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 Understanding and engineering of complex biological systems are key challenges 

to the scientific community for addressing health problems, especially diseases. Studies 

of biological systems can vary in scale from molecules, cells, to entire organisms. Cells, 
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as the basic building blocks of life, compose various biological entities of higher order 

and precisely control both structures and functions. Therefore, it is of vital importance to 

understand how cell functions and behaviors are regulated in order to engineer and 

manipulate cell behaviors. Recently, advances in molecular imaging technologies and 

synthetic biology approaches have enabled us to better detect and manipulate cell signals 

and behaviors, and provide a broad set of tools to influence and revolutionize basic 

research, medicine and therapy. In my dissertation, a general high-throughput platform 

has been established to systematically optimize biosensors and a new Src biosensor with 

high sensitivity has been developed accordingly. Combining fluorescence/Förster 

resonance energy transfer microscopy and laser scissors technology, the signaling 

transmission between neighboring cells and the underlying mechanism could thus be 

revealed, which could provide a cell model to understand intercellular communications 

and wound healing process. Furthermore, I have successfully developed, characterized 

and demonstrated specific molecular machineries to program cell behaviors by rewiring 

molecular signaling pathways, specifically immune responses in immune cells against 

cancer cells. These new tools and understanding may open a new avenue towards cancer 

therapy and lead to potential therapeutic strategies. 
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Chapter 1: General Information 

1.1. Overview of the thesis 

 This thesis comprises five chapters in total. In this Chapter 1, I give a brief 

overview of the thesis as well as a literature review on the background of my thesis work. 

Specifically, I focus on directed evolution and molecular display for generating large 

libraries for protein engineering. Next, I briefly describe fluorescent proteins (FPs) and 

fluorescence/Förster resonance energy transfer (FRET) microscopy and the cellular 

imaging using genetically encoded FRET-based biosensors as well as a powerful 

photonic approach called robotic laser scissors. I also describe cell-cell communications 

and Src kinase signaling. Lastly, I briefly introduce cancer diseases, immunity and 

discuss the power of engineered T cell based cancer therapy by synthetic biology 

approaches.  

In Chapter 2, I describe a general high-throughput platform based on directed 

evolution to systematically optimize a FRET-based biosensor for reporting the activity of 

Src kinase. The yeast surface display method and site-saturated mutagenesis were 

employed to develop mutant libraries for the identification of phosphopeptide sequences 

and Src homolog 2 (SH2) domain mutants with improved binding affinity, which 

ultimately led to a drastic improvement of the biosensor sensitivity after the thorough 

characterization. In Chapter 3, I describe how I integrated the FRET microscopy with 

laser scissors, a unique, highly precise micro-manipulation photonic system, and applied 

the newly developed Src FRET-based biosensor to reveal how cells react biochemically 

to photonic-driven physical perturbations from neighboring cells. A transient Src 
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activation was observed in epithelial cells following the physical disruption of cell-cell 

contacts at neighboring cells using a femtosecond laser pulse, which is dependent on 

passive cytoskeletal structure but not active actomyosin contractility. The study in 

Chapters 2 and 3 is about to submit to the journal. 

In addition to detecting and understanding cell signals and behaviors, I also 

sought to use these tools to manipulate cell signals and behaviors. Therefore, in Chapter 

4, I describe shifting my research focus towards developing molecular machineries, 

called the integrated Sensing aNd Activating Proteins (iSNAPs). First, I fully 

characterized both the sensing and activating functions of iSNAPs. I then introduced the 

optimal iSNAP into T cells to overcome immune exhaustion by engineering adaptive 

immune responses and demonstrated the potential significance for immunotherapy 

purposes. This study in Chapter 4 will soon be prepared for the journal submission. 

In the last chapter, I summarize my thesis work and discussed the potential 

outcomes and applications of the tools that I have developed. 

In summary, of my thesis work, a general platform has been established to 

systematically develop FRET-based biosensors in a high-throughput fashion. Moreover, 

integrating synthetic biology approaches and photonics technologies as a toolkit allows 

people to not only detect specific biological signaling events via FRET-based biosensors, 

but also to manipulate various cell signals and behaviors via iSNAPs. Together, these 

tools should advance our understanding of complex biological systems and may provide 

innovative and precise therapeutic tools for better cancer treatment.  
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1.2. Introduction 

1.2.1. Directed evolution and yeast display for protein engineering 

The emerging synthetic biology approaches have enabled us to engineer novel cell 

functions and behaviors by providing various new classes of useful molecular and 

modular designs [1, 2]. Different protein engineering strategies have been utilized to 

understand, design and engineer such biomolecules that can be applied for research, 

industrial and therapeutic purposes. In particular, directed evolution of molecules 

provides a high-throughput method to generate great genetic diversity and identify 

proteins of interest with desired properties, especially in cases where rational designs and 

engineering are ineffective [3, 4]. Cell display methods, such as bacterial and yeast 

surface display, allows for generating large libraries of proteins, which can be screened 

by fluorescence-activated cell sorting (FACS) technology to identify desired proteins [5]. 

1.2.2. FPs and FRET-based biosensors 

It is very well known that the Nobel Prize in Chemistry 2008 was awarded to 

Osamu Shimomura, Martin Chalfie and Roger Y. Tsien "for the discovery and 

development of the green fluorescent protein, GFP".  Since the GFP was discovered from 

jellyfish Aequorea victoria, a broad set of FPs with different colors has been developed 

and applied for biological imaging in biochemistry, cell biology and other biology 

disciplines [6-8]. Powerful molecular imaging approaches using FRET microscopy have 

been employed for cell biology studies [9], and numerous genetically encoded biosensors 

based on FPs and FRET have been developed to visualize and quantify molecular and 

cellular signaling events with high spatiotemporal resolutions in single live cells [10-12].  



  

 4 

1.2.3. Robotic laser scissors 

 A photonic approach, called robotic laser scissors microscopy, enables us to 

precisely ablate subcellular targets of single live cells [13-15]. Meanwhile, cell viability 

is not affected and the surrounding regions of the laser focal spot remain intact. The use 

of this photonic approach allows us to introduce local physical perturbations on various 

cellular structures and investigate how cell structures and functions are correlated in a 

wide variety of studies [16-19]. 

1.2.4. Intercellular communications and Src signaling 

Intercellular communications in multicellular organisms are crucial to their 

functions and behaviors, and cell-cell adhesion proteins are commonly believed to 

regulate tissue morphogenesis and enable communication between adjacent cells [20-22]. 

It is also known that Src kinase, the principal member of Src family kinases (SFKs), is a 

key signaling regulator linking both cellular and nuclear mechanotransduction, including 

integrin-, adhesion-, cytoskeleton- and nucleoskeleton-associated signal transductions 

[23-28]. For instance, studies on the E-cadherin signaling suggest Src family kinases are 

involved in modulating the interaction of E-cadherin with the cytoskeleton and 

maintaining the integrity of E-cadherin-mediated cell-cell adhesion [29-33]. 

1.2.5. Cancer, immunity and engineered T cell based therapeutics 

At present, cancer disease with poor prognosis and treatment becomes one of the 

most dangerous and deadliest diseases for human beings. The public is more and more 

aware of the quality of life, and has hastened more effective and safer cancer treatments 

than conventional cancer therapy. With better understanding on cancer diseases, people 

have found that one major cause is that tumor can escape the immune surveillance to 
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enhance their survival, called cancer immune evasion or tumor escape [34], and suppress 

immune system by interfering with the anti-cancer immune responses and inhibiting 

immune cell functions against tumor cells [35]. T lymphocyte plays a central role in 

adaptive immunity and its signaling pathways have been extensively investigated, such as 

T cell activation signaling and co-regulatory signaling [36-42]. Harnessing the 

understanding of T cell signaling and the power of synthetic biology approaches, the 

immune-based cancer therapy, as the next generation therapeutic strategy, has already led 

to some success in clinical trials, such as chimeric antigen receptor (CAR) T-cell therapy 

for leukemia, and the blockade of immune checkpoints for several human tumors [35, 43-

45].   
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Chapter 2: Development and Characterization of Src FRET 

Biosensors Based on High-Throughput Screening Platform 

2.1. Abstract 

Genetically encoded biosensors based on fluorescence/Förster resonance energy 

transfer (FRET) have enabled us to visualize and quantify a host of different molecular 

signaling events in single live cells with high-spatiotemporal resolutions. With more 

sensitive biosensors, it is envisioned that essentially every subtle signal can become 

observable. However, trial-and-error approaches based on rational assumptions to 

develop sensitive biosensors have low efficiency and low effectiveness. A systematic 

high-throughput platform based on yeast surface display and directed evolution was 

developed to identify interaction pairs with better binding affinity. I engineered Src 

FRET-based biosensors consisting of different identified Src Homolog 2 (SH2) variants 

and tyrosine peptides, and thoroughly examined the sensitivities and specificities of 

different Src biosensors in mammalian cells and in vitro. Comparing between the most 

current version of the Src biosensor and the parental Src biosensor, I showed the newly 

developed Src biosensor (SCAGE) got more than 40-fold improvement in sensitivities. 

2.2. Introduction 

Genetically encoded FRET-based biosensors are powerful tools for non-invasive 

visualization and quantification of intracellular signaling events with high spatio-

temporal resolutions, especially in single live cells. In fact, numerous FRET biosensors 

have been developed and reported [11, 12, 46]. However, the empirical semi-rational 

design and labor-intensive optimization have hampered the development of highly 
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sensitive and specific biosensors. In particular, the rational design and engineering of 

proteins/biomolecules are hindered by our limitation in predicting 3D structure of 

molecules [47]. With the progress in random mutagenesis, directed evolution employing 

iterative cycles of mutagenesis and selection has become a powerful tool for protein 

engineering in cases where rational approaches are ineffective [3]. The current random-

mutagenesis methods using error-prone PCR, site saturation mutagenesis, and DNA 

shuffling can easily generate libraries of millions of mutants [3]. The expression of these 

large libraries was made possible by the progress in yeast and bacterial display systems 

[5, 48-50]. Indeed, various scaffold systems have been developed to correctly and 

efficiently target different peptides/proteins at the outer surface of yeasts and bacteria [48, 

49]. The fluorescence-activated cell sorting (FACS) technology based on flow cytometry 

can further enable the high throughput quantification, identification, and selection of 

desired proteins from these yeast/bacteria libraries [48]. While bacterial display provides 

the possibility of larger library size, yeast display is better for producing proteins 

compatible to mammalian cells because of its eukaryotic protein folding pathways and 

codon usage [51]. While directed evolution and FACS have been employed to develop 

fluorescent proteins (FPs) with novel fluorescent properties (color, brightness, photo-

stability, or FRET efficiency), there is no general method available to systematically 

optimize the specificity and sensitivity of FRET biosensors. In this project, site-saturated-

mutagenesis, yeast display, and FACS were integrated to systematically optimize FRET-

based biosensors. 
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2.3. Materials and Methods 

Constructions of DNA plasmids. The Src homolog 2 (SH2) binding domain was 

mutagenized using overlap extension saturation mutagenesis, using NNS degenerate 

codon as described previously [52] and the gene encoding the SH2 domain of c-Src as the 

PCR template. The mutagenized PCR product was cloned into pYD1 vector (Invitrogen 

Inc.) using StyI and XhoI restriction sites. 

The original cytosolic Src biosensor (Cyto-Src WT SH2 domain and EIYGEF) 

used in this study was developed by replacing the C-terminal EYFP of the Src biosensor 

[53] with YPet and keeping the N-terminal ECFP (enhanced CFP, truncated at the C 

terminus [54]). The site-directed mutagenesis was conducted using the QuikChange kit 

(Agilent Technologies Inc.)  

The DNAs encoding the Src biosensors were subcloning with BamHI and EcoRI 

restriction sites in pRSETB vector (Invitrogen Inc.) for the protein purification from 

Escherichia coli. The biosensor genes were further cloned with BamHI and EcoRI 

restriction sites in pCDNA3.1 vector (Invitrogen Inc.) and EcoRI and SalI restriction sites 

in customized pCAGGS vector [55, 56] for the protein expression in mammalian cells. 

The plasmids used in this study include the constitutively active c-Src (active-Src) 

mutant, wild-type full-length c-Src (wt-Src), kinase-dead c-Src (ntv-Src) mutant in PMT2 

vector, and wild-type full-length c-Fyn (wt-Fyn), wild-type full-length c-Yes (wt-Yes) in 

pCDNA 3.1 vector, and pCAGLifeAct-TagRFP (ibidi Inc.). Empty pCDNA3.1 vector was 

used as a control plasmid. The c-Src, c-Fyn, c-Yes, and their mutants are previously 

described [24, 57], and their control vector pCDNA3.1 were described elsewhere [58, 

59].  
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All the constructed DNA plasmids were analyzed and confirmed by restriction 

enzyme digestion and Sanger DNA sequencing (GENEWIZ Inc.). 

Yeast transformation and induction. EBY100 (ATCC MYA-4941) was transformed 

using the LiAc/SS carrier DNA/PEG method as described previously [60], and plated 

onto the appropriate yeast synthetic drop-out (SD) agar plates with 2% glucose. Two days 

after transformation, colonies were picked into SD media with 2% glucose for culture. 

SD media with 2% galactose was used to induce surface display for protein production. A 

potential limitation of yeast display is that the yeast, a lower eukaryotic organism, may 

exhibit different codon usage and give different post-translational modification functions 

as comparing to mammalian cells. Thus, the binding pairs identified may not directly 

translate into optimal responses of biosensors in mammalian cells. This may partly 

explain why the CD/GE biosensor containing the strongest phospho-substrate binding 

domain SH2 C185D showed significantly lower sensitivity than the SCAGE biosensor in 

mammalian cells (Fig. 2.2.C). 

Flow cytometry and FACS. Two days after induction, 2E6 cells were stained for display 

expression using 1:100 diluted V5 primary antibody (Invitrogen Inc., Catalog No. R960-

25), 1:100 diluted goat anti-mouse biotin-conjugated secondary antibody (Sigma-Aldrich 

Inc., Catalog No. B7264), and 1:200 diluted R-Phycoerythrin (PE) conjugated with 

streptavidin (SA) (BD Biosciences, BD, Catalog No. 554061). For the examination of 

SH2 domain and its mutants, cells were stained for peptide affinity using various 

concentrations of biotin-conjugated peptide followed by 1:100 diluted SA-PE. All 

staining reagents were diluted at room temperature in a binding buffer (GE, 10 mM 

HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant P20) containing 0.5% 
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BSA. Cells were also washed three times in binding buffer + 0.5% BSA before and after 

each staining step. 

Cell sorting was carried out on a BD FACSAria II (BD Biosciences, BD) at UIUC 

Biotechnology Center. 1% of the most strongly fluorescent cells were sorted in the first 

round and 0.1% in the second round of sorting. After two rounds of sorting, cells were 

plated, and several colonies were picked for plasmid isolation and sequencing to identify 

the responsible mutations. 

Cell culture, reagents and transient transfection. Cell lines, including mouse 

embryonic fibroblast (MEF), HeLa cells, adult male Potorous tridactylus kidney (PtK2) 

cells, and Src/Fyn/Yes triple knockout MEF (SYF -/-) cells, were from American Tissue 

Culture Collection (ATCC, Manassas, VA), with the authentication and the verification of 

the absence of mycoplasma contamination. These cells were cultured at ATCC 

recommended conditions in a humidified incubator with 5% CO2 and 95% air at 37°C 

before experiment. All cells were maintained in Dulbecco’s modified Eagle’s (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 2 mM·L-glutamine, 1 unit·ml−1 

penicillin, 100 Pg·ml−1 streptomycin, and 1 mM sodium pyruvate, except when indicated 

otherwise. Cell culture reagents were purchased from Life Technologies Inc. The DNA 

plasmids were transfected into the cells by using Lipofectamine 2000 or 3000 reagent 

(Invitrogen Inc.), according to the manufacturer’s instructions. The SYF -/- cells were co-

transfected with the Src FRET biosensor, and various Src family kinases or mutants to 

evaluate the biosensor specificity.  

Fibronectin from bovine plasma (FN), human epidermal growth factor (EGF), rat 

recombinant platelet-derived growth factor BB (PDGF), cytochalasin D (CytoD) and 
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ML-7 were obtained from Sigma Aldrich Inc. Blebbistatin was not used since it has 

fluorescence which can interfere with the FRET signals [61, 62]. Collagen type-I from rat 

tail (Col I) was purchased from BD Biosciences, BD. The Src family kinase inhibitor PP1 

was obtained from BioMol Inc. 

Protein expression and purification, in vitro spectroscopy and kinase assays. The Src 

biosensors were in general expressed in Escherichia coli (BL21 strain) as fusion proteins 

with N-terminal 6xHis tag and purified by nickel chelation chromatography [24]. 

Fluorescence emission spectra of the purified biosensors were measured in a cuvette with 

an excitation wavelength of 437 nm by a fluorescence plate reader (infinite M1000 PRO, 

TECAN Inc.). The emission ratios of ECFP/YPet (476 nm/526 nm) were measured 

before and after adding 1 mM ATP (Promega Inc.) into the kinase assay buffer (50 mM 

Tris·HCl, 100 mM NaCl, 10 mM MgCl2, 2 mM DTT, pH 8) at 37qC that contained a 

mixture of various biosensors and active human Src full-length protein (1 Pg·ml-1, EMD 

Millipore Inc.) [24]. The purified biosensors were separated by 10% SDS-PAGE gels 

followed by Coomassie Blue staining. After destaining (50% v/v methanol in water with 

10% acetic acid), the proteins were visualized, and the image was recorded by ChemiDoc 

MP imaging system with Image Lab software (Bio-Rad Inc.). The molecular weight of 

the Src biosensors is about 67 kDa. 

