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Abstract 

 Molecular targeting is a powerful diagnostic and therapeutic tool for clinicians to 

combat disease. A molecular ligand with specific binding for a disease biomarker can 

deliver a detectable or active moiety. A vast majority of molecular targeting agents rely 

on a single ligand:target interaction to be both specific to the target of interest, specific to 

the diseased tissue, and have the desired potency or functional output.  The goal of this 

thesis is to study and develop novel targeting mechanisms that can utilize multi-domain 

molecules to more efficiently detect and treat diseases based on their molecular profiles. 

 We first addressed the issue of biomarker uniqueness, where biomarkers 

upregulated in cancer cells are often still present in healthy cells and cause myriad side 

effects or diagnostic false positives.  We studied heterobivalent fusions containing two 

domains of moderate affinity to separate biomarkers as a biological AND gate probe, 

whose localization requires overexpression of both biomarkers for localization. We 

demonstrated that within a model system that the enhanced selectivity can reduce high 

off-tumor tissue signal.  We showed that yeast surface display could be used to engineer 

these moderate affinity ligands, but also found that many ligands used lacked modularity 

when expressed in the heterobivalent construct.  We then showed in vitro that affinity 

modulations can confer improved specificity to EGFRhigh/CEAhigh cells over cells 

expressing only one of the two biomarkers. 

 We also applied this heterobivalent ligand concept to two distinct epitopes on a 

single target, via a protein — small molecule fusion, to enhance selectivity for 
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homologous proteins. We showed that for two nonspecific inhibitors of carbonic 

anhydrase and the GPCR CXCR4, we could engineer a protein—small molecule fusion 

that would preferentially bind to a single isoform within the target protein class.  We 

were able to evolve these selective fusions in a robust and efficient manner using a 

simple cysteine—maleimide conjugation strategy in the context of yeast surface display.   

 To improve on non-invasive disease imaging technology, we partnered with Dr. 

Ekaterina Morgounova-Ippolito and Prof. Shai Ashkenazi to develop an activatable 

imaging probe using a novel imaging modality (photoacoustic lifetime imaging) and an 

enzyme-labile probe to create a probe that emits only in the presence of an enzymatic 

biomarker.  We found that the contrast agent methylene blue could be efficiently 

dimerized by a hairpin peptide structure consisting a poly-glutamate and poly-arginine 

zipper sequence linked by a protease-cleavable site and activated by the MMP-2 enzyme.   

 Together, this work advances several new concepts for improving molecular 

targeting.  These molecular designs can improve selectivity and sensitivity of therapeutics 

and diagnostics, which is crucial for the next generation of cancer and disease treatment. 
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Chapter 1: Introduction 

1.1: Molecular Medicine 

Molecular targeting has been used to improve diagnostic and therapeutic drug 

delivery to diseased tissues. Targeted therapies have contributed to the decrease in cancer 

deaths and increase in 5-year survival rate1–3.  In addition to the treatment of cancer, 

molecular targeted therapies are also successfully used in the treatment of a host of 

autoimmune, cardiovascular, and infectious diseases4. One of the earliest examples of 

using molecular targeting as a therapy was the use of Herceptin (trastuzumab) to treat 

patients with HER2+ breast cancers.  Researchers had identified the HER2/neu gene 

amplification and protein overexpression as a strong indicator of poor prognosis5.  To 

utilize this knowledge, Genentech developed trastuzumab to bind selectively to the 

extracellular domain of the HER2 protein.  Once introduced to the clinic, it has been 

instrumental in the treatment of aggressive breast cancers, both as a single agent 

therapeutic or as an adjuvant to non-selective chemotherapies6,7.  Trastuzumab has also 

been explored as a targeting moiety for delivery of contrast agents in the non-invasive 

detection and characterization of breast cancer8–11.  

In its development and implementation, trastuzumab has been a shining example 

of the potential that precision medicine brings to the clinic, and newly engineered 

treatments and diagnostic tools have built off its success.  In addition to HER2, estrogen 

receptor (ER) has been important molecular targets for breast cancer therapies12–14.  

Targeting of vascular endothelial growth factor (VEGF) has been successful in treating a 
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variety of diseases.  VEGF binding antibodies bevacizumab (Avastin, Genentech) and 

ranibizumab (Lucentis, Genentech) that inhibit the binding of VEGF to its target 

receptors have been used in treatment of several severe cancer indications, such as 

glioblastoma and renal cell carcinomas15–17, and in treatment of ophthalmological 

indications such as diabetic macular edema and proliferative diabetic retinopathy18–20.  

Treatment of autoimmune disorders has also vastly improved with the introduction of 

targeted molecular therapies.  The tumor necrosis factor alpha (TNF-α) inhibitors 

adalimumab (Humira, Abbott Laboratories) and etanercept (Enbrel, Immunex/Amgen) 

are approved to treat rheumatoid arthritis21, ulcerative colitis, Crohn’s disease22–24, and 

plaque psoriasis25.  In addition to these examples, metadata analysis of clinical trial 

success rates from 2010-2015 have shown that drugs with a known biomarker have a 

higher chance of success in all disease indications reviewed26. Molecular targeting 

diagnostics have also shown great promise, improving the ability to make better 

treatment decisions via patient stratification27–29, and have demonstrated the ability to 

improve the limits of disease detection over traditional diagnostic methods30–33. 

 

1.2: Engineering Molecular Targeting Agents  

 

The shared property across all molecular targeting agents is that they must have an 

engineered surface (paratope) that can strongly and selectively interact with some portion 

of the target molecule (epitope) (Figure 1.1).  The paratope can consist of optimized 

small molecule moieties that can insert into small pockets and grooves on the target 
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molecule, or a subset of residues on a protein’s surface that can interact strongly with 

epitopes of smoother topologies. For many molecular targets, the small spaces are often 

active or allosteric sites, and small molecules are more amenable to binding these 

clinically important epitopes.  

 

Figure 1.1: Engineered molecular targeting agents can exhibit a wide array of binding 

interfaces. A) Adalimumab (blue) Fab in complex with TNFα (red) (PDB:3WD5). B) Fn3 

(blue) in complex Yes1-SH2 (red)PDB: 5mtj. C) Small molecule (blue) in complex with 

Adenosine A2A receptor (red) (PDB:4ug2). 

Discovery of effective molecules can be pursued via rational design, though the 

complexity of the protein targets, the conformational diversity of binding interfaces, and 

the imperfect knowledge of binding energetics limit such approaches. Alternatively – or 

more powerfully, in concert – rationally-guided combinatorial approaches can evaluate 

libraries of many candidates to discover functional ligands. In this regard, proteins as 

targeting agents are superior to small molecules in the ability to efficiently generate and 

search a much larger chemical for novel, functional paratopes.  Technologies that link 

protein phenotype to genotype empower high-throughput evaluation and isolation of 
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millions to billions of variants. Yeast display34–36 , phage display37–39, and similar 

concepts have proven highly powerful in drug discovery and development.  

 

1.3 Molecular Targeting Limitations: Epitopes 

As revolutionary as molecularly targeted drugs have been, they are limited in their 

efficacy at the start. The vast majority of these targeting agents and therapeutics rely on a 

single drug-target interaction, which can lead to several issues.  For many, the drug action 

site is not unique to the biomarker being targeted. Due to the conserved nature of active 

sites within many receptors, the most ‘druggable’ sites are often ones that are shared 

within the family of receptors or enzymes that otherwise are excellent biomarker 

candidates. For example, one large class of anticancer drugs, receptor tyrosine kinase 

inhibitors, have been shown, post-FDA approval, to have activity across a broad 

spectrum of receptor tyrosine kinases outside of the intended target40, largely due to the 

homology in the catalytic domains41,42.  This results in a large array of side effects43–46 

and can accelerate the development of drug resistance47,48. Drug development efforts 

have used combinatorial chemistry49–51 – for small molecules – or directed evolution52–55 

– for proteins – or rational design – for both – to improve specificity and activity. Yet, 

despite anecdotal advances56–58 a multitude of epitopes remaining challenging. 

