate ncAAs with azide- and alkyne-containing side chains 

at designated quadruplet amber codons, such as UAGC and UAGG.51, 52 Efficient and simultaneous 

incorporation of multiple, different ncAAs will initially be assessed by the capacity of these 

evolved, orthogonal aaRS-tRNA pairs to suppress quadruplet amber codons in a mutant GFP. 

Furthermore, the capacity for ncAAs with azide- and alkyne-containing side chains to mediate an 

intra-peptide covalent interaction will be confirmed by LC-MS.  

 
SUB-AIM 3B: Design and carry out a phage display experiment containing multiple, different 

ncAAs against SH2 domain to identify selective peptide inhibitors. The C321ΔA phage display 

system will be optimized to efficiently express multiple, evolved aaRS-tRNA pairs to site-

specifically incorporate 3-nitrotyrosine, iodotyrosine, and azide- and alkyne-containing ncAAs at 

designated quadruplet amber codons. The capacity to simultaneously encode all four exogenous 

ncAAs on the displayed peptide of an M13 bacteriophage molecule will initially be assessed by 

their ability to suppress multiple quadruplet amber codons on the displayed GFP-pIII fusion—as 
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indirectly determined through phage fluorescence. A phage library will then be designed and 

generated from short oligopeptides of known interaction partners, such as Adaptor ShcA protein, 

EGFR cell-surface growth factor protein, and VEGF signal growth factor protein. These phage 

libraries will incorporate the aforementioned ncAAs and have a cyclized peptidic display. Peptide 

sequences from positive phage display outputs will be analyzed and further validated for the 

ability to disrupt SH2-mediated, protein-protein interactions in vitro and in bacterial cells. 
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SUMMARY 

Upon completion of these projects, I will be able to achieve: (1) a phage display system 

with a suitably high ncAA incorporation efficiency, (2) demonstration of the use of this new phage 

display system to identify ncAA-containing peptide inhibitors, and (3) identification of peptide 

inhibitors for PTP1B and SH2 domain, which are drug targets otherwise difficult to engineer 

selective inhibitors for. 
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