FRET Microscopy, image acquisition and analysis. Cells were cultured for 36 hours in 

0.5% FBS DMEM or 0% FBS Advanced medium, and plated on glass-bottom dishes 

(Cell E&G LLC) coated with Col I (50 Pg·ml-1) or FN (2.5 Pg·ml-1) for overnight prior to 

growth factor stimulation. During imaging process, cells were maintained in 0.5% FBS 

DMEM or 0% FBS Advanced medium at 37°C in a 5% CO2 and 95% air-humidified 
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chamber. Images were collected by a Nikon Eclipse Ti inverted microscope equipped 

with a 300 W Xenon lamp (Atlas Specialty Lighting), an electron multiplying (EM) CCD 

camera (QuantEM:512SC, Photometrics) and a x100 DIC Nikon microscope objective 

(NA = 1.4) using MetaFluor 7.8.10.0 or MetaMorph 7.8.8.0 software (Molecular Devices, 

LLC) with a 420DF20 excitation filter, a 455DCXRU dichroic mirror, and two emission 

filters controlled by a filter changer (480DF40 for ECFP and 535DF25 YPet). All filters 

and dichroic mirrors were purchased from Chroma Technology Corp. The pixel-by-pixel 

ratio images of ECFP/FRET were calculated based on the background-subtracted 

fluorescence intensity images of ECFP and FRET using MetaFluor software. All the ratio 

images were displayed in the intensity-modified display mode [63] in which the color and 

brightness of each pixel were determined by the ECFP/FRET ratio and FRET intensity, 

respectively. 

Statistical analysis. D’Agostino-Pearson omnibus normality test was used for the 

normality test. Data following Gaussian distribution were analyzed by using unpaired 

two-tailed Student's t test with Welch’s correction or ordinary one-way ANOVA followed 

by Bonferroni’s multiple comparisons test (Graphpad Prism 6, GraphPad Software) to 

evaluate the statistical difference between groups. Data not following Gaussian 

distribution were analyzed by using unpaired two-tailed Mann-Whitney test or Kruskal-

Wallis test followed by Dunn's multiple comparison test (Graphpad Prism 6, GraphPad 

Software).  A significant difference was determined by P value (P < 0.05). Statistical 

results are presented as mean ± S.E.M. Asterisks indicate critical values (*P < 0.05, **P < 

0.01 and ***P < 0.001), and “n.s.” indicates no significant difference (P > 0.05). All the 

experiments were replicated at least 3 times and represented biological replicates. 
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2.4. Results and Discussion 

2.4.1. High-throughput screening of the substrate-binding affinity toward a library 

of c-Src SH2 domains 

A yeast display system (Fig. 2.1.A) was developed to improve the binding 

between the SH2 domain and the substrate peptide within the Src FRET biosensor. This 

system allows a high-throughput screening and identification of optimal SH2 variants and 

corresponding peptide sequences (Fig. 2.1.A and Fig. 2.3). The staining of V5 epitope tag 

on the yeast surface confirmed the successful induction of the recombinant cargo proteins 

(Fig. 2.1.A and Fig. 2.4.A).  The buffer conditions and the phosphopeptide concentrations 

were screened for the binding assay between the expressed SH2 domain and the 

phosphorylated substrate peptides. The results revealed that the binding buffer containing 

0.5% BSA led to consistent staining signals (Fig. 2.4.B, C), which was applied for the 

binding buffers used in the rest of manuscript. As shown in Fig. 2.5, the substrate peptide 

conditions for yeast binding assays were also optimized. An ideal substrate sequence in a 

FRET biosensor should have two features: (1) the substrate sequence is favored by the 

target kinase for phosphorylation; (2) the substrate peptide upon phosphorylation has an 

optimal binding affinity toward the intramolecular SH2 domain (or its mutant) in the 

biosensor for FRET changes. It has been shown that EIYGEF and EIYEEF can serve as 

optimal substrate sequences for c-Src kinase in vitro [64], and a different sequence after 

phosphorylation pYEEI is preferred for binding by the wild-type Src SH2 domain (WT 

SH2) [65]. Hence, these different phosphopeptides (pYGEF, pYEEF, and pYEEI) as well 

as the unphosphorylatable negative control after removing the tyrosine residue (FEEI) 

were compared, with respect to their binding toward WT SH2. The yeast cells displaying 
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WT SH2 were stained using these peptides. The results indicate that both pYGEF and 

pYEEF can bind to WT SH2 proportional to the peptide concentration, with pYEEF 

clearly demonstrating a stronger binding than the previously identified pYEEI [65] (Fig. 

2.5.A-C). pYEEF and pYGEF peptides as the Src favorable substrate sequences (0.2 

Pg/Pl, pYGEF<pYEEI<pYEEF in binding toward WT SH2 as shown in Fig. 2.5.A-C) 

were subsequently utilized to conduct the binding assay against the yeast cells displaying 

either WT SH2 or its mutant library. The mutant library was generated by site-saturation 

mutagenesis [52] on the cysteine site (C185) in WT SH2 which is critical for the binding 

pocket of phosphotyrosine peptides [66]. Compared to yeast cells uniformly expressing 

WT SH2, the yeast library displaying diversified mutants showed overall stronger 

binding toward both pYGEF and pYEEF peptides (Fig. 2.1.B, C). Stronger binding of 

both WT SH2 and the mutant library toward pYEEF over pYGEF were observed (Fig. 

2.1.B, C). The yeast cells displaying SH2 mutants with strong binding toward 

phosphotyrosine peptides (pYEEF and pYGEF) were enriched by sorting and 

repopulating (Fig. 2.1.B, C). Among the sorted SH2 variants, C185D, C185R, C185T, 

C185V, and C185A mutations were identified by sequencing and verified by yeast 

staining to show high binding toward the phosphotyrosine peptides, with pYEEF 

displaying a significantly higher binding capacity than pYGEF toward each mutant (Fig. 

2.1.D and Fig. 2.6). The results suggest that yeast display and random mutagenesis can 

allow the high-throughput screening and identification of efficient interaction pairs 

consisting of SH2 mutants and phosphotyrosine peptides. This approach is potentially 

applicable to the engineering of, in principle, any sensitive FRET biosensor capable of 

monitoring tyrosine kinase activities. 
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2.4.2. Characterization of Src biosensors with identified mutations in live 

mammalian cells 

I then constructed FRET-based Src biosensors comprising identified binding pairs 

of substrates and SH2 mutants, with the expectation that the substrate phosphorylation by 

Src kinase can cause a conformational change and a reduction of FRET efficiency due to 

the consequent separation of YPet from ECFP (Fig. 2.7). I replaced EYFP in the original 

Src biosensor [53] with YPet because YPet has been verified to form a better FRET pair 

with ECFP in enhancing the sensitivities of biosensors [67]. I examined the sensitivities 

and specificities of these Src biosensors in mammalian cells and compared them with the 

parental biosensor [53] used as the template for directed evolution. In HeLa cells 

expressing different Src biosensors, epidermal growth factor (EGF) induced a large FRET 

response (~156%) in the SCAGE group (SH2 C185A and substrate EIYEEF, with C->A 

mutation in residue 185 of WT SH2 and G->E mutation in the substrate, Fig. 2.2.A-C). 

Smaller FRET responses were observed in other groups, either the Ori group (WT SH2 

and EIYGEF, Fig. 2.2.A-C) or groups with a single mutation at the SH2 and/or substrate 

regions (Fig. 2.2.B, C). I further incorporated additional mutations revealed by our earlier 

publication [68] in improving the binding affinity of SH2 domain toward 

phosphotyrosine peptides into the SH2 domain of the SCAGE biosensor and examined 

their effects. The results indicate that these two additional mutations (SH2 T180V and/or 

K203L) failed to further improve the biosensor sensitivities (Fig. 2.2.C). In fact, the 

CA/GE/TV/KL (incorporating triple point mutations SH2 C185A, T180V, K203L with 

substrate EIYEEF) group gave a much smaller FRET response (~26.5%, Fig. 2.2.C), 

suggesting that overly high affinity between binding pairs within the biosensor may not 
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necessarily enhance the biosensor sensitivity. I further examined the platelet-derived 

growth factor (PDGF)-induced FRET responses of the Ori, CA, GE and SCAGE 

biosensors in mouse embryonic fibroblasts (MEFs) (Fig. 2.8). Again, the largest FRET 

response (~108%, Fig. 2.8.C) was observed in the SCAGE group, with 15%-20% ratio 

changes for the CA or GE only group and ~5.4% ratio change for the Ori group (Fig. 

2.8.C). The biosensors in HeLa cells and MEFs had very distinct dynamics (Fig. 2.2.B 

and Fig. 2.8.B), with a clear transient time course in HeLa cells but a sustained activity in 

MEFs as particularly highlighted by SCAGE. In HeLa cells expressing SCAGE, EGF-

induced FRET response was substantially reduced after pretreatment with PP1, a 

selective Src family inhibitor (Fig. 2.2.C). To further determine the specificity of 

SCAGE, I reconstituted Src/Yes/Fyn triple-knockout (SYF -/-) MEFs with active-Src, wt-

Src (wild-type c-Src), ntv-Src (kinase-dead c-Src), wt-Fyn, wt-Yes or an empty vector. 

Only active-Src and wt-Src restored the ECFP/FRET ratios (Fig. 2.2.D). These results 

suggest that the new SCAGE biosensor can specifically detect Src kinase activity. FRET 

response was absent in HeLa cells expressing the inactive CA/GE/YF (SH2 C185A and 

EIFEEF, Fig. 2.2.C) biosensor in which the substrate tyrosine is mutated to 

phenylalanine. Therefore, the biosensor response requires the tyrosine phosphorylation of 

the substrate as designed (Fig. 2.7.B). I further compared this SCAGE biosensor in HeLa 

cells with our previously developed Src biosensor (WME biosensor) [67] which has a 

high sensitivity but contains two tyrosine residues in the substrate. In HeLa cells, the 

SCAGE biosensor showed a significantly higher sensitivity than the WME biosensor 

(Fig. 2.9). These results indicate that the interaction pairs identified from the high-
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throughput screening of libraries successfully enhanced the sensitivities of FRET 

biosensors. 

2.4.3. Characterization of the identified Src biosensors in vitro 

 I furthermore characterized the purified Src biosensor proteins to verify the 

sensitivities of these different biosensors in solution without the interference of 

unpredictable co-factors in cellular environment. Fig. 2.10 summarizes the biosensor 

sensitivity in vitro as indicated. After being phosphorylated by the active Src kinase in 

vitro, the SCAGE biosensor had a ~164% change (Fig. 2.10). The Ori, CD, and CD/GE 

biosensors, on the other hand, showed significantly lower levels of FRET responses (Fig. 

2.10). As controls, only minor FRET responses in both the CA/GE/RV and CA/GE/YF 

biosensors were observed (Fig. 2.11), suggesting that the biosensor response in vitro is 

governed by the intramolecular interaction between the SH2 domain and the substrate 

peptide as designed [24, 69] (Fig. 2.7.B). Again, the CA and GE groups had significantly 

larger FRET responses than the Ori group in vitro (Fig. 2.10.A, B, H), verifying the 

beneficial roles of these mutations for the biosensor sensitivities. Based on the above 

observations, I determined that the sensitivity of the new SCAGE biosensor was about 

ten times as sensitive as the parental Ori biosensor in vitro (Fig. 2.10.H). 

2.5. Conclusion 

A high-throughput screening method has been developed (Fig. 2.3) that allows the 

systematic development of FRET biosensors (Fig. 2.7.A). The result is a highly sensitive 

Src biosensor (SCAGE), which provides a more than 40-fold sensitivity enhancement in 

live mammalian cells comparing to the parental biosensor template before the directed-

evolution-based improvement [53] (Fig. 2.2.C). This new Src biosensor is also more 
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sensitive than our previously developed Src biosensor based on a rational design with two 

tyrosine residues in the substrate motif [67] (Fig. 2.9). As such, the high throughput 

screening method can be applied to systematically develop highly sensitive FRET 

biosensors for visualizing and quantifying molecular signaling events.  

The development of intramolecular FRET biosensors generally suffers from low-

throughput optimizations in trial-and-error fashions. The high-throughput screening 

method provides a new way for development of sensitive FRET biosensors in a 

systematic fashion. This high-throughput screening platform based on yeast display and 

directed evolution has a number of advantages. First, upon induction, the yeast display 

system can correctly express the protein cargo motifs on the yeast surface, readily and 

specifically accessible by binding partners to be screened (Fig. 2.4.A). In fact, negative 

control peptide FEEI showed no significant binding to WT SH2 displayed on the yeast 

surface even at a high concentration. Second, this method allows for effective screening 

and identification of various interaction pairs with better binding affinities, including but 

not limited to substrate peptides and SH2 domain variants. This method can hence be 

readily extended to develop, in principle, any post-translational modification FRET 

biosensor (i.e., for an enzyme). A limitation of the approach is that the yeast, a lower 

eukaryotic organism, exhibits different codon usage and gives different post-translational 

modification functions as comparing to mammalian cells. Thus, the binding pairs 

identified may not directly translate into optimal responses of biosensors in mammalian 

cells. This may explain why the CD/GE biosensor containing the strongest phospho-

substrate binding domain SH2 C185D showed significantly lower sensitivity than the 

SCAGE biosensor in mammalian cells (Fig. 2.2.C). 
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Furthermore, the biosensor characterization in mammalian cells revealed very 

distinct dynamics and responses of the SCAGE biosensor. In fact, the characterization in 

mammalian cells revealed that the SCAGE biosensor showed a transient FRET response 

upon EGF stimulation in HeLa cells (Fig. 2.2.B), but a markedly sustained FRET 

response upon PDGF stimulation in MEFs (Fig. 2.8.B). It is possible that EGF and PDGF 

receptors involve distinct regulations, such as downregulation of kinase activation and 

endocytic trafficking of receptor tyrosine kinases [70-73]. For instance, EGFR in HeLa 

cells, but not PDGFR in MEFs, may undergo fast ubiquitination, degradation or 

internalization, which could contribute to the transient nature of EGFR signaling. Hence, 

the high-sensitivity Src biosensor may be applied to reveal the dynamic differences 

between EGF and PDGF-mediated signaling transductions and shed new lights on the 

molecular mechanisms underlying their distinct regulations.  
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2.6. Figures 

 
Figure 2.1: The optimal c-Src SH2 domain variants and tyrosine kinase substrates 
identified by high-throughput screening. 

(A) The SH2 domains from c-Src kinase are displayed on the yeast cell surface as a 
fusion protein carrying the V5 epitope tag at the C-terminus. (I): The V5 epitope tag  
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Figure 2.1: The optimal c-Src SH2 domain variants and tyrosine kinase substrates 
identified by high-throughput screening, Continued 

allows the staining of expressed protein cargoes by the primary antibody and the 
biotinylated secondary antibody, which can then be labeled by streptavidin-R-
phycoerythrin (SA-PE) conjugate. (II): Wild-type SH2 domain (WT) and variant SH2 
domain mutants bind to the biotinylated phosphotyrosine-containing substrate peptides, 
which can then be labeled by SA-PE conjugate. (B-D) Identifying the optimal SH2 
domain mutants and the corresponding substrate peptides, with phosphorylated peptides 
EIpYGEF in (B), EIpYEEF in (C), and EIpYEEF together with different SH2 domain 
variants (C185A, C185D, C185R, C185T and C185V) as indicated in (D). “Non-ind.”, 
“Ind.” and “Lib.”  represent  non-induced yeast group, induced yeast group and yeast 
library group, respectively, stained with phosphorylated peptide EIpYGEF or EIpYEEF. 
C185A, C185D, C185R, C185T and C185V are different mutations in residue 185 of 
wild-type c-Src SH2 domain.  
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Figure 2.2: Characterization of FRET-based Src biosensors in living mammalian 
cells.  

(A) Time-lapse FRET imaging in HeLa cells expressing Src FRET biosensors (SCAGE 
or Ori) with 50 ng/mL EGF stimulation. ECFP/FRET ratio images of HeLa cells 
expressing SCAGE biosensor or Ori biosensor at the indicated time points are shown in 
intensity-modulated display mode. The color scale bar at the bottom shows the range of  



  

 23 

Figure 2.2: Characterization of FRET-based Src biosensors in living mammalian cells, 
Continued 

ECFP/FRET emission ratio, with cool and warm colors representing low and high ratios, 
respectively. Scale bars, 5 Pm. (B) The time courses of normalized average ECFP/FRET 
emission ratios of the Ori (black solid circles, n = 6), CA (open diamonds, n = 7), GE 
(open squares, n = 8), and SCAGE (red solid circles, n = 5) biosensors in HeLa cells 
before and after 50 ng/mL EGF stimulation (arrow at 0 min). ECFP/FRET emission ratios 
are normalized against the average values before EGF stimulation. The error bars 
represent the standard error of the mean (S.E.M.). Average data are presented as mean ± 
S.E.M. (C) The responses of different Src FRET biosensors in HeLa cells stimulated with 
50 ng/mL EGF. CA/GE/YF group is the inactive control group and SCAGE w/ PP1 
Pretreat group is the SCAGE biosensor group pretreated with 10 PM PP1 for 1 hr (n = 
53, 18, 28, 30, 17, 13, 10, 12, 52, 15, 17, 12, 36 and 17 cells for Ori, CD, CA, GE, 
CD/GE, CR/GE, CT/GE, CV/GE, SCAGE, CA/GE/TV, CA/GE/KL, CA/GE/TV/KL, 
CA/GE/YF and SCAGE w/ PP1 Pretreat groups, respectively). (D) The ECFP/FRET 
emission ratios of the SCAGE biosensor in Src/Yes/Fyn triple-knockout (SYF -/-) mouse 
embryonic fibroblasts (MEFs) co-transfected with various Src family kinases or mutant 
or an empty vector. SYF -/- MEFs are reconstituted with active-Src (n = 46), wt-Src 
(wild-type c-Src, n = 44), ntv-Src (kinase-dead c-Src, n = 24), wt-Fyn (n = 90), wt-Yes (n 
= 107) or an empty vector (n = 81). (C-D) In scatter plots, the red lines indicate the mean 
values, the error bars represent S.E.M. and average data are presented as mean ± S.E.M. 
*** (P < 0.001), ** (P < 0.01), n.s. (P > 0.05) are from Kruskal-Wallis test followed by 
Dunn's multiple comparison test.  
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Figure 2.3: System schematic of high-throughput screening for FRET-based biosensors. 