 

1.4: Molecular Targeting Limitations: Biomarker Uniqueness 
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Even if a molecular targeting agent is highly specific, typical biomarkers naturally 

exists in low to moderate levels throughout the rest of the body; thus, targeting these can 

lead to undesirable side effects. Examples include non-mutated but upregulated receptors 

such as EGFR and HER2, where binding of targeted antibodies on off-target tissues can 

lead to serious side effects44,59,60. This on-target/off-tumor binding is also a significant 

problem in the emerging area of immunotherapy, where on-target, off-tumor binding can 

lead to signaling cascades resulting in treatment rejection and cytokine storm induction61–

64. 

This difficulty in finding a biomarker unique to the disease is also a large issue in the 

burgeoning field of targeted imaging and early disease detection. For a variety of imaging 

agents delivered systemically, background signal can be high due to poor biodistribution 

and passive emission of the contrast agent. When systemically delivered, targeted 

contrast agents for PET and MRI imaging will have some signal in tissues without the 

biomarker of interest due to the contrast agent being ‘always on’11,65,66.  To reduce 

background for these agents, finely tuned biodistribution parameters and dosing regimens 

are required, which can be difficult to apply to a large patient population8,11,28,29,67–71. 

 Potential solutions include identification of targets truly unique to diseased tissue 

using proteomics72,73 and other discovery strategies74,75. Yet the presence of the full 

genome in all cells limits potential uniqueness to mutations – such as EGFRvIII 76,77 and 

unique post-translational modifications, which are rare. Other strategies include multi-

layered targeting strategies in which a semi-selective targeting approach is coupled to a 

biological mode of action that is also semi-selective to the disease state. 
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1.5 Thesis Overview  

The goal of my thesis is to address these challenges by considering how to improve 

specificity through multiple mechanisms of action, either via heterobivalent ligand 

development or dual-action imaging agent design. In Chapter 2, we propose a method of 

targeting tumor cells that utilizes a molecular fusion of two weak affinity ligands for two 

distinct biomarkers. We hypothesize that such a fusion will localize preferentially to cells 

that overexpress two disease biomarkers rather than just a single biomarker because of a 

multivalency advantage for the two-target cells; i.e. it will act as a biological AND gate. 

We mathematically model these fusions at the molecular and tissue scale and 

experimentally demonstrate enhanced selectivity. In Chapter 3, we use a modified 

perspective on this AND gate concept to develop a technology to improve the speed and 

efficacy of creating specific active molecules for challenging epitopes. We propose and 

validate a two-ligand fusion with a small molecule attached to a non-antibody protein 

scaffolds to provide specific binding to a single target via simultaneous engagement of 

two epitopes, including the active site. In Chapter 4, in collaboration with Dr. 

Morgounova and Prof. Shai Ashkenazi of the University of Minnesota Biomedical 

Engineering, we develop a novel imaging probe enhances selectivity by requiring target-

selective activation. The probe emits signal only when activated by an enzymatic 

biomarker and was detected via the reporters’ long photoacoustic lifetime. Collectively, 

these studies advance the capacity and understanding of molecular medicine. 
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Chapter 2: Biological AND gate 

2.1: Introduction 

2.1.1: Biomarker targeting lacks tissue selectivity 

Molecular targeting for disease detection and treatment has been instrumental in 

improving outcomes for patients suffering from cancer and inflammatory disease. Small 

molecules and proteins targeting EGFR, VEGF, and HER2 have greatly improved the 

prognosis for patients with breast and colorectal cancers33,78–83.  More recently, molecular 

targeting of immuno-oncology targets has seen clinical success, with PD-1-targeting 

antibodies pembrolizumab and nivolumab and CTLA-4-targeting antibody ipilimumab 

being approved for use in the U.S. and E.U. to treat several tumor types, including renal 

cell carcinoma, melanoma, non-small cell lung cancer, Hodgkin’s lymphoma, and 

metastatic squamous cell carcinoma84,85 .  However, these drugs can come with a variety 

of side effects.  EGFR-targeting therapies are often dose-limited due to high EGFR levels 

in the liver and epithelial tissues43,44.  HER2-targeting antibodies such as trastuzumab 

have seen uptake in cardiac tissue lead to adverse cardiac events45,59,78.  In colorectal 

cancers, CEA as a biomarker has been shown to be indicative of malignancy in colorectal 

cancers86–88, but additional studies have shown that benign tumors also upregulate 

CEA89,90.  

These examples demonstrate the limitations of many biomarkers and therapeutic 

targets; while these molecular targeted drugs are specific to the biomarker of interest, the 

biomarkers themselves are not specific to the diseased tissue and exist at non-negligible 
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levels around the body. Due to these low but non-zero levels of biomarkers in healthy 

tissues, the molecular targeting agents do not always localize and act on the correct cells.  

In addition to causing harmful side effects, this on-target/off-tumor localization of 

molecular targeting agents can sequester the drugs and reduce the effective dose when 

systemically delivered.  In non-invasive diagnostics, such as molecularly targeted 

contrast agents for PET or MRI scans, this can also obscure potential metastasis and 

tumor boundaries by localizing to healthy tissues that contain the disease biomarker of 

interest, and decrease the sensitivity of the diagnostic method9,33,91–93.   

2.1.2: Biological AND gate concept 

To address this issue of biomarker uniqueness, we hypothesized that a more 

selective targeting agent can be made by requiring two upregulated biomarkers for strong 

binding and localization.  This molecular design, called a biological AND gate, can be 

created by designing a heterobivalent ligand that has moderate affinity, but high avidity, 

to two biomarkers expressed on the diseased cells.  The design of the individual ligands 

requires sufficiently weak affinity to be predominantly unbound in the presence of a 

single target yet predominantly bound — via multivalent avidity — in the presence of 

two targets (Figure 2.1).  This is in contrast to many bispecific antibodies, where the goal 

is to engage two targets via high affinity monovalent interactions.  While this might 

improve coverage of heterogeneous tumors (as an OR gate), it exacerbates the tissue 

specificity issues.  This is also distinct from bispecifics designed to crosslink two targets 

to elicit a specific therapeutic function, such as immune cell recruitment. 
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Figure 2.1: Concept of biological AND gate compared to other targeting mechanisms.  

Current molecular targeting agents consist of strong individual ligand:target interactions 

that cannot address the background expression level or overexpression in healthy tissue of 

the targeted biomarker.  The biological AND gate would theoretically be able to bypass 

these cells and localize only to a cell with both biomarkers upregulates, greatly enhancing 

the selectivity over conventional targeting agents. 

 

Examples of this AND gate concept can be seen in the literature, from fused 

natural ligands to bispecific antibodies.  Some of the first modeling work in this area was 

the mathematical assessment of multivalent binding by Caplan and Rosca, who showed 

for both homobivalent and heterobivalent targeting agents, increasing the monovalent 

affinities does not necessarily increase specificity to the target cells94,95.   A follow-up 

study showed that, for both flexible and rigid linkers connecting the two monovalent 

ligands, there is a theoretical optimal length to maximize the binding affinity of the 

second binding event96.  Additional computational studies with functionalized 

nanoparticles and other highly multivalent targeting agents show that specificity is 
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improved when the monovalent affinity is weaker, and that this is related to the valency 

of the particle97–99 . 

There is experimental evidence to support these models as well.  Heterobivalent 

ligands binding to melanocortin receptor 4 and cholecystokinin 2 receptor showed 

improved selectivity to dual positive cell lines over single-target expressing cells lines 

both in vitro and in in vivo mice models, and that this selectivity was more pronounced 

for the targeting ligand with a lower affinity100,101.  A similar experiment with bispecific 

antibodies targeting EGFR/HER2 and CD4/CD70 showed that the reduction in affinity 

for any arm led to increased specificity towards dual target positive cell lines over single 

positive cell lines102–105. 

These studies demonstrate that the biological AND gate has the possibility of 

greatly reducing on-target/off-tumor localization, yet they also show the need for 

precision engineering and design to reach optimal specificity, while being robust to allow 

for heterogeneity within a patient. Many of these examples were not designed into the 

heterobivalent targeting molecules but were observed when various linkers and fusion 

methods were used to combine the monovalent binding agents.  They show that the 

monovalent affinity of each binding arm matters, but also show that the surface 

expression level and linker length is crucial to increasing selectivity.  Other factors that 

could be important are the orientation of the fused molecules and receptor 

biology/response to ligand engagement.  With these elements in mind, we sought to 

develop a more comprehensive design model that could guide the design of 
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heterobivalent ligands into biological AND gate molecules. We then developed in vitro 

model systems to test these hypotheses.  