Schematics include the generation of a SH2 domain mutant cDNA library by (1) site-
saturation mutagenesis, (2) subcloning into pYD1 vector, (3) library transformation into 
S. cerevisiae cells and induction of surface-displayed proteins, (4) binding affinity 
screening of SH2 domains against different substrate peptides (including EIpYGEF, 
EIpYEEF, EIpYEEI and EIFEEI), and (5) detailed characterization of Src FRET-based 
biosensors containing selected SH2 domain variants and substrates in live mammalian 
cells.  
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Figure 2.4: Optimizing conditions and validating protein expression for the yeast 
display system. 

(A) Flow cytometry data of induced and non-induced yeast cells stained with the anti-V5 
antibody. The staining of the yeast surface confirmed the successful induction of the 
recombinant proteins carrying the V5 epitope tag at the C-terminus (0.0158% and 
69.30% staining for non-induced and induced groups, respectively). (B) Flow cytometry 
data of yeast surface displaying the wild-type SH2 domain (WT) for binding to the 
EIpYEEF phosphopeptide under different buffer conditions. The binding buffer (BF) 
yielded better staining of the yeast surface than the PBS solution (4.902% in BF and 
0.403% in PBS). (C) Flow cytometry data of non-induced yeast cells transformed with  
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Figure 2.4: Optimizing conditions and validating protein expression for the yeast display 
system, Continued 

WT and stained with the EIpYEEF phosphopeptide under different binding buffer 
conditions. The staining done in the binding buffer without BSA rendered higher 
background noise than the binding buffer with 0.5% BSA (5.250% in BF without BSA 
and 0.844% in BF with 0.5% BSA). (A-C)“Non-ind.” and “Ind.” represent  non-induced 
and induced yeast groups, respectively, stained with anti-V5 antibody or EIpYEEF.  
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Figure 2.5: Optimizing substrate peptides for the yeast display system. 
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Figure 2.5: Optimizing substrate peptides for the yeast display system, Continued 

(A-D) Flow cytometry results of yeast surface displaying the WT SH2 domain binding to 
different phosphopeptides. A, Flow cytometry data of yeast surface displaying the wild-
type SH2 domain (WT) binding to the EIpYGEF phosphopeptide of different 
concentrations (0.02 Pg/Pl: 0.0849%, 0.1 Pg/Pl: 0.0681%, 0.2 Pg/Pl: 0.0846%). B, Flow 
cytometry data of yeast surface displaying WT binding to the EIpYEEF phosphopeptide 
of different concentrations (0.02 Pg/Pl: 0.519%, 0.1 Pg/Pl: 4.436%, 0.2 Pg/Pl: 8.259%). 
C, Flow cytometry data of yeast surface displaying WT binding to the EIpYEEI 
phosphopeptide of different concentrations (0.02 Pg/Pl: 0.130%, 0.1 Pg/Pl: 0.119%, 0.2 
Pg/Pl: 0.208%). D, Flow cytometry data of yeast surface displaying WT binding to the 
negative control peptide EIFEEI of different concentrations (0.02 Pg/Pl: 0.0553%, 0.1 
Pg/Pl: 0.0515%, 0.2 Pg/Pl: 0.0609%).   
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Figure 2.6: Flow cytometry result of yeast surface displaying different SH2 domains 
against the EIpYGEF phosphopeptide. 

The non-induced yeast cells (0.0318%) and induced yeast cells displaying different SH2 
domain variants (WT: 0.142%, C185A: 0.600%, C185D: 0.253%, C185R: 0.210%, 
C185T: 0.217%, C185V: 1.316%) were stained with the EIpYGEF phosphopeptide. 
“Non-ind.”, “Ind.” and “Lib.”  represent  non-induced yeast group, induced yeast group 
and yeast library group, respectively, stained with phosphorylated peptide EIpYGEF or 
EIpYEEF. C185A, C185D, C185R, C185T and C185V are different mutations in residue 
185 of wild-type c-Src SH2 domain.  
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Figure 2.7: The design of the FRET-based Src biosensor. 

(A) The FRET-based Src biosensor is composed of ECFP, the c-Src SH2 domain, a 
flexible linker (15 amino acids), the substrate peptide for the Src kinase and YPet. (B) 
Schematic representation of the principle of the FRET-based Src biosensor response. The 
active Src kinase can phosphorylate the substrate peptide in the Src biosensor, which 
subsequently binds to the intramolecular SH2 domain to cause the conformational change 
and reduce the FRET efficiency. Dephosphorylation by protein phosphatases reverses the 
process.  
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Figure 2.8: Characterization of FRET-based Src biosensors in mouse embryonic 
fibroblast cells. 

(A) Time-lapse FRET imaging in mouse embryonic fibroblasts (MEFs) expressing 
different Src biosensors (SCAGE or Ori) with 50 ng/mL PDGF stimulation. ECPF/FRET 
ratio images of MEF cells expressing the SCAGE biosensor or Ori biosensor at the 
indicated time points are shown in intensity-modulated display mode. The color scale bar 
at the top shows the range of ECFP/FRET emission ratio, with cool and warm colors 
representing low and high ratios, respectively. Scale bars, 5 Pm. (B) The time courses of 
normalized average ECFP/FRET emission ratios of the Ori (black solid circles, n = 4), 
CA (open diamonds, n = 3), GE (open squares, n = 3), and SCAGE (red solid circles, n = 
6) biosensors in MEFs before and after 50 ng/mL PDGF stimulation (arrow at 0 min). 
The ECFP/FRET emission ratios are normalized against the average values before PDGF 
stimulation. The error bars represent the standard error of the mean (S.E.M.). Average 
data are presented as mean ± S.E.M. (C) The responses of different Src FRET biosensors 
in MEFs stimulated with 50 ng/mL PDGF. n = 20, 22, 24 and 29 cells for Ori, CA, GE 
and SCAGE, respectively. The red lines indicate the mean values, the error bars represent 
S.E.M. and average data are presented as mean ± S.E.M. *** (P < 0.001) is from ordinary 
one-way ANOVA followed by Bonferroni’s multiple comparison test.  
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Figure 2.9: Histogram of the sensitivities of different FRET-based Src biosensors. 

Histogram comparison between the sensitivities of Src SCAGE biosensor (black column, 
n = 52) and Src WME biosensor (red column, n = 59) in HeLa cells. P value (P < 0.05) 
represents the significant difference between two groups based on the unpaired two-tailed 
Student’s t test with Welch’s correction.  
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Figure 2.10: Characterization of FRET-based Src biosensors in vitro. 

(A-F) Emission spectra of different Src biosensors (Ori, CA, CD, GE, SCAGE and 
CD/GE biosensors) before (black line) and after (red line) phosphorylation by the Src 
kinase for 1 hour. (G) The time courses of normalized average ECFP/FRET emission 
ratios of different Src biosensors (n=3 for Ori, CD, CA, GE, CD/GE, SCAGE, 
CA/GE/RV and CA/GE/YF biosensors, 1 PM) before and after phosphorylation by the 
Src kinase in vitro (arrow at 0 min with ATP addition). ECFP/FRET emission ratios are  
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Figure 2.10: Characterization of FRET-based Src biosensors in vitro, Continued 

normalized against the average values before the Src kinase was added. (H). The 
ECFP/FRET emission ratio changes of different Src biosensors in response to the Src 
kinase in vitro. The red lines indicate the mean values, the error bars represent S.E.M. and 
average data are presented as mean ± S.E.M. (n = 3 for all groups).  
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Figure 2.11: Characterization of the inactive FRET-based Src biosensors in vitro 
and confirmation of purified Src biosensors. 

(A-B) Emission spectra of the inactive Src biosensors (CA/GE/RV and CA/GE/YF 
biosensors, 1 PM) before (black line) and after (red line) the phosphorylation by the Src 
kinase for 1 hr. (C) Confirmation of purified Src biosensors by Coomassie blue staining 
of polyacrylamide gel. The expected size of Src biosensors is approximately 75 kD (black 
arrow). M: the protein molecular-weight marker, Ori: the Ori Src biosensor, CA: the CA 
Src biosensor, GE: the GE Src biosensor, CD: the CD Src biosensor, CDGE: the CD/GE 
Src biosensor, SCAGE: the SCAGE Src biosensor, CAGEYF: the CA/GE/YF Src 
biosensor, CAGERV: the CA/GE/RV Src biosensor. 
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Chapter 3: Visualizing Spatiotemporal Dynamics of 

Intercellular Signaling Transmission by An Integrated 

Photonic Approach 

3.1. Abstract 

Cell-to-cell communications of physical and mechanical cues are essential for 

information exchange and functional coordination between cells, especially in 

multicellular organisms. However, it remains challenging to visualize intercellular 

signaling dynamics in single live cells. Here, I report a photonic approach, based on 

robotic laser micro-scissors and fluorescence/Förster resonance energy transfer (FRET) 

microscopy, to study signaling transmission between adjacent cells. A highly sensitive 

FRET-based biosensor (SCAGE) for Src kinase, a key regulator of intercellular 

interactions and signaling cascades, was developed by the high-throughput screening 

platform described in chapter 2. SCAGE enables the visualization of a transient Src 

activation across neighboring cells upon local physical perturbations by femtosecond 

laser pulses, which depends on passive cytoskeletal structure but not active actomyosin 

contractility. The integrated approach could be broadly applied to introduce local physical 

perturbations and directly visualize the spatiotemporal dynamics and transmission of 

ensuing signaling events. This integrated approach will advance our in-depth 

understanding of the molecular mechanisms underlying the physical-biochemical basis of 

cellular coupling. 
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3.2. Introduction 

 Cell-to-cell communications in multicellular organisms are fundamentally pivotal 

to their differentiation and development [74-76]. Accurate control of a sophisticated 

repertoire of signals enables properly exchanging information and coordinating functions 

and behaviors between cells [74, 77]. Cadherin-mediated cell-cell adhesions are 

commonly believed to be involved into these well-orchestrated processes. For example, 

expression of cadherins is tightly regulated during embryonic development and adult 

tissue homeostasis and remodeling, and correlates with a variety of morphogenetic 

processes, such as cell sorting, cell rearrangements and cell movements [20, 78]. 

Cadherins form physical and functional linkages with different cytoplasmic filaments and 

serve as a scaffold to mediate mechanical and biochemical signaling transductions [21, 

79-82]. The perturbation of cadherin expression or function was also found to be 

associated with cancer progression, such as tumor invasion and metastasis [81, 83]. 

Moreover, decades of research have revealed multiple mechanisms that underlie the 

regulation of cadherin-mediated cell-cell contacts [20, 84, 85]. In particular, a wide 

variety of tyrosine kinases contributes in mediating cadherin-based adhesions, including 

both receptor and non-receptor protein kinases [84-86]. Among those, Src family kinases 

(SFKs) are critical regulators of adhesion-associated signals [29, 87]. SFKs have been 

shown to be concentrated at adherens junctions and correlate with elevated 

phosphorylation levels of adhesion complex proteins [88]. In addition, some 

discrepancies on how SFKs positively or negatively affect cadherin adhesions exist 

among some early studies and remain to be addressed. For instance, during keratinocyte 

differentiation inhibition of SFKs suppresses adhesion formation and strength [89]. On 
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the contrary, expression of v-Src oncogene perturbs cadherin adhesions and contributes to 

invasive and metastatic potential of cells [90, 91]. More recently, multiple studies on the 

interplay between Src signaling and E-cadherin (epithelial cadherin) signaling have 

suggested that Src kinase, as the principal member of SFKs, is important to modulate the 

interaction of E-cadherin with the cytoskeleton and maintain the integrity of E-cadherin 

adhesion, as well as support apical junctional tension [30-33]. Despite these well-

established mechanisms, what the molecular signaling dynamics are and how they are 

regulated across cells remain poorly understood, partially because of technical limitations 

by conventional biochemical and imaging methods. Therefore, of significant interest are 

novel approaches that can directly enable local physical perturbations and visualize the 

dynamics and transmission of subsequent signaling events across cells, so as to better 

understand crosstalk and integration of different signaling cascades at cell-cell contacts. 

Robotic laser micro-scissors allows us to ablate subcellular targets of single live cells 

with a high spatial precision [13-15]. This approach has been used in a wide variety of 

studies to introduce local physical perturbations on various cellular structures, such as 

mitochondria and cytoskeletons, and investigate how cell structures and functions are 

correlated [16-19]. In this study, I integrated photonics tools with molecular engineering 

and imaging, at a high spatiotemporal precision, to investigate intercellular signaling 

processes.  

3.3. Materials and Methods 

Laser scissors microscopy, image acquisition, and analysis. The robotic laser 

microscope system employed a Mai Tai laser (a mode-locked Ti:sapphire laser, 76 MHz 

200 fs-pulsed, tunable between 710 nm and 990 nm, Spectra-Physics). The beam was 
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coupled to Zeiss inverted microscope (Axiovert 200M) via a series of highly reflective 

coated mirrors. A galvo scanner in the beam path enabled the precise scanning of the 

beam in the microscope optical field. The beam was focused via a 100x phase Zeiss 

microscope objective (NA = 1.4, transmission factor =0.72) to a diffraction-limited spot 

(0.618 Pm at 740 nm). The pulse energy at the focused spot of 0.332 nJ at the average 

power of 25.2 mW before the objective was optimized for the desired disruption of cell-

cell junctions. An EMCCD camera (QuantEM:512SC, Photometrics) was used to capture 

the fluorescent images. ECFP and FRET images were collected by the same Zeiss 

inverted microscope equipped with the X-Cite 120 LED (Excelitas Technologies Inc.) 

and an EMCCD camera (QuantEM:512SC, Photometrics) using MetaMorph 7.8.8.0 

software (Molecular Devices LLC) with a 436DF20 excitation filter, a 455DCXRU 

dichroic mirror, and two emission filters (480DF30 for ECFP and 535DF30 YPet). The 

red fluorescent images (mCherry and TagRFP) were obtained with a 575DF50 excitation 

filter, a 610DCXRU dichroic mirror, and a 630DF50 emission filter. An emission filter 

wheel housed all the emission filters. All filters and dichroic mirrors were purchased from 

Carl Zeiss Inc. Cells were cultured for 36 hours in 0% FBS Advanced medium, and 

plated on glass-bottom dishes coated with FN (10 Pg·ml-1) for one hour or overnight 

prior to laser ablation experiment. During laser ablation experiment, cells were 

maintained in 0% FBS Advanced medium at 37°C in a 5% CO2 and 95% air-humidified 

stage top incubator (heating and gas incubation system, ibidi Inc.). After seeding cells on 

glass-bottom dishes, I first found adjacent cells with obvious cell-cell junctions formed, 

and then used laser scissors system to do multiple cuts around certain junction areas 

without any direct laser damage on the cell of interest. Thus, images were captured 
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during the laser-induced disruption of cell-cell junctions between neighboring cells. The 

image analysis was performed using our customized software fluocell [92, 93] written in 

MATLAB (The MathWorks Inc.). All the images were background-subtracted and 

smoothed using a median-filter with a window size of 3x3 pixels. 

Statistical analysis. D’Agostino-Pearson omnibus normality test was used for the 

normality test. Data following Gaussian distribution were analyzed by using unpaired 

two-tailed Student's t test with Welch’s correction or ordinary one-way ANOVA followed 

by Bonferroni’s multiple comparisons test (Graphpad Prism 6, GraphPad Software) to 

evaluate the statistical difference between groups. Data not following Gaussian 

distribution were analyzed by using unpaired two-tailed Mann-Whitney test or Kruskal-

Wallis test followed by Dunn's multiple comparison test (Graphpad Prism 6, GraphPad 

Software).  A significant difference was determined by P value (P < 0.05). Statistical 

results are presented as mean ± S.E.M. Asterisks indicate critical values (*P < 0.05, **P < 

0.01 and ***P < 0.001), and “n.s.” indicates no significant difference (P > 0.05). All the 

experiments were replicated at least 3 times and represented biological replicates. 

For “Constructions of DNA plasmids” and “Cell culture, reagents and transient 

transfection”, please refer to “2.2. Materials and Methods” section. 

3.4. Results and Discussion 

3.4.1. Observation of Src signaling transmission following the laser-induced 

disruption of cell-cell contacts 

In order to study the dynamics of Src kinase activity during the signal 

transmission between neighboring cells, I applied the SCAGE biosensor for FRET 

imaging in adult male Potorous tridactylus kidney (PtK2) epithelial cells. Employing 
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femtosecond robotic laser scissors microscopy, I selectively ablated cytoskeletal stress 

fibers along cell-cell junctions and visualized the signal transmission and propagation 

across neighboring cells using our SCAGE Src biosensor (Fig. 3.1.A). Indeed, as shown 

in Fig. 3.1.B (red lines), I can precisely irradiate single actin filaments, highlighted by 

LifeAct-RFP [94]. Consequently, the neighboring cells quickly retracted and 

disassociated from the cell of interest (Fig. 3.1.B), likely due to the loss of mechanical 

tension upon the stress fiber ablation [17]. In response to the loss of cell-cell contacts, the 

cell of interest underwent retraction and transient Src activation (Fig. 3.1.C-E). Such 

FRET responses were absent with the inactive CA/GE/RV/YF biosensor (Fig. 3.1.F). The 

absence of Src activation in cells residing next to others but not forming stable and 

physical cell-cell contacts (Fig. 3.1.F, Cutting Control) suggests that the observed Src 

activation requires physical cell-cell contacts, but not the release and diffusion of 

chemical constituents between neighboring cells. The response from the Ori biosensor 

was very minor and almost undetectable, clearly highlighting the power of the new 

SCAGE Src biosensor (Fig. 3.2).  

3.4.2. Regulation of Src signaling activation following the disruption of cell-cell 

contacts through the passive cytoskeletal structure but not through the active 

actomyosin contractility 

Cytoskeletal support and contractile forces are of vital importance in regulating 

cell-cell adhesions [26, 29-31, 95]. To understand the regulation of the observed Src 

transmission upon the laser-induced physical disruption of cell-cell contacts, I 

investigated the roles of cytoskeleton and its related cellular contractility. I pretreated 

PtK2 cells with cytochalasin D (CytoD, an inhibitor of actin polymerization) to disrupt 
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the cytoskeletal structures, or ML-7 (a myosin light chain kinase inhibitor) to suppress 

the active actomyosin contractility. The transient Src activation was completely 

eliminated with pretreatment by CytoD but not ML-7 (Fig. 3.1.F), although ML-7 clearly 

suppressed the activity of focal adhesion kinase in PtK2 cells (Fig. 3.3). These results 

illustrate that the observed Src signaling transmission depends on the structural support of 

actin filaments but not the actomyosin contractility. Therefore, integrating the high-

sensitivity Src FRET biosensor with laser scissors technology, I have concluded that the 

Src signaling transmission across neighboring cells requires the passive cytoskeletal 

structure but not the active actomyosin contractility system. 

3.5. Conclusion 

Employing FRET microscopy and robotic laser scissors (Fig. 3.1.A), I 

demonstrated a rapid Src signaling occurring as a signal transmission between 

neighboring cells upon the femtosecond laser-induced physical disruption of cell-cell 

contacts (Fig. 3.1.C, D). This rapid activation can be associated with actin reorganization 

and mechanical adaption during the period when the cell loses its adhesive contacts with 

its neighbors. Interestingly, the inhibition assay reveals that this fast and transient Src 

signaling event depends on the passive cytoskeletal structure but not the active 

actomyosin contractility system. These results suggest that the physical perturbations on 

cells introduced by laser pulses may deliver a profound physical impact which can be 

transmitted afar and across to neighboring cells via the passive structural support without 

the aid of actomyosin contractility. As such, the integrated photonic approach together 

with highly sensitive FRET biosensors can lead to the revelation of how cells perceive 

physical perturbations from neighboring cells and trigger biochemical responses.   



 43 

3.6. Figures 

 

 
 

Figure 3.1: Regulation of the transient Src activation following the laser-induced 
disruption of cell-cell contacts. 

 (A) The system setup diagram of the robotic laser scissors integrated with an inverted 
fluorescence microscope for FRET imaging. “Fs laser” represents femtosecond-pulsed  
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Figure 3.1: Regulation of the transient Src activation following the laser-induced 
disruption of cell-cell contacts, Continued 

laser. (B) Time-lapse imaging in adult male Potorous tridactylus kidney (PtK2) epithelial 
cells expressing a filamentous actin (F-actin) marker (LifeAct-TagRFP) upon the laser-
induced disruption of cell-cell contacts. RFP-channel F-actin images (upper panel) and 
phase-contrast images (lower panel) of PtK2 cells at the indicated time points before and 
after laser laser-induced disruption of cell-cell contacts are shown. The red lines indicate 
the positions of laser ablation. Scale bars, 5 Pm. (C) Time-lapse FRET imaging in PtK2 
cell expressing SCAGE Src biosensor before and after the laser-induced disruption of 
cell-cell contacts. ECFP/FRET ratio images at the indicated time points are shown in 
intensity-modulated display mode. The color scale bar at the left shows the range of 
ECFP/FRET emission ratio, with cool and warm colors representing low and high ratios, 
respectively. Scale bars, 5 Pm. (D) The time course of the normalized ECFP/FRET 
emission ratios of the SCAGE biosensor in PtK2 cell before and after laser-induced 
disruption of cell-cell contacts (arrow at 0 min). The ECFP/FRET emission ratios are 
normalized against the average value before laser ablation. (E) The ECFP/FRET 
emission ratios of the SCAGE biosensor in PtK2 cells (n = 28) before and after laser-
induced disruption of cell-cell contacts. *** (P < 0.001) is from unpaired two-tailed 
Mann-Whitney test. (F) The ECFP/FRET emission ratio changes of SCAGE Src 
biosensors as indicated in PtK2 cells in response to laser-induced disruption of cell-cell 
contacts. CA/GE/RV/YF group is the inactive control group, Cutting Control is SCAGE 
biosensor group in which cells are next to each other without forming direct physical cell-
cell contacts, CytoD Pretreat group is SCAGE biosensor group pretreated with 
cytochalasin D (CytoD), and ML-7 Pretreat group is SCAGE biosensor group pretreated 
with ML-7 (n = 28, 6, 11, 14, and 14 cells for SCAGE, CA/GE/RV/YF, Cutting Control, 
SCAGE with CytoD Pretreat and SCAGE with ML-7 Pretreat groups, respectively). 1 
PM CytoD and 10 PM ML-7 are applied to inhibit actin polymerization and actomyosin 
contractility, respectively. *** (P < 0.001), ** (P < 0.01), n.s. (P > 0.05) are from 
Kruskal-Wallis test followed by Dunn's multiple comparison test. (E-F) In scatter plots, 
the red lines indicate the mean values, the error bars represent S.E.M. and average data 
are presented as mean ± S.E.M.   
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Figure 3.2: The responses of different FRET-based Src biosensors in PtK2 cells 
subjected to the laser-induced disruption of cell-cell contacts. 

Bar graphs represent the average ECFP/FRET emission ratio changes (mean ± S.E.M.) of 
different Src biosensors in response to the laser-induced disruption of cell-cell contacts in 
PtK2 cells (n = 28 for the SCAGE group and n = 14 for the Ori group). *** (P < 0.001) is 
from unpaired two-tailed Mann-Whitney test.  
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Figure 3.3: Effects of Myosin light chain kinase inhibitor on FAK activity in PtK2 
cells. 

(A) Time-lapse FRET imaging of PtK2 cells expressing Lyn-FAK (focal adhesion kinase) 
biosensor treated with 10 PM ML-7. ECFP/FRET ratio images of PtK2 cells expressing 
Lyn-FAK biosensor at the indicated time points before and after ML-7 treatment are 
shown in intensity-modulated display mode. The color scale bar at the left shows the 
range of ECFP/FRET emission ratio, with cool and warm colors representing low and 
high ratios, respectively. Scale bars, 5 Pm. (B) The time course of the normalized 
ECFP/FRET emission ratios of Lyn-FAK biosensor in PtK2 cell before and after 10 PM 
ML-7 treatment (arrow at 0 min). ECFP/FRET emission ratios are normalized against the 
average value before 10 PM ML-7 treatment. 
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Chapter 4: Engineering Immune Cells for Cancer Therapy 

Through Synthetic Molecular Machinery 

4.1. Abstract 

Immunotherapy, especially T-cell therapy, presents promising potential by 

stimulating immune system to regain its ability to recognize and attack tumor cells. 

However, PD-1/PD-L1 (programmed death receptor 1 and its ligand 1) signaling-

mediated inhibition of T cells dampens the efficacy of T-cell therapy and makes certain 

tumors very difficult to treat. Therefore, in this study I employed synthetic biology 

approaches to rewire co-inhibitory PD-1 signaling with T cell activation signaling via 

synthetic molecular machineries. Specifically, upon the ligation between PD-1 and PD-

L1, the synthetic molecular machineries converted the negative input signal via PD-1/PD-

L1 into the positive output signals via ZAP70 kinase (zeta-chain-associated protein 

kinase 70), which helps to overcome PD-1/PD-L1 signaling-mediated T cell inhibition 

and thus enhance T cell functions and responses against tumor cells. Together, I 

demonstrated the potential significance of the synthetic molecular machineries for 

immunotherapy purposes. These tools may open a new avenue towards cancer therapy 

and provide innovative and precise therapeutic approaches for better cancer treatment. 

4.2. Introduction 

Nowadays, cancer diseases with poor survival rates become one of the primary 

challenging diseases to the global human society [96]. In the US, cancer is the second 

leading cause of death in 2016, which is only exceeded by heart disease. There are more 

than one hundred types of cancer caused by many different reasons and they together 
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account for about one of every four deaths in the US [97, 98]. One of the reasons why 

cancer could be very lethal is because that cancerous cells grow and divide very rapidly 

and may become malignant in the late stage of cancer by breaking through the boundary 

of normal tissues and invading neighboring tissues and even spreading to other parts of 

the body through the bloodstream or lymphatic system, which is called metastasis and 

further reduces the chance to treat and eradicate tumor cells [99, 100]. Although the 

immune system constantly defends and protects people against various diseases, 

sometimes it fails to provide the protection our body needs, for instance, when it battles 

against cancer. One of the major causes is that tumor can escape the immune surveillance 

to enhance their survival, i.e. causing cancer immune evasion [34], and suppress immune 

system by interfering with the anti-cancer immune responses, such as utilizing certain 

immune checkpoint signaling pathways to inhibit and turn off T cell functions against 

tumor cells [35]. As a result, T cells can no longer function normally under the 

circumstance that cancer cells develop the resistance to immune recognition and killing.  

From the laboratory-bench perspective, it is fairly well understood that T 

lymphocytes, as one of the major components of the adaptive immune system, play the 

central role in adaptive immune responses and how their functions and behaviors are 

regulated [36-39]. T cell receptor (TCR) signaling with modulations by co-stimulatory 

and co-inhibitory receptors controls T cell fate decisions, such as activation, proliferation, 

differentiation, function and survival [36, 40-42, 101-105].  

Antigen-presenting cells (APCs) are also of vital importance to adaptive immune 

responses. They display antigenic peptides on their surfaces complexed with major 

histocompatibility complexes (MHCs), i.e. antigen presentation. The interactions between 
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peptide-MHC molecules on the surfaces of APCs and antigen-specific TCR complexes 

on the surfaces of T cells initiate the subsequent membrane-proximal TCR signaling 

cascades by means that multi-subunit TCR complexes transduce the signals across T cell 

membranes upon binding to the peptide-MHC complexes at immunological synapses 

[106-108]. This process, known as TCR triggering, results in the activation of T cells in 

an antigen-specific mode. Other than TCR, there are other crucial molecules involved in 

the TCR triggering. T cells express co-receptor molecules (cluster of differentiation 4 or 

8, i.e. CD4 or CD8) on the surfaces, which can bind to peptide-MHC complexes as well 

as recruit Src family kinase member Lck [40, 109, 110]. During T cell signaling 

transduction, the CD4/CD8-associated tyrosine kinase Lck or lipid-raft-localized Fyn 

serves as a priming module, which phosphorylates the motifs on the cytoplasmic domains 

of CD3 subunits of TCR/CD3 complexes [111]. The phosphorylated motifs as docking 

sites recruit one essential kinase called TCR-zeta-chain-associated protein kinase 70 

(ZAP70) by binding to its tandem SH2 domains and this binding event results in the 

phosphorylation by Lck kinase and its trans-autophosphorylation, which leads to the 

activation of ZAP70 from its autoinhibition [40, 112-114].  

ZAP70, as a cytoplasmic tyrosine kinase of spleen tyrosine kinase (SYK) family 

[115], mainly expresses in T cells and is known to be critical to T cell development and 

function. After ZAP70 becomes active, it in turn amplifies and disperses the activation 

signals by phosphorylating numerous signaling proteins, such as the linker for the 

activation of T cells (LAT) and the SH2-domain-containing leukocyte protein of 76 kDa 

(SLP76) [40, 112, 114]. The phosphorylated LAT next serves as a scaffold protein to 

recruit many other signaling molecules, to form a large multimolecular complex, named 
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“LAT signalosome”, which comprises a number of important proteins, such as SLP76, 

growth factor receptor-bound protein 2 (GRB2), interleukin-2-inducible T cell kinase 

(ITK) and phospholipase Cγ1 (PLCγ1). The signals received at the LAT signalosome are 

then transmitted downstream through different signaling branches, which mainly include 

the calcium signaling, the nuclear factor-κB (NF-κB) signaling and the mitogen-activated 

protein kinase (MAPK) kinase signaling. These signaling events regulate transcription 

process for gene expression, actin reorganization and integrin activation. As a 

consequence, these events together allow T cells to activate, proliferate, and differentiate.  

In fact, T cells are like conductors of the immune orchestra. Appropriate T cell 

behaviors and functions do require accurate control of a sophisticated repertoire of 

signals to properly coordinate. Otherwise, relevant defects would lead to 

immunopathology and cause disease or disorder, such as autoimmune diseases, allergic 

diseases, immunodeficiency disorders and so on [116]. To accomplish the precise 

coordinated regulation, T cells employ other pivotal mechanisms to determine TCR 

signaling outcome and modulate their activation, differentiation and function, specifically 

co-regulatory signals including co-stimulatory signals and co-inhibitory signals [42, 104, 

105]. 

Co-stimulatory signals, as accelerators of immune system, positively modulate 

TCR signaling and they are required for effective T cell activation to occur, for instance, 

CD28 bound by its ligand B7-1, i.e. CD80 [104, 105]. Other than T cell activation, co-

stimulatory signaling is also crucial to other multiple aspects, such as T cell proliferation, 

differentiation, cytokine production, effector/cytotoxic function, memory formation, and 

survival. 
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As opposed to co-stimulatory signals, co-inhibitory signals like brakes of immune 

reaction negatively regulate TCR signaling through co-inhibitory receptors and their 

ligands on T cells and APCs respectively. For instance, a co-inhibitory receptor, 

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4 or CD152, a member of CD28 

family), can bind to B7-1 (CD80), downregulate CD28 expression and inhibit T cell 

responses [104, 117-124]. B7-2 (CD86) is discovered to be the second ligand for CTLA-

4 and CD28. Besides CTLA-4, program death-1 (PD-1 or CD279) from the CD28 family 

of receptors is also known to suppress T cell activation and functions [104, 123-129]. 

There are two ligands from B7 family discovered in PD-1 signaling, i.e. PD-1 ligand 1 

(PD-L1 or B7-H1) and PD-1 ligand 2 (PD-L2 or B7-DC) [130-132]. These two PD-1 

ligands show distinct expression patterns. PD-L1 expression is much more diverse while 

PD-L2 has more restricted expression pattern. As for the immune system, it is essential 

for T cells to distinguish self from nonself so that T cells can properly become activated 

or anergic under different circumstances. Suitable and precise regulations of central and 

peripheral T cell tolerance are critical to this process [133, 134].  

CTLA-4 and PD-1 are two central immune checkpoint receptor proteins, which 

involve in maintaining T cell tolerance and homeostasis and preventing T cells from 

being self-reactive and abnormal autoimmune reactions [123, 124]. CTLA-4 signaling 

plays a pivotal role in central T cell tolerance by acting early to remove autoreactive T 

cells during the initial activation of naïve T cells typically in thymus and lymph nodes, 

possibly spleen. Loss of CTLA-4 can provoke lymphoproliferative disorders and 

autoimmune diseases [135, 136]. Differently, PD-1 signaling acts late to maintain long-

term T cell tolerance by regulating previously activated T cells, principally in peripheral 
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tissues [137-139]. PD-1 deficiency can cause autoimmune diseases via failure of 

peripheral self-tolerance [140-144]. The PD-1 downstream signals can also affect 

numbers of other T cell functions, such as inhibiting T cell proliferation, metabolism, 

survival, effector function and production of inflammatory cytokines [35, 126, 145, 146].  

Furthermore, failure of appropriate T cell tolerance may be responsible to other 

severe pathological problems like infectious diseases and tumors. Especially by seizing 

control of T cell tolerance, cancer cells have found smart ways to co-opt immune system 

and avoid immune surveillance, also called tumor escape. For example, cancerous cells 

overexpress PD-L1 to evade the host immune system, particularly in solid tumors [147].  

In the past, typical ways used to treat tumors include surgery, hormonal therapy, 

radiation therapy, chemotherapy, and appropriate combination therapy [148, 149]. These 

traditional therapies indeed can slow down the spread of tumors and lessen the symptoms. 

However, compared to these conventional treatment approaches, immunotherapy as the 

next generation cancer therapeutic strategy starts showing improvements on efficacy and 

safety with durable responses, better tolerability, milder side effects and longer survival 

[43, 150]. As knowledge and understanding of immune system grows, people are 

beginning to realize the power and immensity of their immune system and to harness 

immune system function to treat cancer. In the meantime, recent advances in synthetic 

biology for genetically engineering immune cells have opened a new avenue towards 

next-generation cancer immunotherapy by unleashing the potential of our immune system, 

especially acquired immune system [151]. Based on that, researchers and engineers have 

made a lot of effort to develop and deploy reliable and effective therapeutic platforms and 

systems against a variety of tumors. Remarkable milestones in immunotherapy have 
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already been achieved, especially that chimeric antigen receptor (CAR) T-cell therapy 

inspired endogenous TCR signaling for blood tumors, including lymphoma and 

lymphocytic leukemia, and blockade of immune checkpoints (CTLA-4 and PD-1) 

inspired by endogenous co-regulatory signaling for a wide range of human tumors have 

already led to enormous success against cancer in compelling clinical trials [152-156]. 