 

 

2.2: Materials and Methods 

2.2.1 Cell lines and cell culture methods 

LS-174T cells were a kind gift from Dr. Tim Starr (UMN).  A431 cells were a 

kind gift from Dr. Daniel Vallera (UMN). HEK-293T cells were a kind gift from Dr. 

Douglas Yee (UMN).  Cells were cultured in DMEM with 10% v/v fetal bovine serum 

and 1% v/v penicillin and streptomycin (Gibco).  Cells were grown at 37 °C and 5% CO2. 

Cells were grown to 80-90% confluency and passaged at 20-fold dilution every 3-4 days.  

LS174T cells were plated at a 5-fold dilution and passaged every 3 days. 

 

2.2.2 Generation of stable cell lines expressing CEA gene 

Lentiviral transfer vector pLX304 containing the full-length CEA (CEACAM5) 

gene with C-terminal V5 epitope tag was purchased from DNASU.  Packaging and 

envelope vectors were also a kind gift from Dr. Douglas Yee.  HEK-293T cells were used 

to produce in-house lentiviral particles.  Briefly, ~5x106 HEK-293T cells were 

transfected with 3 plasmids; vsv-g, dvpv, and a pLX304-CXCR4-V5 using 

Lipofectamine 3000 (Invitrogen) per manufacture protocol.  Cells were allowed to 
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produce particles for 48 hours, and media harvested and stored at -20 C.  Separate 

batches of HEK-293T cells were then transduced with 1 mL lentiviral particle suspension 

in media and 8 μg/mL polybrene.  Cells were then maintained under selection pressure of 

5 μg/mL blasticidin.  Transduced HEK-293T cells were then subjected to FACS sort to 

select for the top 5% of CEA-expressing clones.   

 

2.2.3 Expression quantification 

 Cells to be tested were washed twice in cold 1% PBSA (10 g/L bovine serum 

albumin, PBS). 50,000 cells were resuspended in 50 µL PBSA with 10 µg/mL mouse 

anti-target antibody and incubated for 30 minutes at 4 °C.  Cells were washed once in 

PBSA and incubated in 20 µL of 10µg/mL goat anti-mouse IgG – FITC for 5 minutes at 

4 °C.  Cells were then washed in PBSA and analyzed via flow cytometry.  In parallel, 

Quantum™ Simply Cellular® anti-Mouse IgG beads (Bangs Labs, Fishers, IN) were 

incubated with 10 µg/mL mouse IgG isotype control antibody (Abcam, Cambridge, MA).  

Beads were washed and labeled in an identical fashion to cells being tested and evaluated 

via flow cytometry. 

 

2.2.4 Generation of EGFR- and CEA-binding libraries 

The pCT plasmid was used as the yeast expression vector for the EGFR- and CEA-

binding libraries.  Genes encoding for the E.6.2.6 (EGFR-binding)and C7.4.3 (CEA-

binding) Fn3 clones was mutated via error-prone PCR using nucleotide analogs106.  PCR 
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products were then purified via gel electrophoresis and amplified.  Final reactions were 

then transformed into yeast with digested pCT plasmid to allow for homologous 

recombination.  Transformed yeast were cultured by shaking at 30 °C in SD-CAA media 

(16.8 g/L sodium citrate dihydrate, 3.9 g/L citric acid, 20.0 g/L dextrose, 6.7 g/L yeast 

nitrogen base, 5.0 g/L casamino acids), and expression of Fn3-PAS-Cys was induced for 

>4 hours at 30 ºC with shaking by switching the yeast into SG-CAA media (10.2 g/L 

sodium phosphate dibasic heptahydrate, 8.6 g/L sodium phosphate monobasic 

monohydrate, 19.0 g/L galactose, 1.0 g/L dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L 

casamino acids). 

 

2.2.5 Target preparation 

The extracellular domain of EGFR was purchased from Invitrogen.  CEA was purchased 

from Fitzgerald.  Targets were biotinylated with 100 µg/mL biotin-NHS for 2 hours and 

quenched with 1 M Tris HCl.  Biotinylation was verified via flow cytometry.  Briefly, b-

EGFR or b-CEA was incubated with either pCT-E.6.2.6-expressing yeast (for b-EGFR) 

or pCT-C7.4.3-expressing yeast, respectively.  Yeast were washed and incubated with 

streptavidin-AlexaFluor647 (Invitrogen), then washed and analyzed on BD Accuri C6 

(BD Biosciences). 

 

2.2.6 Isolation of low affinity ligands 
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Induced EGFR-binding library and pCT-E6.2.6 were incubated with 10 µg/mL 9e10 

(Santa Cruz Biotechnology) and 300 nM b-EGFR.  CEA-binding library and pCT-C7.4.3 

were incubated with 300 nM b-CEA.  In parallel, pCT-E.6.2.6 and pCT-C7.4.3 

expressing yeast were labeled 300 nM b-EGFR and 300 nM b-CEA, respectively. Yeast 

were washed and incubated with 10 µg/mL goat-anti-mouse-FITC (Sigma-Aldrich) and 2 

µg/mL streptavidin-AlexaFluor647.  Yeast were washed and sorted using FACSAria (BD 

Biosciences).  This process was repeated, and the resultant clone DNA was isolated from 

yeast via Zymoprep plasmid extraction kit (Zymo Research, Orange County, CA). 

Plasmids from zymoprepped yeast populations were transformed into NEB5α bacterial 

cells and cultured in lysogeny broth with 100 µg/mL ampicillin.  Amplified DNA was 

then extracted from clonal bacterial cultures via miniprep kit (Epoch Life Sciences, 

Houston, TX).  Clonal plasmid isolates were then submitted for Sanger sequencing.    

 

2.2.7 Cloning and DNA sequences 

For production of individual Fn3 clones, the T7 bacterial expression vector pET-

22b was used for production of clones in E. coli.  pET-22b was digested using NheI and 

BamHI enzymes. Candidate clones were amplified via PCR and digested with NheI and 

BamHI enzymes.  Digested pET and Fn genes were recombined using T4 DNA ligase 

enzyme.  Briefly, 100 ng digested pET, 25 ng digested Fn gene, 1 µL T4 DNA ligase, 1.5 

µL T4 DNA ligase buffer, and deionized H2O were combined to a final volume of 15 µL 

and incubated on the benchtop for 20 minutes.  Ligations were transformed into NEB5α 
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bacterial cells and plated on LB agar + 50 µg/mL kanamycin plates.  Plasmids from 

resulting colonies were extracted and sequenced as previously described. 

For production of fusion proteins, an Fn-linker-Fn gene was expressed in pET-

22b plasmid (pET-FnFn, Figure 2.10).  The translated sequence, AS-Fn-

GSGGGSGGGKGGGGT-Fn-ELRSHHHHH contained restriction enzyme cut sites 

flanking both Fn genes. Restriction sites for NheI and BamHI enzymes flanked the N-

terminal Fn gene, and restriction sites for KpnI and SacI enzymes flanked the C-terminal 

Fn gene.  Fn genes were cloned into the pET-FnFn plasmid as previously described. 

 

 

2.2.8 Production of ligands in E.coli 

Clones transferred into pET vector were transformed into T7 Express cells from 

NEB.  E. coli and were grown in 100 mL cultures to an OD between 0.5 and 1.  

Production was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at 37 °C for 

two hours.  Cultures were then pelleted, and cells resuspended in a bacterial lysis buffer 

(50 mM sodium phosphate (pH 8.0), 0.5 M sodium chloride, 5% glycerol, 5 mM CHAPS, 

and 25 mM imidazole, cOmplete Mini EDTA-free Protease Inhibitor Tablet).  Cells were 

lysed via five or more freeze-thaw cycles, and the insoluble fraction was removed via 

high speed centrifugation and filtered (0.22 µm filter paper).   