These together are initiating a new era of medicine and provide transformative ways in 

the battle against diseases, especially cancer. 

In essence, CAR is a recombinant receptor protein with both antigen recognition 

and T cell activation functions. It has four major components: an antigen-binding domain, 

a hinge domain, a transmembrane domain and an intracellular domain carrying single or 

multiple signaling segments [44, 156-158]. The antigen-binding domain is typically a 

single-chain variable fragment (scFv) derived from a monoclonal antibody and is able to 

target specific surface antigen expressed on cancer cells. The hinge domain is a flexible 

region connecting the ectodomain to the transmembrane domain that locates the CAR to 

plasma membrane. Both hinge and transmembrane domains profoundly affect the 

functions of CAR T-cell functions [159]. The endodomain is responsible to T cell 

activation upon CAR engagement, which has different design strategies among different 

generations of CARs: first-generation CARs have only one activation module derived 

from CD3ζ, second-generation CARs contain one extra co-stimulatory domain from 

CD28 or CD137 (4-1BB), and third-generation CARs carry two extra co-stimulatory 

domains, such as CD27, CD28, CD278 (ICOS), 4-1BB, or/and CD134 (OX40) [44, 155, 

156].  
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Although CAR T-cell therapy presents promising potential by stimulating 

immune system to regain its ability to recognize and attack certain cancer cells, it is still 

questionable whether such successful therapies could effectively expand beyond blood 

cancers. For example, it would require eliminating multiple hurdles to treat malignant 

solid tumors. CAR T cells need to infiltrate into unique solid tumor microenvironments 

and sustain proliferative and cytotoxic functions. One of major challenges is PD-1/PD-L1 

signaling-mediated inhibition of T cells, which dampens CAR T-cell therapy and makes 

solid tumors very difficult to treat [123, 160]. One way to tackle that now is through 

blockade of PD-1, such as genetic disruption and inhibitor treatment. Multiple studies 

demonstrate that PD-1 blockade can boost T cell potency and enhance CAR T-cell 

therapy without noticeable negative effects [45, 161-164].  

Inspired by the aforementioned work on TCR activation signaling and co-

inhibitory signaling, in this study I employ synthetic biology approaches to rewire co-

inhibitory signaling with TCR activation signaling via synthetic molecular machineries. 

Specifically, upon the ligation between PD-1 and PD-L1, the synthetic molecular 

machineries convert the negative input signal via PD-1/PD-L1 into the positive output 

signals via ZAP70 kinase, which helps to overcome PD-1/PD-L1 signaling-mediated T 

cell inhibition and tackles cancer more effectively.  
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4.3. Materials and Methods 

Constructions of DNA plasmids. LacZ-ECFP-linker-YPet-SYK or ZAP70 construct 

was assembled into customized pCAGGS vector (I named it by pCBI) by 6-piece ligation 

using T4 DNA ligase (New England Biolabs Inc.) [55, 56]. The pieces include linear 

customized pCAGGS vector, LacZ, ECFP (enhanced CFP, truncated at the C terminus), a 

116 aa linker, YPet and the full-length human SYK or ZAP70 kinase [54, 56]. LacZ part 

as a screening module used in all my experiments is a portion of LacZ gene instead of 

full-length LacZ operon, sometimes called LacZ-alpha. iSNAP-SYK or iSNAP-ZAP70s 

were then constructed based on LacZ-ECFP-linker-YPet-SYK or ZAP70 construct by 

replacing LacZ part in customized pCAGGS vector with different DNA sequences 

encoding different substrates derived from CD3 chains using Golden Gate assembly. For 

full-length human PD-1 or truncated human PD-1 fused iSNAPs, using Golden Gate 

assembly, DNA sequence encoding full-length human PD-1 (FL-PD-1) or truncated 

human PD-1 (T-PD-1) was assembled into LacZ-ECFP-linker-YPet-SYK or ZAP70 

together with different substrates by replacing the LacZ part in customized pCAGGS 

vector. Different substrate negative mutants of T-iSNAP-SYK and ZAP70s were made 

into customized pCAGGS vector by Golden Gate assembly, including S1FF, Z1FF, Z2FF 

and Z3FF. T-PD-1-iSNAP-ZAP70s with extra internal linkers (34 aa linker or 116 aa 

linker) were assembled into customized pCAGGS vector by multiple piece ligation. 

Kinase dead versions of both kinases (SYK K402A and ZAP70 K369A) were first made 

by site-directed mutagenesis on the wild-type full-length human SYK and wild-type full-

length human ZAP70 in pDONR223 vector (Plasmids #23907 and #23887) purchased 

from Addgene and then assembled into customized pCAGGS vector. The 6xHis tagged 
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T-iSNAP-SYK and ZAP70s were made into customized pCAGGS vector by Golden 

Gate assembly for protein purification from human embryonic kidney (HEK) cells. The 

extracellular domain of human PD-L1 was inserted into pEF-BOS vector using XbaI/SalI 

restriction sites for protein purification from HEK cells [165, 166]. All PCR templates for 

human PD-1 and human PD-L1 were pMD-PD1 (HG10377-M) and pMD-PD-L1 

(HG10084-M) purchased from Sino Biological Inc. respectively.  

For lentivirus expression system in mammalian cells, I used secondary generation 

lentiviral system with packaging and envelope plasmids (pCMV-VSV-G, pCMV delta 

R8.2 or psPAX2, pDM2.G). The transfer plasmids include pSIN-EF1a (EF1 alpha 

constitutive promoter) with Puromycin resistance gene (PuroR) and pSIN-hPGK (human 

phosphoglycerate kinase constitutive promoter) with cPPT/CTS element and the 

woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) to increase 

transgene expression [167]. Full-length human PD-1-GGSGGT-EGFP/YPet/mCherry 

were first assembled into customized pCAGGS vector by multiple piece ligation and 

further constructed into pSIN-EF1a-PuroR by SpeI/EcoRI. Full-length human PD-L1 was 

inserted into pSIN-EF1a-PuroR by same SpeI/EcoRI sites. Linear pSIN-hPGK-WPRE 

vector as one DNA fragment for ligation was made from PGK-H2BmCherry (Addgene, 

Plasmid #21217) as the PCR template. LacZ part and linear pSIN-hPGK-WPRE vector 

were then assembled by Gibson Assembly (New England Biolabs Inc.) to construct 

pSIN-hPGK-LacZ-WPRE plasmid. iSNAP Constructs, T-PD-1-Z1-full-length-ZAP70 (1 

to 619) and T-PD-1-Z1-ZAP70 kinase domain deletion (1 to 337), were made into 

customized pCAGGS vector by Golden Gate assembly, and further subcloned into pSIN-

hPGK-WPRE plasmid by replacing the LacZ part via NheI/XbaI sites. T-PD-1-iSNAP-
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ZAP70-Z1 was also transferred into pSIN-hPGK-WPRE plasmid via same NheI/XbaI 

sites. c-Myc tag (EQKLISEEDL) was inserted right after PD-1 signal peptide (1 to 20) of 

different iSNAPs using QuikChang kit (Agilent Technologies Inc.) to make different c-

Myc tagged T-PD-1-iSNAPs.  

All the site-directed mutagenesis experiments were also conducted using the same 

QuikChange kit. All the constructed DNA plasmids were analyzed and confirmed by 

restriction enzyme digestion and Sanger DNA sequencing (GENEWIZ Inc.). 

Cell culture, reagents and transient transfection. Mouse embryonic fibroblas (MEF), 

HeLa, and HEK cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 unit·ml−1 

penicillin, 100 Pg·ml−1 streptomycin, and 1 mM sodium pyruvate, except when indicated 

otherwise. ASPC-1, MDA-MB-231, PC-3, Jurkat E6.1 cells and peripheral blood 

mononuclear cells (PBMCs) were maintained in Roswell Park Memorial Institute (RPMI) 

1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 25 

mM HEPES, 1 unit·ml−1 penicillin, and 100 Pg·ml−1 streptomycin, except when indicated 

otherwise. NALM-6 cells were maintained in RPMI 1640 medium supplemented with 

10% FBS, 1x MEM non-essential amino acids solution, 2 mM L-glutamine, 10 mM 

HEPES, 1 mM sodium pyruvate and 50 µM 2-mercaptoethanol, except when indicated 

otherwise. Cell culture reagents were purchased from Thermo Fisher Scientific Inc. 

NALM-6 cell line expressing firefly luciferase-GFP was a generous gift from Dr. 

Sadelain at Memorial Sloan Kettering Cancer Center, New York. ASPC-1, MDA-MB-

231, and PC-3 cell lines were generous gifts from Dr. Strongin at Sanford Burnham 

Prebys Medical Discovery Institute, La Jolla. PBMCs were purified using lymphocyte 
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separation medium (Corning Inc.) from whole blood obtained from San Diego Blood 

Bank. Other cell lines were purchased from American Tissue Culture Collection (ATCC, 

Manassas, VA). The different kinds of cells were cultured in ATCC recommended 

conditions at 37°C in a 5% CO2 and 95% air-humidified incubator. The DNA plasmids 

were transfected into the cells by using Lipofectamine 2000 or 3000 reagent (Thermo 

Fisher Scientific Inc.), according to the manufacturer’s instructions, or by using my 

optimal electroporation protocol: 40 µg DNA for 10 million live cells in 4 mm cuvette 

(Genesee Scientific Inc.) with 500 µL Opti-MUM (Thermo Fisher Scientific Inc.) by Bio-

Rad Gene Pulser Xcell Electroporation System at 270 V, 950 µF (exponential wave, 

infinite resistance) [168]. 

Pervanadate was prepared following the protocol described before [169]. 

Fibronectin from bovine plasma (FN), poly-L-lysine (PLL), human epidermal growth 

factor (EGF) and rat recombinant platelet-derived growth factor BB (PDGF) were 

obtained from Sigma Aldrich Inc. Collagen type-I from rat tail (Col I) was purchased 

from BD Biosciences, BD. Recombinant human interferon-gamma was purchased from 

R&D Systems Inc. Puromycin was purchased from Thermo Fisher Scientific Inc. 

Protein expression and purification, in vitro spectroscopy and kinase assays. HEK 

cells transfected with different iSNAPs were washed with cold PBS and then lysed in 1x 

cell lysis buffer (Cell Signaling Technology Inc.) containing 0.2 mM PMSF and one 

tablet of cOmplete™ Mini EDTA-free protease inhibitor cocktail (Roche Molecular 

Systems Inc.). Lysates were sonicated at 4 °C for 5 min and centrifuged at 7,200 x g at 

4°C for 20 min. Supernatants were incubated with Ni-NTA agarose beads (QIAGEN Inc.) 

to capture the desired proteins via their N-terminal 6x His tag and purify by nickel 
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chelation chromatography [24]. Bead-bound iSNAPs were then washed with 50 mM Tris-

HCl pH 7.5, 100 mM NaCl, 10 mM imidazole. iSNAPs were eluted in a buffer 

containing 50 mM Tris-HCl pH 7.5, 100 mM NaCl, and 100 mM imidazole and then 

dialysed against the kinase assay buffer (50 mM Tris-HCl, 100 mM NaCl, 10 mM 

MgCl2, 2 mM DTT, pH 8.0) at 4qC overnight. Fluorescence emission spectra of the 

purified iSNAPs were measured in a 96-well plate with an excitation wavelength of 433 

nm by a fluorescence plate reader (infinite M1000 PRO, TECAN Inc.). The emission 

ratios of ECFP/YPet (478 nm/528 nm) were measured before and after adding 1 mM ATP 

(Promega Inc.) into the kinase assay buffer (50 mM Tris-HCl, 100 mM NaCl, 10 mM 

MgCl2, 2 mM DTT, pH 8.0) at 37qC that contained a mixture of various iSNAPs (1 P0) 

and N-terminal 6xHis-tagged recombinant full-length human Src, Fyn (5 Pg·ml-1, EMD 

Millipore Inc.) or N-terminal GST tagged recombinant full-length human Lck kinase (5 

Pg·ml-1, Sigma Aldrich Inc.). Kinase activities of purified iSNAPs were measured in a 

96-well plate by Synergy HT plate reader (BioTek Instruments Inc.) using ADP-Glo™ 

kinase assay kit (Promega Inc., 560 nm luminescence). The purified iSNAPs (1 P0) were 

pulled down by Ni-NTA agarose beads (QIAGEN Inc.) after incubation at 37qC with or 

without Fyn kinase (5 Pg·ml-1, EMD Millipore Inc.) or Lck kinase (5 Pg·ml-1, Sigma 

Aldrich Inc.) in the kinase assay buffer for certain duration, and were then measured for 

kinase activities using ADP-Glo™ kinase assay kit (Promega Inc.) according to the 

manufacturer’s instruction. 

Protein expression and purification of recombinant human PD-L1 and its coating on 

polystyrene particles. Plasmid encoding the extracellular domain of human PD-L1 was 
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constructed as described in “Constructions of DNA plasmids” based on the plasmid as a 

gift from Dr. Dennis E. Discher (Molecular and Cell Biophysics Laboratory, University 

of Pennsylvania) [165, 166]. The plasmid was transfected into HEK cells using 

Lipofectamine 3000 reagent (Thermo Fisher Scientific Inc.), according to the 

manufacturer’s instruction. After two-day culture, advanced DMEM (Thermo Fisher 

Scientific Inc.) containing secreted PD-L1-CD4d3+4 with the addition of one tablet of 

cOmplete™ Mini EDTA-free protease inhibitor cocktail (Roche Molecular Systems Inc.) 

was concentrated using a 10K MWCO Amicon (EMD Millipore Inc.), and PD-L1-

CD4d3+4 was biotinylated at the C terminus using a biotin-protein ligase (Avidity LLC) 

at 30qC and dialyzed against PBS at 4qC overnight. The biotinylated PD-L1-CD4d3+4 

was purified using monomeric avidin resin (Promega Inc.) and dialyzed against PBS at 

4qC overnight. The concentration of purified protein was measured using Bradford 

protein assay. Streptavidin-coated polystyrene particles (2 Pm diameter, Spherotech Inc.) 

were washed and incubated with biotinylated PD-L1 in 0.4% BSA/PBS at 4qC overnight, 

followed by three washes and resuspension in cell culture medium. The size of PD-L1-

CD4d3+4 is about 50 kDa.  

Immunoblotting. After purification and biotinylation of human PD-L1, the proteins were 

resolved by SDS-PAGE, and then transferred onto nitrocellulose membranes and blocked 

with 5% BSA in TBST buffer (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.6) 

for 1 hour at room temperature. Membranes were further incubated with primary 

antibodies at 4oC overnight, washed and then incubated with HRP-conjugated secondary 

antibodies for 1 hour at room temperature. Protein bands were detected using 

SuperSignal Western Pico chemiluminescent substrate (Thermo Fisher Scientific Inc.). 
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Anti-human PD-1 monoclonal antibody and Alexa Fluor 488 streptavidin was purchased 

from eBiosciences, Thermo Fisher Scientific Inc. Goat anti-mouse IgG HRP-conjugated 

polyclonal antibody was purchased from Santa Cruz Biotechnology Inc.  

Flow cytometry, cell staining, co-culture and T cell activation. For the measurement of 

surface expression of PD-1, PD-L1, and c-Myc tagged proteins, HEK, ASPC-1, MDA-

MB-231, and PC-3 cells were first transfected or infected and detached by treatment of 8 

mM EDTA (pH 8.0) in PBS or Accutase (Innovative Cell Technologies Inc.), then washed 

with 0.5% BSA/PBS. For Jurkat, NALM-6 cells and PBMCs, they were transfected or 

infected and then washed with 0.5% BSA/PBS. After washing, non-specific surface 

residues of cells were blocked for 10 min by 0.5% BSA/PBS at 37qC, and incubated with 

mouse anti-human PD-1 antibody (APC conjugate, BioLegend Inc.), mouse anti-human 

PD-L1 antibody (APC conjugate, BioLegend Inc.), mouse anti-human PD-L1 isotype 

antibody (APC conjugate, BioLegend Inc.) or mouse anti-c-Myc tag antibody (Alexa 

Fluor 647 Conjugate, Cell Signaling Technology Inc.) for 30 min at 37qC.  

For the measurement of expression of fluorescent proteins, HEK, Jurkat, NALM-

6 cells, and PBMCs were transfected, collected and washed with 0.5% BSA/PBS to 

remove the cell culture medium before flow cytometry analysis. For the measurement of 

very early T cell activation marker CD69 on the cell surface, Jurkat cells were transfected 

and then co-cultured with antigen-presenting cells for 24 hours, for example MDA cells 

with human interferon-gamma (500 U/mL, i.e. 25 ng/mL) pretreatment. Then Jurkat cells 

were collected and washed with 0.5% BSA/PBS. After washing, non-specific surface 
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residues of cells were blocked for 10 min by 0.5% BSA/PBS at 37qC, and incubated with 

mouse anti-human CD69 antibody (APC conjugate, BioLegend Inc.) for 30 min at 37qC.  

All flow cytometric data were acquired using a BD Accuri C6 cytometer (BD 

Biosciences, BD) and analyzed using BD Accuri C6 1.0.264.21 software (BD 

Biosciences, BD). The acquisition configurations using a BD Accuri C6 cytometer for 

different fluorescent proteins and dyes are listed as following: EGFP, YPet (488 nm 

excitation laser and emission filter 530DF30), and APC (640 nm excitation laser and 

emission filter 675DF25).  

Stable cell line generation. To generate HEK cell line for the stable expression of full-

length human PD-L1 driven by EF1α promoter, HEK cells were first lentivirally 

transduced. Following viral infection, cells were selected using 1 μg/mL puromycin for 

three days. HEK cells were also transduced to stably express full-length PD-1-GGSGGT-

EGFP. To generate NALM-6 cell line for the stable expression of full-length PD-L1 

driven by EF1α promoter, NALM-6 cells expressing firefly luciferase-GFP were 

lentivirally transduced and sorted for stable expression of full-length PD-L1 with surface 

PD-L1 staining on BD Influx cell sorter (BD Biosciences, BD) at Sanford Consortium for 

Regenerative Medicine, La Jolla. 30% of the most strongly stained cells were sorted 

using the gate generated from non-stained infected NALM-6 cells and isotype-control 

stained infected NALM-6 cells. 

FRET Microscopy, image acquisition and analysis. After transfection, adherent cells 

were cultured for 24 hours in advanced medium (Thermo Fisher Scientific Inc.) without 

FBS, and plated on glass-bottom dishes (Cell E&G LLC) coated with FN (10 Pg·ml-1) for 
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overnight before imaging experiment. After transfection, Jurkat cells were cultured for 24 

hours in RPMI 1640 medium with 10% FBS, and transferred to glass-bottom dishes (Cell 

E&G LLC) coated with PLL (10 Pg·ml-1) for about 15 minutes before imaging 

experiment. During imaging process, cells were maintained at 37°C in a 5% CO2 and 

95% air-humidified chamber. Images were collected by a Nikon Eclipse Ti inverted 

microscope equipped with a 300 W Xenon lamp (Atlas Specialty Lighting), an electron 

multiplying (EM) CCD camera (QuantEM:512SC, Photometrics) and a x100 DIC Nikon 

microscope objective (NA = 1.4) using MetaFluor 7.8.10.0 or MetaMorph 7.8.8.0 

software (Molecular Devices, LLC) with a 420DF20 excitation filter, a 455DCXRU 

dichroic mirror, and two emission filters controlled by a filter changer (480DF40 for 

ECFP and 535DF25 YPet). All filters and dichroic mirrors were purchased from Chroma 

Technology Corp. The pixel-by-pixel ratio images of ECFP/FRET were calculated based 

on the background-subtracted fluorescence intensity images of ECFP and FRET using 

MetaFluor software. All the ratio images were displayed in the intensity modified display 

(IMD) mode [170] in which the color and brightness of each pixel is determined by the 

ECFP/FRET ratio and FRET intensity, respectively. The image analysis was performed 

using our customized software fluocell written in MATLAB (The MathWorks Inc.) [92, 

93]. All the images were background-subtracted and smoothed using a median-filter with 

a window size of 3x3 pixels. For quantifying imaging data of cells with polystyrene 

particle-bound ligand stimulation, Otsu’s method (MATLAB graythresh function) was 

used to determine threshold and generate mask to separate different regions of interest, 

including background, cell region and particle region within the cell [171]. Then the 

background was subtracted for each ECFP or FRET image. The intensity ratio of each 
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region of interest was calculated and averaged, and the difference between peak intensity 

ratio and basal intensity ratio was quantified. The percentage of particle region was 

calculated using particle region mask and cell region mask. 

Statistical analysis. D’Agostino-Pearson omnibus normality test was used for the 

normality test. Data following Gaussian distribution were analyzed by using unpaired 

two-tailed Student's t test with Welch’s correction or ordinary one-way ANOVA followed 

by Bonferroni’s multiple comparisons test (Graphpad Prism 6, GraphPad Software) to 

evaluate the statistical difference between groups. Data not following Gaussian 

distribution were analyzed by using Mann-Whitney test or Kruskal-Wallis test followed 

by Dunn's multiple comparison test (Graphpad Prism 6, GraphPad Software).  A 

significant difference was determined by P value (P < 0.05). Statistical results are 

presented as mean ± S.E.M. Asterisks indicate critical values (*P < 0.05, **P < 0.01 and 

***P < 0.001), and “n.s.” indicates no significant difference (P > 0.05).  
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4.4. Results and Discussion 

4.4.1. Development and characterization of synthetic molecular machineries  

Firstly, I rationally designed iSNAP generally composed of multiple domains as 

shown in Fig. 4.1.A, including a N-terminal substrate domain, a FRET pair (ECFP and 

YPet) flanking a flexible linker, a N-terminal SH2 domain, an interdomain A, a C-

terminal SH2 domain, an interdomain B and a kinase domain. Based on this design 

strategy, the N-terminal substrate domain and the C-terminal kinase domain serve as 

sensing component and activating component of iSNAP respectively. And Fig. 4.1.B, C 

show iSNAP-ZAP70s and iSNAP-SYK comprising different substrates as their substrate 

domains. Notably, the internal SH2 domain binds to the N-terminal phosphorylated 

tyrosine of substrates on iSNAPs as sensing components to triggers the kinase activation 

and downstream signaling pathways [172, 173], and vice versa. Fig. 4.2 illustrates the 

general working principle of iSNAPs for ZAP70 and SYK.  

Then I constructed different iSNAPs for ZAP70 and SYK as shown in Table 4.1, 

and characterized them in vivo and in vitro. Three substrates are selected for iSNAP-

ZAP70s, including iSNAP-Z1, iSNAP-Z2 and iSNAP-Z3, and one motif is selected for 

iSNAP-SYK, i.e. iSNAP-S1. All FF mutants are negative mutants of corresponding 

iSNAPs, including iSNAP-Z1FF, iSNAP-Z2FF, iSNAP-Z3FF and iSNAP-S1FF.  

I began examining iSNAPs for ZAP70 and SYK in HeLa cells and MEFs. Cells 

were transfected to express different iSNAPs, starved without serum supply and 

stimulated with different stimulants. FRET responses of iSNAP-expressing cells treated 

with pervanadate (PVD), a potent tyrosine phosphatase inhibitor [169], are summarized 

in Fig. 4.3. Among all different iSNAPs, iSNAP-Z1 and iSNAP-S1 showed the largest 
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FRET responses in HeLa cells. Consistent results for both iSNAP-Z1 and iSNAP-S1 

were observed in MEFs by same PVD stimulation. iSNAP-Z2 and iSNAP-Z3 gave 

decent FRET responses in HeLa cells, although weaker compared with iSNAP-Z1 in 

HeLa cells. iSNAP-Z1 also gave faster FRET dynamics than iSNAP-Z2 and iSNAP-Z3 

in response to PVD stimulation in HeLa cells (Fig. 4.4.A). Together, these observations 

indicate that three motifs for iSNAPs for ZAP70 and one motif for iSNAP for SYK are 

all capable to sense upstream phosphorylation signals and exhibit confirmation-

dependent FRET responses (Table 4.1). In particular, motif 1 for iSNAP for ZAP70 after 

phosphorylation may have higher binding affinity towards the tandem SH2 domains of 

ZAP70 than the other two motifs for iSNAPs for ZAP70. On the other hand, FRET 

responses were absent in HeLa cells expressing all negative mutants of iSNAPs, in which 

substrate tyrosine residues are mutated to phenylalanine, indicating FRET responses of 

iSNAPs require tyrosine phosphorylation of substrate domains as sensing components as 

designed (Fig. 4.2, Fig. 4.3 and Fig. 4.4.A, B). Moreover, Fig. 4.3 shows stimulation of 

HeLa cells with EGF or MEFs with PDGF didn’t lead to any notable FRET responses of 

iSNAP-Z1 and iSNAP-S1, which gave the largest FRET responses with PVD 

stimulation. It suggests that neither EGFR signaling pathway in HeLa cells nor PDGFR 

signaling pathway in MEFs contribute much to the phosphorylation of the substrates, 

which may be different from the signaling pathways in T cells. Overall, iSNAP-Z1 and 

iSNAP-S1 have been demonstrated to have very good sensing capabilities and 

specificities.  

To further characterize iSNAPs, especially assess the performances of activating 

components, I decided to produce and purify iSNAP-Z1 and iSNAP-Z1FF proteins from 
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mammalian cells and examine their functions in vitro. I first constructed N-terminal His-

tagged recombinant iSNAP-ZAP70s as shown in Fig. 4.5, and transfected HEK cells for 

recombinant protein expression. The desired fusion proteins were captured and purified 

using immobilized metal ion affinity chromatography by Ni-NTA agarose beads. Then I 

analyzed FRET dynamics of purified iSNAP-Z1 and iSNAP-Z1FF proteins in response to 

several different kinases in solution without interference of unpredictable co-factors in 

cellular environment, in order to verify the function of sensing components. For in vitro 

kinase assays, I chose several SFK members, such as human full-length Src, Fyn and Lck 

kinases, which are known to be crucial to various T cell signals, for instance TCR 

triggering on TCR/CD3 complexes [106, 110, 111]. After being phosphorylated by active 

Src, Fyn or Lck kinases with the addition of ATP in vitro, iSNAP-Z1 quickly responded 

with 65~100% increases of FRET/ECFP emission ratio (Fig. 4.6). On the contrary, only 

minor FRET responses with quite slow dynamics for iSNAP-Z1FF as negative control 

were observed (Fig. 4.6), suggesting that FRET responses of iSNAPs in vitro are 

governed by the intramolecular interaction between the tandem SH2 domains and the 

phosphorylated substrate domain as I designed (Fig. 4.2).  

Furthermore, in order to determine the performances of activating components of 

iSNAPs, I used kinase activity assay to directly measure their kinase activities in vitro. 

As shown in Fig. 4.6 that iSNAP-Z1 with active Fyn kinase had the strongest FRET 

response, I started doing kinase activity assay with active Fyn kinase (data not shown) 

but realized active Fyn kinase is His-tagged protein that cannot separate from His-tagged 

iSNAPs easily. Thus, I decided to use non-His-tagged active Lck kinase for iSNAP 

kinase activity measurements. Purified iSNAPs were treated with active Lck kinase at 37  
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oC for one hour and I then used Ni-NTA agarose beads to separate iSNAPs from active 

Lck kinase before assaying their kinase activities. According to the manufacturer’s 

instruction, the kinase activity assay is a luminescent kinase assay that measures ADP 

formed from a kinase reaction and the luminescent signal positively correlates with 

kinase activity. Therefore, kinase activities of iSNAPs were determined by reading 

corresponding luminescent signals. iSNAP-Z1 showed higher kinase activity (~100% 

enhancement) after being treated with active Lck kinase, compared with iSNAP-Z1 

without active Lck kinase treatment (Table 4.2). Together with observed FRET responses 

for iSNAP-Z1 (Fig. 4.6), the results from in vitro characterization clearly demonstrate 

kinase activities of activating components are correlated with FRET responses of iSNAPs 

triggered via the phosphorylation on sensing components.  

In addition, apparent kinase activity increase was observed for iSNAP-Z1FF after 

active Lck kinase treatment (Table 4.2), indicating that besides substrate-mediated 

activation there must be some other activation mechanisms for iSNAP-ZAP70s. It is 

known that SYK family kinases (including ZAP70 and SYK) can be activated by 

phosphorylation of tyrosine residues in the interdomain regions via either Fyn/Lck 

phosphorylation as activated downstream of SFKs or their own trans-

autophosphorylation [111, 115, 174, 175]. In other words, iSNAP-ZAP70s can be 

activated in an substrate-independent manner via phosphorylation of interdomain 

tyrosines and release of the activating components. Table 4.2 also shows that the kinase 

activity of iSNAP-Z1 with Lck treatment is much higher than that of iSNAP-Z1FF with 

same treatment. This result implicates that iSNAP-Z1 may utilize two independent 

activation mechanisms together and achieve prolonged and synergistic activation of the 
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kinase domain. Moreover, the kinase activity of iSNAP-Z1FF with Lck treatment is 

similar to that of iSNAP-Z1 without Lck treatment. It implies that trans-

autophosphorylation or Lck phosphorylation on interdomains may be just enough to 

maintain certain level of tonic kinase activity for iSNAP-ZAP70s instead of strong and 

sustained kinase activity generated by substrate phosphorylation. 

Taken together, these results from in vivo and in vitro characterizations strongly 

suggest that FRET response of iSNAP-Z1 depends on the tyrosine phosphorylation of its 

sensing component and kinase activity of iSNAP-Z1 relies on the release of its activating 

component. FRET response and full activation of iSNAP-Z1 are correlated with each 

other in an substrate-dependent manner. These conclusions may be generally applicable 

to other iSNAP-ZAP70s and iSNAP-SYK.  

4.4.2. Engineering T cells for overcoming PD-1/PD-L1 signaling mediated T cell 

inhibition via synthetic molecular machineries 

Since iSNAP-Z1 and iSNAP-S1 are identified to have best performances, I next 

constructed different PD-1 fused iSNAPs (PD-1-iSNAPs, Table 4.3) by fusing those 

optimal iSNAPs to the cytoplasmic tail of human PD-1 receptor, so as that I could apply 

these synthetic molecular machineries into T cells to reprogram their functions and 

behaviors for overcoming T cell exhaustion via rewiring PD-1 co-inhibitory signaling 

with TCR activation signaling. As shown in Fig. 4.7, I constructed PD-1-iSNAPs for 

ZAP70 following two different strategies, fusing iSNAPs to the C terminus of full-length 

human PD-1 (FL-PD-1, Fig. 4.7.A) or truncated human PD-1 (T-PD-1, Fig. 4.7.B). The 

deleted sequence for T-PD-1 part includes immunoreceptor tyrosine-based inhibition 

motif (ITIM) and immunoreceptor tyrosinebased switch motif (ITSM), which are critical 
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for the inhibitory function of PD-1 receptor [126, 176]. Particularly, ITSM is already 

known to recruit the tyrosine phosphatase and this recruitment event leads to downstream 

suppression of immune cell activation and functions. 

I then started testing PD-1-iSNAPs for ZAP70 and SYK (Fig. 4.8) in different 

cells. Cells were transfected to express different iSNAPs, starved without serum supply 

and stimulated with PVD. Fig. 4.9.A summarizes FRET responses of iSNAP-expressing 

HeLa cells in response to PVD stimulation, including full-length human PD-1 and 

truncated human PD-1 fused iSNAP-ZAP70s. Among all different PD-1-iSNAP-ZAP70s, 

T-PD-1-iSNAP-Z1 and FL-PD-1-iSNAP-Z1 showed the largest FRET responses in HeLa 

cells. FRET response was absent in HeLa cells expressing the negative mutant T-PD-1-

iSNAP-Z1FF, in which substrate tyrosine residues are mutated to phenylalanine, 

indicating FRET responses of T-PD-1-iSNAP-Z1 require tyrosine phosphorylation of 

substrate domains as sensing components as designed (Fig. 4.8 and Fig. 4.9.A). Notably, 

FL-PD-1-iSNAP-Z1FF as the negative control for FL-PD-1-iSNAP-Z1 showed some 

FRET/ECFP emission ratio increase upon PVD stimulation, suggesting the ITIM or/and 

ITSM of PD-1 intracellular domain could be phosphorylated and then elevate FRET 

efficiency of FL-PD-1-iSNAP-Z1FF via binding to the tandem ZAP70 SH2 domains 

(Fig. 4.9.A and Fig. 4.10.A). Together, these results suggest that T-PD-1-iSNAP-Z1 

gives the highest FRET response according to the design principle (Fig. 4.2). On the 

other hand, much weaker FRET response was observed in T-PD-1-iSNAP-S1 group than 

either T-PD-1-iSNAP-Z1 or FL-PD-1-iSNAP-Z1 group subjected to PVD stimulation 

and opposite FRET response was shown in the T-PD-1-iSNAP-S1FF group (Fig. 4.9.B 
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and Fig. 4.10.B). It would require further studies on why the unexpected FRET ratio 

reduction in T-PD-1-iSNAP-S1FF group happens upon PVD stimulation. 

Again, consistent FRET response upon PVD stimulation was observed in Jurkat 

cells expressing T-PD-1-iSNAP-Z1 and negative control group T-PD-1-iSNAP-Z1FF 

showed almost no FRET response in Jurkat cells stimulated with PVD (Fig. 4.11). 

Together with the results in HeLa cells above, these confirm that tyrosine 

phosphorylation on sensing component is necessary for FRET responses of T-PD-1 fused 

iSNAP-ZAP70s. 

I further decided to use more specific stimulants to examine PD-1 fused iSNAP-

ZAP70s’ performances and I chose the major PD-1 ligand, human PD-L1, as the 

physiological stimulant. First, I constructed a plasmid for human PD-L1 expression in 

mammalian cells so that I could produce and purify PD-L1 from HEK cells (see “4.3 

Materials and Methods” section for more details). After PD-L1 purification, I did 

biotinylation for purified PD-L1 and validated by protein gel electrophoresis (Fig. 4.12), 

and made particle-bound PD-L1 via biotin-streptavidin binding. With particle-bound PD-

L1, I examined different PD-1 fused iSNAP-ZAP70s in HeLa cells and Jurkat cells. In 

HeLa cells expressing T-PD-1-iSNAP-Z1, I again observed consistent strong FRET 

response, which very colocalizes with particle-bound PD-L1, but HeLa cells expressing 

negative control group T-PD-1-iSNAP-Z1FF showed very minor FRET response (Fig. 