 Clones were purified and conjugated to small molecule via a modified metal 

affinity chromatography protocol.  Briefly, cell lysate was applied to a HisPur Cobalt 
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spin column (ThermoFisher Scientific), equilibrated with 15 mM imidazole + 50 mM 

sodium phosphate (pH 8.0), and centrifuged at 700g for 2 minutes.  The column was then 

washed three times with 400 µL of 15 mM imidazole to remove protein lacking the His6 

purification tag.  His6-tagged protein was eluted from the column with 300 mM imidazole 

+ PBS.  Protein concentration and purity was analyzed via SDS-PAGE gel. 

 

2.2.9 Cell-based affinity titrations 

Detached cells were washed and labeled with varying concentrations of each Fn clone or 

Fn fusion for > 30 min at 4 °C. Cells were pelleted at 300g for 3 min and washed with 1 

mL ice cold PBSACM, then labeled with 20 μL anti-His6 FITC conjugate (ab1206, 

Abcam, 13 μg/mL) for 5 min at 4 °C. Cells were again pelleted and washed with 1 mL 

ice cold PBSACM. Fluorescence was analyzed via flow cytometry, and median 

fluorescent values were obtained.  Equilibrium dissociation constant (Kd) was determined 

using a least squared regression to fit to median fluorescence results assuming a 1:1 

binding model.  Kd values are presented as the average ± standard deviation. 

 

2.3: Results 

2.3.1: Quantification of Kd enhancement with ligand fusion 

To quantify the benefit of the AND gate over monovalent targeting, we first 

described the dual binding mode of the heterobivalent ligand. The initial binding 
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probability is proportional to the monovalent ligand’s association rate constant (kon).  

Once one of the two ligands are engaged, the local concentration of the second ligand is 

increased to the space it can survey when tethered to the surface of the cell.  For effective 

linkers sufficiently long to reach a second target epitope this subsequently increases the 

effective association rate of the unbound second ligand.  Simultaneous engagement of 

both targets also requires dissociation of two bound ligands, which increases the 

residence time of at-least-singly-bound ligand thereby increasing effective affinity.  . 

Figure 2.2: Binding mechanism for biological AND gate. Initial binding event is 

dependent on the association rate of the individual ligands within the fusion.  Once the 

single ligand:receptor complex has been made, the association rate is now increased for the 

unbound ligand due to the increased local concentration of the tethered fusion.  Upon 

crosslinking of receptors, two dissociation events must occur near simultaneously for the 

fusion to fully dissociate, greatly increasing the residence time of the fusion. 

 

The kon and koff values for each initial binding event are intrinsic to the individual 

ligands. Dissociation of the individual ligands also depends only on the strength of the 

interaction with its target.  However, the association rate of the second binding event 

(cross-linking rate) will be different due to the change in accessible volume of the tethered 

ligand. To estimate this variable, we assumed that the only change to the ligand is that it is 
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now in a constrained volume and that the rate of local atom rearrangement is unaffected by 

the initial binding event. The resulting relationship is that kx/kon is proportional to the ratio 

of accessible cell surface area to total surface area (Appendix A).  To calculate the 

accessible surface area, a geometric model was developed to describe the system (Figure 

2.3A).  The receptor is assumed to be a hemisphere of radius r.  The ligand has a fully 

flexible linker that does not affect ligand:receptor interactions and can survey the entire 

enclosed sphere of radius l with equal probability. The crosslinking rate enhancement, 

which is proportional to the concentration of the target receptor, can then be found as a 

function of the length of the linker (Figure 2.3B). For a target radius of 20 Å, this 

corresponds to a linker length of 22 amino acids for a maximum crosslinking rate 

enhancement of 171 times the monovalent kon value.  This result agrees with other 

published literature for fully flexible linkers96,107. 

 

Figure 2.3: Increased local concentration of second ligand increases kon of second 

binding event.  A) Schematic of geometric model. Unbound ligand is allowed to survey 

available space defined by the length of the linker, l. and the receptor radius r. B) Effect of 

linker length on increase in kon for second binding event. The maximum indicates the 

optimal linker length for the fusion molecule. 
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2.3.2 Specificity improvement estimation via in silico biodistribution model 

In order to identify the effect of this second binding event in a transient system 

such as the human body, we incorporated this two-event binding mechanism into an in 

silico biodistribution model the system using a transport model adapted from previous 

literature108,109 . (See Appendix for full model description).  Comparison of tumor uptake 

of a monovalent and bivalent ligands of the same ligand:receptor affinity showed a large 

increase in selectivity of the bivalent ligand at 290 nM (Figure 2.4). The appearance of an 

affinity optima supports the AND gate hypothesis, demonstrating that for the given 

system, there is an individual binding strength that is strong enough to localize to cells 

with both receptors, but weak enough to minimize uptake to cells containing only one of 

the two receptors compared to a monovalent targeting ligand. 

Comparison of selectivity over a range of receptor expression levels revealed that 

the optimal affinity was linearly related to the expression of the target receptor (Figure 

2.4).  This relationship does not hold at monovalent affinity values below 1 nM, which 

could be due to reaching a dissociation rate constant value that is much slower than the 

transport kinetics of the ligand through the tumor.  Other considerations are 

internalization and recycle rates of the receptors.  This demonstrates that while the AND 

gate concept is theoretically valid, there is no ‘one size fits all’ AND gate ligand design.  

However, depending on the target expression level, a specificity improvement of 200-

fold is theoretically achievable. 
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Figure 2.4: Heterobivalent targeting improves cell selectivity over 100-fold.  (Left) 

Selectivity of an AND gate fusion molecule over an individual targeting ligand is over 100-

fold higher for monovalent affinities of 270-500 nM.  (Right) Selectivity is also a strong 

function of the target receptor surface expression.  At 4 hours post-injection, a 200-fold 

selectivity of the targeting ligand is achievable.   

 

2.3.3 Engineering of low-affinity ligands 

With these results in hand, we moved forward to engineer ligands with a range of 

affinities to test the accuracy of the model.  To reduce variance from other system 

elements, such as monovalent ligand size, charge, binding site, and binding orientation, 

we used two high-affinity (Kd ~ 1 nM) ligands that were developed from the same 

molecular scaffold: the tenth type 3 domain of fibronectin (Fn).  This domain exists as a 

genetic fusion to several homologous Fn domains, which indicated that it likely would be 

a modular protein scaffold whose activity would be unaffected by fusion partners. 

Moreover, a previous study demonstrated the ability of Fn-Fn fusions to provide bivalent 

activity110. The Fn scaffold has been previously engineered to bind to a multitude of 

targets, including VEGFR2111,112, CD20113, transferrin55, EGFR114, and CEA115.  The 

latter two targets, EGFR and CEA, are important biomarkers for many cancer indications, 
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specifically colorectal cancers33,48,116.  For this reason, we chose to use Fn targeted 

towards these molecules as our high-affinity parental ligands.  The EGFR binding Fn 

chosen was clone E6.2.6, which binds to the extracellular domain of EGFR with a Kd of 

0.26 nM110.  The CEA binding Fn chosen was clone C7.4.3, which binds membrane-

bound CEA at a Kd of  2 nM117.  

We evolved the ligands for reduced affinity by directed evolution.  Each parental 

clone was randomly mutated via error-prone PCR of the entire gene and displayed on the 

surface of yeast to provide a phenotype-genotype linkage for high-throughput evaluation 

and selection34,106.  Previous work has shown that the yeast surface display system can 

discriminate between similar ligand affinities118. We aimed to isolate clones with a range 

of binding affinities, with a Kd of 300 nM as the optimal affinity (Figure 2.4).  To do this, 

we labeled our yeast populations at 300 nM biotinylated target (either EGFR or CEA), 

and allowed the population to approach equilibrium. Target binding and Fn expression 

per cell was quantified via flow cytometry and clones with reduced binding, normalized 

to Fn expression, were collected in multiple gates (Figure 2.5).  These populations were 

then sorted a second time to remove any non-binding clones from the populations. 
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Figure 2.5:  Isolation of low affinity clones. Population generated from a mutated CEA-

binding or EGFR-binding Fn clone were sorted twice at 300 nM target.  Multiple affinity 

ranges were collected, and clones were isolated and sequenced. 