4.14 and Fig. 4.15). For FL-PD-1-iSNAP-Z1 group, HeLa cells gave a lot lower FRET 

response compared to HeLa cells transfected with T-PD-1-iSNAP-Z1 (Fig. 4.15). FL-PD-

1-iSNAP-Z1FF group gave stronger FRET response than T-PD-1-iSNAP-Z1FF group 

but weaker response than FL-PD-1-iSNAP-Z1 group (Fig. 4.15). Taken together, there 
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results confirm that tyrosine phosphorylation on sensing component is necessary for 

FRET responses of T-PD-1 fused iSNAP-ZAP70s, but not FL-PD-1 fused iSNAP-

ZAP70s, and T-PD-1 fused iSNAP-ZAP70s respond better than FL-PD-1 fused iSNAP-

ZAP70s under PD-1 ligand engagement. In addition, FRET response observed under 

particle-bound ligand stimulation is very localized, which is quite different from global 

FRET response observed under PVD stimulation. It indicates that PD-1 fused iSNAP-

ZAP70s can very specifically detect the binding events between PD-1 receptor and its 

ligand as designed (Fig. 4.13). One interesting observation is that T-PD-1-Z1FF group 

showed some minor local FRET response to particle-bound ligand stimulation, which is 

stronger than FRET response in T-PD-1-Z1FF group stimulated by PVD (Fig. 4.9.A, Fig. 

4.14 and Fig. 4.15). This is unexpected according to the design principle, and could 

happen because T-PD-1 fused iSNAP-ZAP70s can respond to the clustering of PD-1 

receptor and its ligand on the cell surface in an substrate-independent manner via 

phosphorylation of interdomain tyrosines, and give FRET response upon subsequent 

intramolecular conformational changes and possibly release of activating domain as 

shown in the in vitro assay described above. Furthermore, I tested how T-PD-1 fused 

iSNAP-ZAP70s could perform in Jurkat cells in response to PD-1 ligand stimulation. As 

shown in Fig. 4.16 and Fig. 4.17, Jurkat cells expressing T-PD-1-iSNAP-Z1 showed clear 

local FRET response, while T-PD-1-iSNAP-Z1FF gave much lower FRET response. It 

again confirms that T-PD-1 fused ZAP70s respond to PD-1 ligand specifically and T-PD-

1-iSNAP-Z1FF may employ the substrate-independent mechanism to generate FRET 

response (Fig. 4.17) and possibly further activate its activating component. Thus, I 

demonstrate that PD-1 fused iSNAP-ZAP70s can respond well to the clustering of PD-1 
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receptor and its ligand on the cell membrane to generate FRET responses, possibly via 

two different mechanisms, i.e. sensing component tyrosine phosphorylation dependent 

and interdomain tyrosine phosphorylation dependent modes. Moreover, the tail of PD-1 

intracellular domain could interfere with the sensing component via binding to the 

tandem ZAP70 SH2 domains and reduce the performance of FL-PD-1 fused ZAP70s, and 

thus T-PD-1 fused ZAP70s are generally better in this respect. 

After characterizing PD-1 fused iSNAP-ZAP70s in HeLa and Jurkat cells with 

PVD or PD-1 ligand as stimulant, I shifted my focus more towards assessing their 

activating performances under co-culture with PD-L1-expressing cells. First, I 

constructed and produced virus for human PD-L1 so as to infect HEK cells to generate 

PD-L1-expressing cell line as APCs. However, infected HEK cells didn’t give me a 

relatively uniform PD-L1 expression (data not shown). I decided to test some other solid 

tumor cell lines, including ASPC-1, MDA-MB-231 and PC-3 cell lines. These cell lines 

are reported to have strong surface PD-L1 expression, especially after human interferon-

gamma (IFN-γ) treatment [177]. I used anti-human PD-L1 antibody to stain these cells 

both with and without IFN-γ treatment and measured the surface PD-L1 expression by 

flow cytometry, and MDA-MB-231 cell line gave the strongest PD-L1 surface expression 

after 24 hour IFN-γ treatment. I hence chose IFN-γ-pretreated MDA cells as optimal 

APCs to co-culture with Jurkat cells so as to assess T-PD-1 fused iSNAP-ZAP70s’ 

activation performance via T cell activation assay, and CD69 as very early T cell 

activation marker on the T cell surface was chosen to determine T cell activation (Fig. 

4.18). With different T-PD-1 fused iSNAP-ZAP70s introduced into Jurkat cells, they 

were co-cultured with IFN-γ-treated MDA cells for 24 hours before doing surface 
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staining and measurement for CD69 in Jurkat cells by flow cytometry. The results show 

that Jurkat cells expressing T-PD-1-iSNAP-Z1 or T-PD-1-iSNAP-Z1FF without MDA 

cell co-culture showed weak CD69 activation (Fig. 4.19) and non-transfected Jurkat cells 

with or without MDA cell co-culture gave even lower CD69 expression level (data not 

shown). On the other hand, Jurkat cells expressing T-PD-1-iSNAP-Z1 with MDA cell co-

culture got strongly activated (Fig. 4.19). It implies that the specific recognition of PD-L1 

by T-PD-1 fused iSNAP-ZAP70s are required for T cells to positively respond and get 

activated against PD-L1-expressing tumor cells. Jurkat cells expressing T-PD-1-iSNAP-

Z1FF with MDA cell co-culture also showed quite strong T cell activation, suggesting 

that T-PD-1 fused iSNAP-ZAP70s could get activated in a sensing component 

independent manner. Taking these together with in vitro assay and FRET imaging results 

above, it strongly suggests that T-PD-1-iSNAP-ZAP70s may utilize two independent 

activation mechanisms together so as to achieve prolonged and synergistic activation of 

the kinase domain, including interdomain tyrosine phosphorylation dependent and 

substrate phosphorylation dependent modes (Fig. 4.20).  

In particular, the interdomain tyrosine phosphorylation dependent mode may 

require to during local clustering of T-PD-1 fused iSNAP-ZAP70s and PD-1 ligand on 

the cell membrane so as that T-PD-1 fused iSNAP-ZAP70s could get proximally close to 

each other and trans-autophosphorylation on their interdomains could happen as shown in 

Fig. 4.20 mode B. The results that FRET response was absent for T-PD-1-iSNAP-Z1FF 

group in HeLa and Jurkat cells upon PVD stimulation also support the model described, 

since PVD stimulation can trigger substrate phosphorylation as shown in Fig. 4.20 mode 

A but not local clustering of T-PD-1 fused iSNAP-ZAP70s as PD-1 ligand does. 
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Therefore, by introducing extra distance to separate activating component further apart 

from the T-PD-1 part on the cell membrane, it may weaken the effect from local 

clustering caused by T-PD-1 fused iSNAP-ZAP70s and PD-1 ligand and make T-PD-1 

fused iSNAP-ZAP70s become more substrate phosphorylation dependent. As shown in 

Fig. 4.21, I decided to insert extra internal linker between sensing component and FRET 

pair or between T-PD-1 part and sensing component in order to see how T-PD-1 fused 

iSNAP-ZAP70s’ performance would be affected. The linkers I chose include a flexible 

17 amino acid linker and a 116 amino acid linker [56]. Among those different T-PD-1 

fused iSNAP-ZAP70s with extra internal linkers, the one with 166 aa linker insertion 

between T-PD-1 part and sensing component, i.e. T-PD-1 fused LL-iSNAP-ZAP70s, 

worked best by giving much stronger CD69 activation in T-PD-1-LL-iSNAP-Z1 group 

than T-PD-1-LL-iSNAP-Z1FF group (T-LL-Z1 and T-LL-Z1FF in Fig. 4.19), indicating 

that separating iSNAP-ZAP70s further away from T-PD-1 part on the cell membrane can 

better differentiate the activating capability between T-PD-1-LL-iSNAP-Z1 and T-PD-1-

LL-iSNAP-Z1FF and thus make T-PD-1 fused iSNAP-ZAP70s become more substrate 

phosphorylation dependent via their sensing components as designed. Therefore, upon 

the clustering between PD-1 and PD-L1, synthetic molecular machineries, i.e. T-PD-1 

fused iSNAP-ZAP70s, can successfully sense the negative input signal via their sensing 

components and rewire it into the positive output signals via their activating components.  

In summary, I successfully developed iSNAPs for ZAP70 and SYK by harnessing 

the naturally occurring mechanism of tyrosine kinase regulation and characterized them 

in respect of their sensing and activating functions in vitro and in vivo. In particular, I 

successfully proved that iSNAP-ZAP70s can detect the input signal via their sensing 
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components, exhibit confirmation-dependent FRET ratio changes, and give rise to 

desirable increase in ZAP70 kinase activity. I then connected optimal iSNAP-ZAP70s to 

PD-1 receptor and applied PD-1 fused iSNAP-ZAP70s into different cells to further 

demonstrate their sensing and activating functions after being rewired into PD-1 co-

inhibitory signaling pathway. Particularly, introducing these molecular machinery 

proteins enables T cells to get activated upon negative input signal through PD-1 and its 

ligand. These indeed help to overcome PD-1/PD-L1 signaling-mediated T cell inhibition. 

4.5. Conclusion 

CAR T-cell therapy based on cellular engineering by synthetic biology 

approaches has been proven to be effective to treat blood cancers, but it is still uncertain 

whether such successful therapeutic approach could be applied to treat other types of 

tumors with decent clinical efficacy. PD-1/PD-L1 signaling-mediated inhibition of T cell 

functions has been found to be one major hurdle when using CAR T-cell therapy to treat 

solid tumors. To tackle the challenge of PD-1/PD-L1 co-inhibitory signaling mediated 

cancer immune evasion, I was inspired by both T cell receptor-mediated activation signal 

and immune checkpoint receptor PD-1-mediated co-inhibitory signal, and decided to 

employ synthetic biology approaches to rewire co-inhibitory signaling with TCR 

activation signaling via synthetic molecular machineries called iSNAPs.  In this study, 

the results indicates that iSNAPs are able to detect the specific input kinase 

phosphorylation signals and generate the subsequent active kinase output signals via their 

activating components, especially ZAP70. After iSNAP-ZAP70s being connected to PD-

1 receptor, they can convert the negative input signal via PD-1/PD-L1 into the positive 

output signals via ZAP70 kinase upon the ligation between PD-1 and PD-L1 between T 
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cell and PD-1-expressing tumor cells. The activation signals from iSNAP-ZAP70s can 

further activate the downstream signaling events for T cell activation, which in turn 

contributes to overcoming PD-1/PD-L1 signaling-mediated T cell inhibition and reacting 

against solid tumors better. Moreover, I demonstrate these proof-of-concept molecular 

machineries provide a new class of cancer therapeutic tools, which could be broadly used 

to engineer immune cell functions and behaviors for better cancer treatment. The 

combination of CAR and iSNAP-ZAP70-based T cell therapeutic approaches may 

harness potential synergies and open a new avenue for future next generation T cell 

therapies.  
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4.6. Figures and Tables 
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B 

 
C 

 
 

Figure 4.1: The general domain organization of integrated sensing and activating 
proteins (iSNAPs) for ZAP70 and SYK. 

(A) The general domain organization of iSNAPs. Schematic representation shows 
domain organization and main motifs of iSNAPs. A N-terminal substrate domain as 
sensing component shown in brown is linked to a FRET pair (ECFP in cyan and YPet in 
yellow) flanking a flexible linker. The C-terminal part is divided into five domains, a N-
terminal SH2 domain (purple), an interdomain A, a C-terminal SH2 domain (purple), an 
interdomain B and a kinase domain (green) as activating component. (B) The domain 
organizations of iSNAP-ZAP70s with different substrates from CD3 chain of TCR/CD3 
complex. (C) The domain organization of iSNAP-SYK with one substrate from CD3 
chain of TCR/CD3 complex.   
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Figure 4.2: The general working principle of iSNAPs for ZAP70 and SYK. 

The general working principle of iSNAPs. The active kinase, such as Lck/Fyn kinase, can 
phosphorylate the sensing component of iSNAPs, which subsequently binds to 
intramolecular tandem SH2 domains. This binding event results in the conformational 
change and FRET efficiency increase of iSNAPs, and simultaneously activates iSNAPs 
from the autoinhibition by releasing the activating component. Dephosphorylating the 
phosphorylated sensing component by phosphatase can reverse the process.  
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Figure 4.3: The FRET responses of iSNAPs for ZAP70 and SYK in response to 
different stimulants in living mammalian cells. 

The FRET responses of different iSNAPs for ZAP70 and SYK in HeLa cells and MEFs 
stimulated with 50 ng/mL EGF (epidermal growth factor) or 50 ng/mL PDGF (platelet-
derived growth factor) or 20 PM PVD (pervanadate, tyrosine phosphatase inhibitor). 
iSNAP-ZAP70s include iSNAP-Z1, iSNAP-Z2, iSNAP-Z3 and the corresponding 
negative control FF mutants, and iSNAP-SYKs include iSNAP-S1 and iSNAP-S1FF. n = 
23, 25, 22, 18, 27, 19, 18, and 26 HeLa cells with PVD stimulation for iSNAP-Z1, 
iSNAP-Z1FF, iSNAP-Z2, iSNAP-Z2FF, iSNAP-Z3, iSNAP-Z3FF, iSNAP-S1 and 
iSNAP-S1FF, respectively. n = 3 HeLa cells with EGF stimulation for both iSNAP-Z1 
and iSNAP-S1. n = 11 and 12 MEF cells with PVD stimulation for iSNAP-Z1 and 
iSNAP-S1, respectively. n = 12 and 13 MEF cells with PDGF stimulation for iSNAP-Z1 
and iSNAP-S1, respectively. In scatter plots, the red lines indicate the mean values, the 
error bars represent the standard error of the mean (S.E.M.) and average data are 
presented as mean ± S.E.M.  
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Figure 4.4: The normalized emission ratio time courses of different iSNAPs for 
ZAP70 and SYK in response to pervanadate (PVD) stimulation in HeLa cells. 

(A) The time courses of normalized average FRET/ECFP emission ratios of iSNAP-Z1 
(red solid circles, n = 18), iSNAP-Z1FF (open circles, n = 20), iSNAP-Z2 (magenta solid 
squares, n = 14), iSNAP-Z2FF (open squares, n = 18), iSNAP-Z3 (blue solid triangles, n 
= 16), and iSNAP-Z3FF (open triangles, n = 19) in HeLa cells before and after 20 PM 
PVD stimulation (arrow at 0 min). (B) The time courses of normalized average 
FRET/ECFP emission ratios of iSNAP-S1 (red solid circles, n = 15) and iSNAP-S1FF 
(black solid circles, n = 22) in HeLa cells before and after 20 PM PVD stimulation (arrow 
at 0 min). (A-B) FRET/ECFP emission ratios are normalized against the average values  
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Figure 4.4: The normalized emission ratio time courses of different iSNAPs for ZAP70 
and SYK in response to pervanadate (PVD) stimulation in HeLa cells, Continued 

before PVD stimulation. The error bars represent the standard error of the mean (S.E.M.). 
Average data are presented as mean ± S.E.M.   
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Figure 4.5: The domain organization of His-tagged iSNAPs for ZAP70 and SYK. 

The general domain organization of His-tagged iSNAPs for ZAP70 and SYK. Schematic 
representation shows domain organization and main motifs of His-tagged iSNAPs. A 
short 6xHis tag is fused at the N-terminal of iSNAPs, and a substrate domain as sensing 
component shown in brown is linked to a FRET pair (ECFP in cyan and YPet in yellow) 
flanking a flexible linker. The C-terminal part is divided into five domains, a N-terminal 
SH2 domain (purple), an interdomain A, a C-terminal SH2 domain (purple), an 
interdomain B and a kinase domain (green) as activating component.  
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Figure 4.6: Characterization of iSNAP-ZAP70s in vitro. 

The time courses of normalized FRET/ECFP emission ratios of iSNAP-ZAP70s (iSNAP-
Z1 and iSNAP-Z1FF, 1 PM) before and after phosphorylation by the Src, Fyn or Lck 
kinase in vitro (arrow at 0 min with ATP addition, solid red circles for iSNAP-Z1 with 
Src kinase, black solid circles for iSNAP-Z1FF with Src kinase, red open triangles for 
iSNAP-Z1 with Fyn kinase, black open triangles for iSNAP-Z1FF with Fyn kinase, red 
open squares for iSNAP-Z1 with Lck kinase and black open squares for iSNAP-Z1FF 
with Lck kinase). FRET/ECFP emission ratios are normalized against the average values 
before the Src kinase was added.  
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Figure 4.7: The domain organization of different human PD-1 fused iSNAPs for 
ZAP70 and SYK. 

(A-B) The general domain organization of human PD-1 fused iSNAPs for ZAP70 and 
SYK. Schematic representation shows domain organization and main motifs of human 
PD-1 fused iSNAPs. Full-length PD-1 (FL-PD-1) or truncated PD-1 (T-PD-1) is fused at 
the N-terminal of iSNAPs, and a substrate domain as sensing component shown in brown 
is linked to a FRET pair (ECFP in cyan and YPet in yellow) flanking a flexible linker. 
The C-terminal part is divided into five domains, a N-terminal SH2 domain (purple), an 
interdomain A, a C-terminal SH2 domain (purple), an interdomain B and a kinase domain 
(green) as activating component.  
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Figure 4.8: The general working principle of truncated human PD-1 fused iSNAPs 
for ZAP70 and SYK in living mammalian cells. 

The schematic diagram of the general working principle of truncated PD-1 fused iSNAPs 
(T-PD-1-iSNAPs) on the membrane of living mammalian cells. The active kinase, such 
as Lck/Fyn kinase, can phosphorylate the sensing component of T-PD-1-iSNAPs, which 
subsequently binds to intramolecular tandem SH2 domains. This binding event results in 
the conformational change and FRET efficiency increase of iSNAPs, and simultaneously 
activates iSNAPs from the autoinhibition by releasing the activating component. 
Dephosphorylating the phosphorylated sensing component by phosphatase can reverse 
the process.  
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Figure 4.9: The FRET responses of different human PD-1 fused iSNAPs for ZAP70 
and SYK in response to pervanadate (PVD) stimulation in HeLa cells. 

The FRET responses of different human PD-1 fused iSNAPs for ZAP70 and SYK in 
HeLa cells stimulated with 20 PM PVD. PD-1 fused iSNAP-ZAP70s include T-PD-1-
iSNAP-Z1, FL-PD-1-iSNAP-Z1 and the corresponding negative control T-PD-1-iSNAP-
Z1FF, FL-PD-1-iSNAP-Z1FF. PD-1 fused iSNAP-SYKs include T-PD-1-iSNAP-S1 and 
T-PD-1-iSNAP-S1FF. T-PD-1 and FL-PD-1 represent truncated PD-1 and full-length 
PD-1, respectively. n = 22, 27, 24, 15, 29 and 22 HeLa cells with PVD stimulation for T-
PD-1-iSNAP-Z1, T-PD-1-iSNAP-Z1FF, FL-PD-1-iSNAP-Z1, FL-PD-1-iSNAP-Z1FF, T-
PD-1-iSNAP-S1 and T-PD-1-iSNAP-S1FF, respectively. In scatter plots, the red lines 
indicate the mean values, the error bars represent the standard error of the mean (S.E.M.) 
and average data are presented as mean ± S.E.M.  
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Figure 4.10: The emission ratio time courses of different human PD-1 fused iSNAPs 
for ZAP70 and SYK in response to pervanadate (PVD) stimulation in HeLa cells. 

(A) The time courses of average FRET/ECFP emission ratios of T-PD-1-iSNAP-Z1 (red 
solid circles, n = 22), T-PD-1-iSNAP-Z1FF (open circles, n = 27), FL-PD-1-iSNAP-Z1 
(magenta solid squares, n = 24) and FL-PD-1-iSNAP-Z1FF (open squares, n = 15) in 
HeLa cells before and after 20 PM PVD stimulation (arrow at 0 min). (B) The time 
courses of average FRET/ECFP emission ratios of T-PD-1-iSNAP-S1 (blue solid 
triangles, n = 29) and T-PD-1-iSNAP-S1FF (open triangles, n = 22) in HeLa cells before 
and after 20 PM PVD stimulation (arrow at 0 min). (A-B) T-PD-1 and FL-PD-1 represent 
truncated PD-1 and full-length PD-1, respectively. FRET/ECFP emission ratios are 
normalized against the average values before PVD stimulation. The error bars represent 
the standard error of the mean (S.E.M.). Average data are presented as mean ± S.E.M.  
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Figure 4.11: Performances of truncated human PD-1 fused iSNAP-ZAP70s in 
Jurkat cells under pervanadate (PVD) stimulation. 

(A) The FRET responses of truncated human PD-1 fused iSNAPs for ZAP70 in Jurkat 
cells stimulated with 20 PM PVD. T-PD-1 represents truncated PD-1. n = 18 and 12 
Jurkat cells with PVD stimulation for T-PD-1-iSNAP-Z1 and T-PD-1-iSNAP-Z1FF, 
respectively. In scatter plots, the red lines indicate the mean values, the error bars 
represent the standard error of the mean (S.E.M.) and average data are presented as mean 
± S.E.M. (B) The time courses of normalized average FRET/ECFP emission ratios of T-
PD-1-iSNAP-Z1 (red solid circles, n = 18) and T-PD-1-iSNAP-S1FF (black solid circles, 
n = 12) in Jurkat cells before and after 20 PM PVD stimulation (arrow at 0 min). 
FRET/ECFP emission ratios are normalized against the average values before PVD 
stimulation. The error bars represent S.E.M. and average data are presented as mean ± 
S.E.M.   
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Figure 4.12: Confirmation of biotinylated purified PD-L1 by protein gel 
electrophoresis. 

Blotting results of biotinylated PD-L1 by Alexa Fluor 488 streptavidin (A) and by anti-
human PD-L1 antibody (B). The size of biotinylated PD-L1 is about 50 kDa.   
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Figure 4.13: The working principle of truncated human PD-1 fused iSNAP-Z1 in 
living mammalian cells upon PD-L1 ligation. 

The schematic diagram of the working principle of truncated PD-1 fused iSNAP-Z1 (T-
PD-1-iSNAP-Z1) on the membrane of living mammalian cells treated with particle-
bound PD-L1. Upon PD-1 and PD-L1 ligation, the sensing component of T-PD-1-
iSNAPs gets phosphorylated and subsequently binds to intramolecular tandem SH2 
domains. This binding event results in the conformational change and FRET efficiency 
increase of iSNAPs, and simultaneously activates iSNAPs from the autoinhibition by 
releasing the activating component.   
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Figure 4.14: Time-lapse imaging in HeLa cells expressing truncated PD-1 fused 
iSNAP-ZAP70s in response to particle-bound PD-L1. 

Time-lapse FRET imaging in HeLa cells expressing truncated PD-1 fused iSNAP-
ZAP70s (T-PD-1-iSNAP-Z1 or T-PD-1-iSNAP-Z1FF) upon particle-bound PD-L1 
stimulation. FRET/ECFP ratio images of HeLa cells expressing T-PD-1-iSNAP-ZAP70s 
at the indicated time points are shown in intensity-modulated display mode, and 
corresponding DIC channel images are shown below FRET/ECFP ratio images. The color 
scale bar at the right shows the range of FRET/ECFP emission ratio, with cool and warm 
colors representing low and high ratios, respectively. Scale bars, 5 Pm.  
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Figure 4.15: The FRET responses of different human PD-1 fused iSNAPs for ZAP70 
in response to particle-bound PD-L1 in HeLa cells. 

The FRET responses of different human PD-1 fused iSNAPs for ZAP70 in HeLa cells 
upon particle-bound PD-L1 stimulation. PD-1 fused iSNAP-ZAP70s include T-PD-1-
iSNAP-Z1, FL-PD-1-iSNAP-Z1 and the corresponding negative control T-PD-1-iSNAP-
Z1FF, FL-PD-1-iSNAP-Z1FF. T-PD-1 represents truncated PD-1. n = 58, 30, 47  and 28 
HeLa cells with particle-bound PD-L1 stimulation for T-PD-1-iSNAP-Z1, T-PD-1-
iSNAP-Z1FF, FL-PD-1-iSNAP-Z1 and FL-PD-1-iSNAP-Z1FF, respectively. In scatter 
plots, the red lines indicate the mean values, the error bars represent the standard error of 
the mean (S.E.M.) and average data are presented as mean ± S.E.M.  
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Figure 4.16: Time-lapse imaging in Jurkat cells expressing truncated PD-1 fused 
iSNAP-ZAP70s in response to particle-bound PD-L1. 

Time-lapse FRET imaging in Jurkat cells expressing truncated PD-1 fused iSNAP-
ZAP70s (T-PD-1-iSNAP-Z1 or T-PD-1-iSNAP-Z1FF) upon particle-bound PD-L1 
stimulation. FRET/ECFP ratio images of Jurkat cells expressing T-PD-1-iSNAP-ZAP70s 
at the indicated time points are shown in intensity-modulated display mode, and 
corresponding DIC channel images are shown below FRET/ECFP ratio images. The color 
scale bar at the right shows the range of FRET/ECFP emission ratio, with cool and warm 
colors representing low and high ratios, respectively. Scale bars, 5 Pm.  
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Figure 4.17: The FRET responses of truncated human PD-1 fused iSNAPs for 
ZAP70 in response to particle-bound PD-L1 in Jurkat cells. 

The FRET responses of truncated human PD-1 fused iSNAPs for ZAP70 in Jurkat cells 
upon particle-bound PD-L1 stimulation. Truncated PD-1 fused iSNAP-ZAP70s include 
T-PD-1-iSNAP-Z1 and the corresponding negative control T-PD-1-iSNAP-Z1FF. T-PD-1 
represents truncated PD-1. n = 18 and 19 Jurkat cells with particle-bound PD-L1 
stimulation for T-PD-1-iSNAP-Z1 and T-PD-1-iSNAP-Z1FF, respectively. In scatter 
plots, the red lines indicate the mean values, the error bars represent the standard error of 
the mean (S.E.M.) and average data are presented as mean ± S.E.M. *** (P < 0.001) is 
from unpaired two-tailed Mann-Whitney test.  
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Figure 4.18: Schematic of the activation of T cells expressing PD-1 fused iSNAP-Z1 
upon the engagement of PD-L1-expressing cancer cells. 

The schematic diagram of the activation of T cells introduced with truncated PD-1 fused 
iSNAP-Z1 (T-PD-1-iSNAP-Z1) on the membrane of T cells treated co-cultured with PD-
L1-expressing cancer cells. Upon PD-1 and PD-L1 ligation, the sensing component of T-
PD-1-iSNAP-Z1 gets phosphorylated and subsequently binds to intramolecular tandem 
SH2 domains. This binding event results in the conformational change and FRET 
efficiency increase of T-PD-1-iSNAP-Z1, and simultaneously activates T-PD-1-iSNAP-
Z1 from the autoinhibition by releasing the activating component. Its active activating 
component activates downstream T cell activation signaling pathways and leads to the 
production of very early T cell activation marker CD69 on the cell surface.   
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Figure 4.19: CD69 activation in Jurkat cells expressing different truncated human 
PD-1 fused iSNAP-ZAP70s during co-culture with PD-L1 expressing cancer cells. 

The normalized CD69 activation in Jurkat cells expressing truncated human PD-1 fused 
iSNAPs for ZAP70 in Jurkat cells with or without human interferon gamma-pretreated 
MDA-MD-231 cell co-culture. Truncated PD-1 fused iSNAP-ZAP70s include T-PD-1-
iSNAP-Z1, T-PD-1-LL-iSNAP-Z1 (internal 116 amino acid linker insertion between PD-
1 part and sensing component) and the corresponding negative control FF mutants. T-PD-
1 represents truncated PD-1. n = 3 Jurkat cells for all eight groups, with (+) representing 
Jurkat cells with MDA cell co-culture and (-) representing Jurkat cells without MDA cell 
co-culture. CD69 activation index are normalized against the average value of T-Z1 
group without MDA cell co-culture, i.e. T-Z1 (-). In scatter plots, the red lines indicate 
the mean values, the error bars represent the standard error of the mean (S.E.M.) and 
average data are presented as mean ± S.E.M.   
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Figure 4.20: Two independent mechanisms of ZAP70 activation. 

Schematic diagram of ZAP70 activation mechanisms. ZAP70 is at the resting state due to 
its autoinihibited conformation determined by the binding of two interdomains to the 
kinase domain. The dual phosphorylation of the substrate or the phosphorylation of 
interdomain tyrosine can bind to the tandem ZAP70 SH2 domains and lead to the 
activation of ZAP70 from its autoinhibition. These two activation mechanisms are 
independent.  
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Figure 4.21: The domain organization of truncated human PD-1-fused iSNAPs for 
ZAP70 with extra internal linkers. 

Schematic representation of domain organization and main motifs of truncated human 
PD-1 fused iSNAP-ZAP70s with extra internal linkers. The general domain organization 
of truncated human PD-1fused iSNAPs for ZAP70 with internal 116 amino acid long 
linker (LL) or 17 amino acid flexible linker (Flex linker) inserted between sensing 
component and FRET pair (A) or between PD-1 part and sensing component (B). 
Truncated PD-1 (T-PD-1, 1 to 220 amino acid) is fused at the N-terminal of iSNAPs, and 
a substrate domain as sensing component shown in brown. A FRET pair (ECFP in cyan 
and YPet in yellow) flanking a flexible linker is linked to the C-terminal part, which is 
divided into five domains, a N-terminal SH2 domain (purple), an interdomain A, a C-
terminal SH2 domain (purple), an interdomain B and a kinase domain (green) as 
activating component.  
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Table 4.1: The substrate sequences of different iSNAPs for ZAP70 and SYK. 

The substrate sequences used in different iSNAPs for ZAP70 and SYK are listed with 
tyrosine and phenylalanine residues bolded. Three CD3 chain substrates are selected for 
iSNAP-ZAP70s, including iSNAP-Z1, iSNAP-Z2 and iSNAP-Z3, and one CD3 chain 
substrate is selected for iSNAP-SYK, i.e. iSNAP-S1. All FF mutants are negative 
mutants of corresponding iSNAPs, including iSNAP-Z1FF, iSNAP-Z2FF, iSNAP-Z3FF 
and iSNAP-S1FF. 
 

  



 101 

Table 4.2: The kinase activity assay results of iSNAP-ZAP70s. 

Kinase activity measurements of purified iSNAP-Z1 or iSNAP-Z1FF with or without 
active Lck kinase treatment for 1 hour are listed. Two individual measurements of 
luminescence intensity in arbitrary unit (a.u.) are averaged and normalized against the 
mean luminescence internsity of the group iSNAP-Z1FF without Lck kinase treatment. 
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Table 4.3: The descriptions of different human PD-1 fused iSNAPs for ZAP70 and 
SYK. 

The different human PD-1 fused iSNAPs for ZAP70 and SYK are listed. One optimal 
CD3 chain substrate is selected for full-length PD-1 (FL-PD-1) and truncated PD-1 (T-
PD-1) fused iSNAP-ZAP70s, i.e. FL-PD-1-iSNAP-Z1 and T-PD-1-iSNAP-Z1, and one 
CD3 chain substrate is selected for truncated PD-1 fused iSNAP-SYK, i.e. T-PD-1-
iSNAP-S1. All FF mutants are negative mutants of corresponding PD-1 fused iSNAPs, 
including iSNAP-Z1FF and iSNAP-S1FF. 
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Chapter 5: Summary and Future Directions 

Recent advances in molecular engineering and imaging allow us to visualize and 

quantify a wide variety of molecular signals in single live cells with high-spatiotemporal 

resolutions using genetically encoded FRET-based biosensors. With highly sensitive 

biosensors, essentially every subtle signal in different subcellular locations can possibly 

become observable and the spatiotemporal dynamics of various signaling transductions 

can be studied, which should advance our understanding on the molecular mechanisms 

underlying different biological processes, especially cell functions and behaviors. 

However, labor-intensive and trial-and-error approaches based on rational 

assumptions with low efficiency and low effectiveness limit the development of sensitive 

biosensors. As described in chapter 2, a systematic high-throughput platform based on 

yeast surface display and directed evolution was developed to identify interaction pairs 

with better binding affinity. Based on this high-throughput platform, I successfully 

engineered a highly sensitive FRET biosensor for Src kinase, called SCAGE, and after 

thorough characterization the newly developed SCAGE biosensor showed more than 40-

fold improvement in sensitivities. These results suggest that in principle this high-

throughput screening approach can potentially be extended to engineer any sensitive 

post-translational modification FRET biosensor. On the other hand, a limitation of the 

approach is that the yeast, a lower eukaryotic organism, exhibits different codon usage 

and gives different post-translational modification functions as comparing to mammalian 

cells, which may somewhat influence the biosensor performances, and hence the 

outcomes from this high-throughput screening approach may not directly result in 
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optimal responses of biosensors in mammalian cells. Thus, in the future library approach 

based on higher organism such as mammalian cells is desirable. Furthermore, the 

biosensor characterization in mammalian cells revealed very distinct dynamics and 

responses of the SCAGE biosensor under different cellular contexts, suggesting highly 

sensitive biosensor may be applied to reveal the dynamic differences between different 

signaling transductions and shed new lights on the molecular mechanisms underlying the 

distinct regulations. 

Moreover, in order to understand intercellular signaling transmission in dynamics, 

in chapter 3 I integrated FRET microscopy with a unique micro-manipulation photonic 

system with a high precision, and demonstrated the use for revealing how cells react 

biochemically to photonic-driven physical perturbations from neighboring cells using the 

SCAGE biosensor. I also found that the observed rapid Src signaling activation is 

dependent on passive cytoskeletal structure but not active actomyosin contractility. 

Therefore, the combination of the two photonic approaches, robotic laser micro-scissors 

and FRET microscopy, establishes a generally applicable and unique approach to 

precisely trigger local physical perturbations, and to monitor the spatiotemporal dynamics 

and transmission of consequent signaling events at the single and multi-cell levels. This 

novel approach will largely complement the conventional biochemical and imaging 

methods and shed new light on elucidating cellular crosstalk and integration of physical 

and biochemical signals.  

Beyond detecting molecular signaling events, in chapter 4 I further applied 

synthetic biology principles to rationally engineer biomolecular machineries, called 

iSNAPs, which are capable of simultaneously monitoring and manipulating molecular 
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activities so as to reprogram cell behaviors. Specifically, I applied iSNAPs into T cells 

and demonstrated how to engineer T cells to overcome immune exhaustion via rewiring 

the co-inhibitory signaling with the activation signaling by the synthetic molecular 

machineries. 

In summary, by developing and integrating synthetic biology approaches and 

photonics technologies, the researches in this thesis provide a versatile toolkit, which 

allows people to not only detect specific biological signaling events via genetically 

encoded FRET-based biosensors, but also to manipulate various cell signals and 

behaviors via synthetic molecular machineries. Together, these innovative tools should 

advance our understanding of complex biological systems and may provide next 

generation precise therapeutic tools for cancer treatment.  
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