 

2.3.4 Affinity determination of isolated clones 

Isolated ligands from mid-mid and low-mid populations were then produced and 

purified in E. coli both as single domains and as fusions to a non-binding Fn scaffold to 

mimic the heterobivalent structure. Binding affinity was measured via cell-based affinity 
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titrations (Figure 2.6). Interestingly, though the fine affinity discrimination has been 

shown using yeast surface display, clones from the same populations demonstrated vastly 

different affinities towards their target of interest (Figure 2.7 and 2.8).  This result likely 

emerged from the difference between target formats in the two modes of binding 

analysis: soluble recombinant extracellular domain during flow cytometry selections of 

yeast-displayed Fn vs. intact cellular-bound target in the context of affinity titrations. 

This hypothesis motivates the use of detergent-solubilized cell lysate119 or intact 

cells73,120 as targets during future evolution. Alternatively, it is plausible that we isolated 

mutants that are less stable in the soluble form than in the context of the yeast display 

construct.  

 

Figure 2.6: Example titrations.  A) Clone E6.2.6. B) Clone eL3. Clones were produced 

with a 6-His repeat tag for purification and antibody detection.  Each clone was titrated at 

multiple concentrations against either A431 (EGFRhigh) or LS174T (CEAmid) cells.  

Binding was detected using an anti-6-His fluorescent antibody and analyzed via flow 

cytometry.  Kd values were determined by fitting individual experimental titrations and 

fitted Kd values were averaged across all replicates. 
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Figure 2.7:  Affinity values for EGFR-binding Fn clones to A431 cells. Clones were 

individually produced and titrated on EGFR-expressing A431 cells.  Clones with >3 

replicates are reported with standard deviations.  Structure shown is an Fn3 (1TTF) with 

clone mutations noted in blue. 

 

 

Figure 2.8:  Affinity values of CEA-binding Fn clones to LS174T cells.  Clones were 

individually produced and titrated on CEA-expressing LS174T cells.  Clones with >3 

replicates are reported with standard deviations. Structure shown is an Fn3 (1TTF) with 

clone mutations noted in blue.  
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2.3.5 Fusion of non-binding Fn3 modifies affinity 

Though the yeast display / soluble target binding results were inconsistent with 

soluble Fn / cellular target Kd values, clones with a range of affinities were identified and 

moved into the heterobivalent AND gate expression construct (Figure 2.7).  Due to the 

native structure of Fn as a genetic fusion, we chose to fuse the binding Fn domains in a 

similar fashion.  A pET-22b production vector was modified to express a fusion protein 

where the N-terminal ligand was a EGFR-binding clone, and the C-terminal binding 

ligand was a CEA binding clone.  The linker, GSGGGSGGGKGGGGT, was adapted 

from previous work using Fn fusions110.  Select mutants were cloned into the expression 

vector and tested for their affinity to cell line containing one of two targets: A431 for 

EGFR and LS174T for CEA.  

 

 

Figure 2.9:  Fusion construct. Fn-linker-Fn clones were produced in E. coli with a C-

terminal 6-His tag.  Restriction digest sites flanking both the N-terminal and C-terminal Fn 

genes were used to facilitate efficient cloning.   
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The fusion of the non-binding Fn3 (RDG) had vastly different effects on the affinity of 

the clones (Table 2.1).  For the EGFR-binding clones, the fusion of the linker-RDG was 

detrimental to three out of four clones tested, including the parental clone.  In the case of 

clone eL3, the affinity was completely ablated at concentrations up to 1 µM.  A similar 

story was seen with CEA binding mutants.  As with clone eL3, all four RDG-linker-CEA 

clones showed a decrease in affinity to CEA, with all three mutants showing no binding 

at concentrations lower than 1 µM.   

Table 2.1: Affinity of Fn clones in fusion construct 

 

This effect of the Fn fusion on the monovalent affinity was also found when the 

binding Fn were moved to the alternate position within the construct, and when they were 

fused to other binding clones.  (Table 2.2). Parental clone E6.2.6 had a marked drop in 

affinity with both RDG and C7.4.3 partner Fn at either the N- or C-terminal position, 

with its location in the C-terminal position being the most detrimental.  Clone C7.4.3 

affinity was not as influenced as E6.2.6 but did appear to consistently decrease in affinity 

when in the C-terminal position.  As an additional comparison, an alternative EGFR-

binding clone (D) was tested in the fusion construct, and interestingly showed a stronger 

>10,000 >10,000 

>10,000 
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affinity when in the N-terminal position than in the monovalent context.  These results 

demonstrate the lack of modularity in the system, and that the effect of the fusion is clone 

and orientation dependent.   

Table 2.2: Effect of various fusion partners on clone affinity 

 

2.3.6 Selectivity is improved with reduced affinity 

We then moved forward to test the selectivity of the new fusions. Three fusions, E6.2.6-

C7.4.3, eM3-C7.4.3, and eL3-C7.4.3 were produced.  Each clone was titrated on one of 

three cell lines: A431 (EGFRhigh/CEAneg), HEK-CEA+(EGFRlow/CEAhigh, and LS174T 

(EGFRmid/CEAmid)(Figure 2.10A). The Kd values for each fusion on each cell line was 

assessed (Figure 2.10B).  Preliminary results show an increase in the selectivity of eL3-

C7.4.3 to LS174T cells over either A431 or HEK-CEA+ cells.  However, the difference 

is not statistically significant.  Further potential AND gate candidates, particularly CEA-

binding mutants proved difficult to produce, and more rigorous extraction methods are 

needed to isolate the ligands. 
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Figure 2.10:  Low-affinity fusion is more selective to double-positive cells.  (Left) 

Expression of 3 cell lines was determined using a fluorescent standard bead kit.  Affinity 

values for each fusion were fit using a 1:1 binding model, and error bars represent standard 

deviation of 3 or more replicates. eL3-C7 shows the highest selectivity to LS174T cells 

over A-C7 and NeLM3-C7, both from the weaker affinity to A431 and HEK-CEA+ cells 

and a stronger affinity to LS174T cells than the alternative fusions. 

 

2.4: Discussion 

2.4.1: Biodistribution model validation of AND gate concept 

 The aim of this work was to address the issue of biomarker selectivity in 

molecular targeting of disease by requiring upregulation of more than one biomarker to 

be present for targeting molecule localization.  The hypothesis was that a biological AND 

gate could be created by fusing two weak but non-zero affinity ligands that bound two 

different biomarkers, and that this fusion would preferentially bind to cells that 

upregulated both biomarkers over cells that upregulated only one or neither.  In silico 

calculations showed that this was theoretically achievable, and that an optimal affinity for 
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the individual ligands existed.  The model also demonstrated the importance of other 

biomarker properties.  Receptor expression had a strong effect on the optimal affinity.  At 

high receptor concentrations, a much weaker ligand is necessary.  At high receptor 

concentrations, there is increased probability that the bivalent ligand can bind to the 

target, thus requiring a faster dissociation rate to remain selective.  Additionally, the 

slower dissociation rate can increase the probability that the ligand will internalize with 

the receptor, which also ablates the chance of the second binding event to confer 

selectivity.  This highlights the importance of biomarker characterization when designing 

an AND gate or any other targeting agent.  

 

2.4.2: Fusion Modularity 

The selected Fn scaffold for use as a modular system was based on previous 

experiments and its natural domain-oriented structure.  However, throughout this study it 

became clear that the modularity of these fusions was not consistent with this hypothesis. 

This result is one that, while not entirely surprising, is often underappreciated when 

creating fusion molecules of any kind, from linked small molecules to dimeric scFv 

fusions.  One should expect that modifying a molecule will confer some activity change, 

whether due to steric interactions of the modification with the target, or structural 

changes to obtain more stable configuration of the new molecule.   Additionally, 

increasing the relative size of the fusion/modification will increase the effect on the initial 

molecule.  This is particularly important when modifying small proteins, such as the Fn, 

natural ligands and low molecular weight molecules.  
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2.4.3 Affinity engineering of fusion ligands 

One culprit could be that the mutagenesis strategy, rather than resulting in a 

library of stable but reduced affinity clones, led to a library of clones whose affinity was 

modulated by a reduction in stability.  These two outcomes would manifest as the same 

phenotype under the sort conditions used.  Additionally, the linkage of the second Fn via 

genetic transcription could also be a suboptimal method of linkage.  One method of 

addressing this issue is to focus the mutagenesis strategy on a known paratope.  This 

requires a priori knowledge of the paratope, which can be identified on the parent clone 

with many validated techniques121–123.  In addition to focused mutagenesis, the construct 

expressed on the display organism (yeast, phage, etc.), should also be designed to more 

closely mimic the context in which the ligands will ultimately be utilized.  It could be 

that, had the expression construct contained a non-binding Fn fused to the mutated Fn 

genes, the isolated clones would have activity more consistent with that of the 

corresponding soluble format. In addition, stability selections could be performed in 

addition to affinity selections to enhance robustness. 

 

2.4.4:  Additional AND gate design considerations 

 The mathematical model framework, directed evolution of reduced affinity, and 

experimental validation of enhanced selectivity set the stage for further development and 

study of deeper complexities of the system. For the AND gate ligand, the linker length 
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and structure likely impact overall performance.  While our geometric calculations 

suggested 22 amino acids as an optimal length, this is predicated on the assumptions of 

stability, binding orientation, and permutation length of the linker.  The extent to which 

these assumptions are inaccurate are dependent on the ligands and targets being utilized.  

Binding orientation of the ligand could greatly affect the space that the second unbound 

ligand can survey, which in turn can change the kx for either ligand.  Linker flexibility is 

also an important property of the AND gate.  Inclusion of rigid portions of the linker 

could improve the accessibility of the unbound ligand to the second receptor, thereby 

increasing kx. Future work to optimize and understand linker length and composition will 

be valuable to advance technological utility and fundamental understanding. 

  

2.5: Conclusion 

 In conclusion, biological AND gates have the potential to improve selectivity over 

conventional mono-targeted therapies.  We have shown in silico that there is an optimal 

individual ligand affinity that can result in over 100-fold selectivity of a biological AND 

gate molecule over a monovalent targeting ligand.  We engineered clones to bind to two 

clinically relevant targets at various affinities.  We showed that the chosen Fn ligand 

molecules are non-modular in fusion contexts, and that engineering molecules in the 

context that they will be used is a key lesson in designing these heterobivalent systems.  

Future work includes optimizing production of fusion molecules and testing selectivity 

on cell lines expressing differential values of two biomarkers. 
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Chapter 3: Engineering protein-small molecule fusions to 

enhance target selectivity 

3.1: Introduction 

3.1.1 Therapeutic small molecules lack isoform specificity  

Diagnostic biomarkers and targets of molecular therapeutics have been discovered in the 

emerging era of personalized and precision medicine.  However, identifying selective, 

potent molecular targeting agents for these molecules has long been a difficult task for 

researchers. A variety of techniques, including combinatorial chemistry50,124–126, 

structure-guided drug design127–130, and repurposing of natural ligands131–133, has been 

used to identify small molecule and protein binders. Yet, these molecules often exhibit 

off-target activity towards proteins within the same class/family45,79,134,135, lack the 

necessary affinity for physiological efficacy135,136, or bind without eliciting the desired 

activity (agonism or antagonism)46,134.   

One reason this method fails in many cases is due to the limitations of both small 

molecules and proteins as drug scaffolds.  Small molecules often don’t provide enough 

surface area to confer strong or unique interactions with a target137,138, and screening 

techniques are often limited by size and ease of synthesis of new compounds135,139–141.  

Biologics, such as antibodies, can provide a much larger surface area for interaction and 

larger libraries for screening, yet their chemical and shape diversity is reduced relative to 

small molecules.  Additionally, there are few high-throughput screening techniques for 

either small molecules or biologics that can select for a certain drug action rather than 
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passive binding141–145.  Both antibodies and small molecules have various advantages in 

the types of epitopes they can target as well.  Antibodies are superior at targeting large, 

flat topographies146,147, while small molecules are able to fit in active sites and grooves 

within a receptor or enzyme than are inaccessible to an antibody127,148–150.  Without prior 

structural knowledge, it is exceedingly challenging to know which scaffold would be 

most advantageous in developing a potent and selective drug towards a novel molecular 

target. 

 

3.1.2 Engineering protein ligands to confer small molecule selectivity 

 Building off what was learned while developing a biological AND gate (Chapter 

2), we believe that the concept of combining two distinct binding motifs into one ligand 

can be used to improve specificity and activity of a small molecule or biologic.  We 

proposed that by evolving a protein scaffold binding ‘partner’ that is already linked with 

a starting ligand of interest, a highly functional and selective molecule could be 

engineered that could not be easily or efficiently achieved via de novo protein 

engineering or ligand-based drug design alone (Figure 3.1A).  We hypothesized that we 

could use yeast surface display for high throughput discovery and evolution of these 

protein—small molecule fusions (PriSMs). For efficient synthesis and analysis, we 

proposed to use a C-terminal peptide linker with a terminal cysteine residue to attach a 

small molecule via a maleimide functional group to the protein.  With this method of 

library conjugation, we hypothesized that various cell-sorting techniques could identify 
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ligands with improved affinity and selectivity while still retaining functional activity of 

the starting small molecule. 

 

Figure 3.1: PriSM concept. A) Schematic of hypothesized binding mode.  The small 

molecule of interest binds to the target protein’s active site to convey agonist/antagonistic 

function but lacks specificity to the target isoform of interest due to active site homology 

between isoforms.  The protein ligand will be engineered to provide selectivity by binding 

to a distal, unique epitope on the target protein.  This additional binding event adds avidity 

and increases the activity of the fusion over the small molecule alone.  B)  Protein ligand 

scaffold.  The 10th type III domain of fibronectin (Fn3) is a 94 amino acid protein that has 

previously been engineered to bind selectively to many targets106,151–153.  A library of 

mutants was created by diversified the colored loops (blue: BC loop, red: DE loop, yellow: 

FG loop).  A linker for small molecule attachment was added to the C-terminus (orange), 

and the N-terminus (green) linked to display construct. 

 

To demonstrate that this can be used for a variety of druggable targets, we chose two 

target classes, one soluble enzyme and one G-protein coupled receptor (GPCR), with 

known small molecule inhibitors cross-reactive to other proteins within the target 

families as our model system.  These classes of proteins have very different structures 

and mechanisms of function and are representative of a large array of important drug 

targets.  Many enzymes and GPCRs are known to have conserved binding pockets and 

active sites across isoforms154–156, and are thereby challenging to selectively target. 
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Efficient strategies to increase the selectivity and potency of drugs targeting these classes 

is applicable to a vast array of disease treatments as well as other biotechnology 

applications157,158. 

 

3.1.3 Carbonic anhydrase targeting 

Carbonic anhydrases (CA) are a class of metalloenzymes that catalyze the reversible 

conversion of CO2 to bicarbonate with a coordinated metal ion159.   There are at least 14 

known CA isoforms found in humans, and many are implicated in diseases from macular 

edema160–162 to cancer57,163,164.  There is a strong need for inhibitors that are selective 

towards a single isoform because there is high homology between CA isoforms. CAIX 

has been shown to be upregulated in hypoxic tumor environments, yet inhibition of other 

CAs can cause serious side effects163,165.  Targeting of CAI and CAII to reduce 

intraocular pressure has also seen success, though with similar issues of side effects 

associated with the inhibition of other CA isoforms162,166. There are many known 

inhibitors towards the CA family.  One class of inhibitors are sulphonamides, which bind 

to the coordinated metal ion within the enzymatic pocket.  Members of this class of 

inhibitors have been used as antiglaucoma agents, diuretics, and antiepileptics162,167.  

Though they are known to be tight binding inhibitors, they are not selective towards any 

particular member of the CA family160,167.  Indeed, the binding site of sulphonamides to 

CAs is so well conserved across the CA family that 14 of 18 residues within the active 

site are identical across all but one of 11 active CA isoforms57.  One inhibitor of 

particular interest is acetazolamide (AAZ), which exhibits 38 nM affinity towards CAII 
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and 20 nM affinity towards CAIX168 and has been previously crystallized in complex 

with both CAII (Figure 3C) and CAIX (Figure 3D).  In these and additional solved 

CA:AAZ complex structures, the sulphonamide binds to the complexed Zn2+ ion deep 

within the active site in almost all solved structures169–171.  This along with the clinical 

relevance of a potential isoform-specific CA inhibitor indicating that this is an exciting 

model system for demonstrating the PriSM design capabilities. 

 

Figure 3.2: Structure of acetazolamide inhibitor with CAII and CAIX.  A) CAII (PDB: 

3HS4).  Black: Zn
2+

 ion, Red: Acetazolamide bound to Zn
2+

 and active site residues.  Pink: 

two additional acetazolamides in complex with regions outside the active site. B) CAIX 

catalytic domains (PDB: 3IAI).  The CAIX catalytic domain forms a dimer that is stabilized 

via a disulfide bond at site 41 (yellow residues).  Like CAII, acetazolamide binds to the 

Zn
2+

 ion and coordinating residues within the active site of CAIX. 

 

3.1.4 GPCR targeting 

GPCRs are the most abundant class of surface receptors in humans, with over 800 unique 

members157.  Many are drug targets for diseases ranging from cancer172 to HIV173,174.  As 

ubiquitous and important as they are, they are generally difficult to engineer ligands and 
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drugs towards due to their hydrophobic transmembrane domains, lack of a separable 

extracellular domain, limited extracellular size, and membrane-dependent structure147,175.  

GPCRs are also challenging to produce in a soluble form that recapitulates the structure 

and behavior found in its native state, which has resulted in a lack of crystal structures to 

be used in rational drug design176–179.   

C-X-C chemokine receptor 4 (CXCR4) is a GPCR that is implicated in a vast array of 

pathologies, including angiogenesis180,181 and chemotaxis in metastatic cells182,183, HIV 

infection173,184, and stem cell motility185,186 (Figure 3.3A).  With so many therapeutic 

applications, there is a large need for CXCR4-targeted binders and inhibitors.  Adding to 

the difficulties of engineering proteins to a GPCR such as CXCR4, there is significant 

overlap of the extracellular domain between it and other CXC-motif receptors175,187–190, 

making it difficult to engineer highly selective ligands or therapeutics (Figure 3.3B).   

 

Figure 3.3:  GPCR structure and binding pockets.  A) Solved structure of CXCR4 in 

complex with the small molecule inhibitor IT1t (PDB: 3ODU). B) General GPCR 

structural features.  Adapted from Katritch, et al175.  The accessible surface area for GPCRs 

(including CXCR4) is a low percentage of the total structure but contains the highest 

diversity between isoforms.  The ligand-binding pockets extend into the core of the protein 

and is a more conserved region.   
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3.1.5 Yeast surface display of PriSM libraries  

In the current work, we generated a yeast surface display library of PriSMs to select for 

functional PriSM molecules with enhanced selectivity relative to the small molecule 

alone (Figure 3.4).  Yeast display is a protein display format that links the genotype and 

phenotype of the expressed variant34,191.  The gene of interest is produced as a genetic 

fusion with the Aga2p domain of a-agglutinin.  This fusion is secreted and tethered to the 

surface of each yeast cell, where it forms two disulfide bonds with the Aga1p domain.  

There are approximately 10,000 copies of each variant on the surface of the yeast cell, 

and the genetic information for the variant is found within the cell.  For the PriSM 

display format, a polypeptide linker comprising proline, alanine, and serine residues 

(PAS) of either 25 or 50 amino acids was fused to the Fn3 variants (Figure 3.4B).  At the 

C-terminus of these linkers was a cysteine, and it is this thiol that was used to couple the 

small molecule.  Our initial small molecules were synthesized with a maleimide 

functional group which couples specifically with free thiols, such as the ones on the 

linker termini or, undesirably, other cell surface thiols such as on Aga1p (Figure 3.4C).  

We have demonstrated that small molecules can be more functional when conjugated to 

Fn-PAS-Cys than to random yeast surface thiols, and that various sorting methods 

yielded highly specific and functional PriSM molecules. 



39 
 

 

Figure 3.4: PriSM libraries design. A) Construct design for yeast display of PriSM 

proteins.  The Aga2p protein is secreted with the display construct consisting of an 

expression tag (HA), PAS40 and G4S repeat spacer, the diversified Fn3 gene, and a PAS 

linker terminated with a cysteine. B) Sequence of PAS25-Cys and PAS50-Cys linkers. 

Linkers of proline, alanine, and serine repeats and terminated with a cysteine were added 

to the C-terminus of the expression construct.  C) Hypothesized conjugation sites for small 

molecules on the surface of yeast.  Small molecule (orange) can couple to any free thiol on 

the yeast, including any yeast surface proteins.   

 

3.2 Materials and Methods 

3.2.1 Small molecule synthesis 

CA targeting molecules were synthesized by PepTech (Bedford, MA).  Briefly, the 

inhibitor acetazolamide was synthesized with a 2-unit polyethylene oxide linker attached 

to and capped with the maleimide functional group for the final product of maleimide-

PEO2-AAZ (99.1% purity by HPLC). The CXCR4 targeting molecule Cyclo[D-Tyr-D-N-

Me-Orn(maleimido-PEO7)-Arg-2-Nal-Gly] (96.1% purity by HPLC) was purchased 
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from Peptides International (Louisville, KY). Molecules were reconstituted in DMSO and 

stored at -20 C.   

 

3.2.2 CA biotinylation 

5 μM recombinant His-tagged human carbonic anhydrase 9 (CAIX, Sino Biological) was 

incubated with 500 μM EZ-link NHS-Biotin (Thermo) in PBS, pH 7.4 for 4 hours at 

room temperature. An average of 1.9 biotin molecules conjugated per CAIX molecule as 

evaluated by MALDI-TOF mass spectrometry. Carbonic anhydrase 2 (CAII, Sino 

Biological) was similarly biotinylated at 15 μM CAII with 135 μM NHS-biotin. 

Conjugation was confirmed by MALDI-TOF (1.1 biotins per CAII).  Unreacted biotin 

was removed using two sequential Zeba 7K desalting spin columns (Thermo). 

 

3.2.3 Cloning and library construction 

Oligonucleotides for construction of the diversified Fn3 library and proline-alanine-serine 

(PAS) linker genes were purchased as gblocks from IDT DNA Technologies.  The 

hydrophilic Fn3 gene was diversified as adapted from Woldring, et al 55 and is under 

publication review (Lewis, et al).  PAS sequences of 25 and 50 amino acids were adapted 

from Schlapschy, et al192.  The pCT-40 display vector used to display the Fn3-PAS-Cys 

library was adapted from Stern, et al120.  Fn3 library oligonucleotides were assembled 

into a pool of full-length Fn3 genes via overlap extension PCR.  Full-length Fn3 genes, 

PASx linkers, and pCT-40 vector were transformed into the EBY100 strain of S. 
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cerevisiae and combined via homologous recombination.  Transformation efficiency was 

quantified via plate counting of diluted library transformants on selective SD-CAA 

plates. Assembly fidelity was verified via Sanger sequencing.  The PAS25 and PAS50 

libraries were then pooled in an equimolar fashion for the remainder of the study. 

 

3.2.4 Yeast preparation and conjugation to small molecule 

Transformed yeast were cultured by shaking at 30 °C in SD-CAA media (16.8 g/L 

sodium citrate dihydrate, 3.9 g/L citric acid, 20.0 g/L dextrose, 6.7 g/L yeast nitrogen 

base, 5.0 g/L casamino acids), and expression of Fn3-PAS-Cys was induced for >4 hours 

at 30 ºC with shaking by switching the yeast into SG-CAA media (10.2 g/L sodium 

phosphate dibasic heptahydrate, 8.6 g/L sodium phosphate monobasic monohydrate, 19.0 

g/L galactose, 1.0 g/L dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids). 

Induced yeast were washed in PBS (pH 7) and resuspended in PBS pH 7 with 100 µM 

small molecule.  Yeast were incubated at room temperature for > 1 hour, and 

subsequently washed twice in PBSA.  To verify conjugation, a small aliquot of yeast both 

with and without small molecule were washed twice in PBS and then incubated with 2 

µM AlexaFluor590-PEO5-Maleimide for 30 minutes, washed twice in PBSA and 

analyzed via flow cytometry.   

 

3.2.5 Magnetic bead selection 
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Yeast, sufficient in number to provide 10-fold coverage of the population diversity, of 

each conjugated Fn3-PAS25Cys and Fn3-PAS50Cys library were pooled and incubated 

with 10 µL streptavidin-coated Dynabeads for 2 hours while rotating.  Dynabeads and 

bound yeast were removed by placing samples against a magnet for 5 minutes and 

recovering unbound yeast.  To the unbound yeast, another 10 µL of Dynabeads were 

added and the incubation and recovery process was repeated.  The recovered unbound 

yeast were incubated with either 5 nM biotin-CAII or 5 nM biotin-CAIX for 1 hour, 

washed once in PBSA, and then incubated with 10 µL beads for 2 hours.  Bead-bound 

yeast were recovered and incubated in 100 mL SD-CAA. 

 

3.2.6 Fluorescence-activated cell sorting (FACS) affinity sort 

Recovered yeast (>20-fold coverage) enriched for binding CAII or CAIX were separately 

induced and conjugated to small molecule per the protocol above.  Yeast were then 

incubated with 50 nM of their respective targets (either CAII or CAIX) for 1 hour at 

room temperature, followed by mouse anti-HA-DyLight650 and streptavidin-

AlexaFluor647. Cells that showed target binding above background were collected and 

cultured in 5 mL SD-CAA. 

   

3.2.7 FACS specificity sort 

 Recovered yeast (>20-fold coverage) from the above affinity sort were separately 

induced and conjugated to small molecule per the protocol above.  Each population was 
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incubated with both CAII-biotin and CAIX-DL650, followed by streptavidin-

AlexaFluor647 and mouse anti-HA-DyLight550.  Cells that showed either strong binding 

to both targets or binding only to their initially sorted targets were separately collected.  

These collected populations were cultured and induced, and their binding to CAII-biotin 

and CAIX-biotin with or without small molecule conjugation was then analyzed via flow 

cytometry via above protocols. 

 

3.2.8 Construction of PAS0 populations 

The Zymoprep plasmid extraction kit (Zymo Research, Orange County, CA) was used to 

isolate pCT40-Fn3-PASx-Cys plasmids from the triply sorted yeast populations.  These 

plasmid pools were amplified via PCR using primers flanking the Fn3 genes and 

transformed into yeast with the traditional pCT-40 plasmid via homologous 

recombination. Transformation and expression in yeast was verified using flow 

cytometry with HA and cMyc labeling.   

 

3.2.9 Clone sequencing and production 

Plasmids from zymoprepped yeast populations were transformed into NEB5α bacterial 

cells and cultured in lysogeny broth with 100 µg/mL ampicillin.  Amplified DNA was 

then extracted from clonal bacterial cultures via miniprep kit (Epoch Life Sciences, 

Houston, TX).  Clonal plasmid isolates were then submitted for Sanger sequencing.    
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3.2.10 Cloning into production vector 

 To leave the C-terminal cysteine and conjugated small molecule unblocked by a 

purification tag, the T7 bacterial expression vector pET-22b was modified to include the 

His6 tag at the N-terminus of the expressed protein. This new plasmid, pETn, was then 

digested using NheI and XhoI enzymes.  Lead clone genes (Fn3 + PAS tail) were 

amplified via PCR from miniprepped isolates.  Each gene was combined with digested 

pETn vector via HiFi DNA Assembly Master Mix (New England Biolabs) at the 

following ratios: 1 µL gene PCR product, 1 µL digested pETn product, and 2 µL HiFi 

Master mix.  The reaction was incubated for 1 hour at 50 °C and subsequently 

transformed into T7 Express competent E. coli (New England Biolabs) and streaked on 

lysogeny broth with agar plates containing 100 µg/mL kanamycin.  Colonies were 

cultured and sequenced as previously described. 

 

3.2.11 Protein-small molecule production and purification 

 Lead clones were produced in E. coli using the T7 Express cells from NEB.  E. 

coli were grown in 100 mL cultures to an OD between 0.5 and 1, and production was 

induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at 37 °C for two hours.  

Cultures were then pelleted, and cells resuspended in a bacterial lysis buffer (50 mM 

sodium phosphate (pH 8.0), 0.5 M sodium chloride, 5% glycerol, 5 mM CHAPS, and 25 

mM imidazole, cOmplete Mini EDTA-free Protease Inhibitor Tablet).  Cells were lysed 
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via five or more freeze-thaw cycles, and the insoluble fraction was removed via high 

speed centrifugation and filtered (0.22 µm filter paper).   

Clones were purified and conjugated to small molecule via a modified metal affinity 

chromatography protocol.  Briefly, cell lysate was applied to a HisPur Cobalt spin 

column (ThermoFisher Scientific), equilibrated with 15 mM imidazole + 50 mM sodium 

phosphate (pH 8.0), and centrifuged at 700g for 2 minutes.  The column was then washed 

three times with 400 µL of 15 mM imidazole to remove protein lacking the His6 

purification tag, followed by six washes with 50 mM sodium phosphate (PBS, pH ~7.5).  

The column was then incubated with 200 µL of 200 µM small molecule for 30 minutes at 

room temperature and washed four times with 15 mM imidazole + PBS.  His6-tagged 

protein was eluted from the column with 300 mM imidazole + PBS.  Imidazole was 

removed from the elution via PD-10 desalting column.  Protein conjugation was verified 

via MALDI, and concentration measured via A280 quantification.  

  

3.2.12 CA activity assay 

 CA activity was measured via hydrolysis of 4-nitrophenyl acetate (4-NPA, 

Sigma).  Briefly, conjugated clones were diluted to the desired concentrations in 10 mM 

HEPES buffer (pH 7.3) and combined with either CAII at 25 nM or CAIX at 75 nM and 

allowed to equilibrate at room temperature.  The substrate 4-NPA was diluted in HEPES 

buffer and added to the mixture. Absorbance was measured at 348 nm and 400 nm every 
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minute on an H1-Synergy plate reader.  Reaction velocity was calculated from the slope 

of absorbance at 400 nm per time for the first 30 minutes of the reaction.  

 

3.2.13 Cell lines and cell culture methods 

HEK-293T cells were a kind gift from Dr. Douglas Yee (UMN).  Cells were cultured in 

DMEM with 10% v/v fetal bovine serum and 1% v/v penicillin and streptomycin 

(Gibco).  Cells were grown at 37 °C and 5% CO2. Cells were grown to 80-90% 

confluency and passaged at 20-fold dilution every 3-4 days. 

 

3.2.14 Generation of stable cell lines expressing CXCR4 gene 

Lentiviral transfer vector pLX304 containing the full-length CXCR4 gene with C-

terminal V5 epitope tag was purchased from DNASU.  Packaging and envelope vectors 

were also a kind gift from Dr. Douglas Yee.  HEK-293T cells were used to produce in-

house lentiviral particles.  Briefly, ~5x106 HEK-293T cells were transfected with 3 

plasmids; vsv-g, dvpv, and a pLX304-CXCR4-V5 using Lipofectamine 3000 (Invitrogen) 

per manufacture protocol.  Cells were allowed to produce particles for 48 hours, and 

media harvested and stored at -20 C.  Separate batches of HEK-293T cells were then 

transduced with 1 mL lentiviral particle suspension in media and 8 μg/mL polybrene.  

Cells were then maintained under selection pressure of 5 μg/mL blasticidin.  Transduced 

HEK-293T cells were then subjected to FACS sort to select for the top 5% of CXCR4-

expressing clones.  These sorted populations were used for sorting experiments.  
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Analogous strategies were used to develop CEACAM5 and CXCR7-expressing HEK-

293T cell lines.   

 

3.2.15 Expression quantification 

 Cells to be tested were washed twice in cold 1% PBSA (10 g/L bovine serum 

albumin, PBS). 50,000 cells were resuspended in 50 µL PBSA with 10 µg/mL mouse 

anti-target antibody and incubated for 30 minutes at 4 °C.  Cells were washed once in 

PBSA and incubated in 20 µL of 10µg/mL goat anti-mouse IgG – FITC for 5 minutes at 

4 °C.  Cells were then washed in PBSA and analyzed via flow cytometry.  In parallel, 

Quantum™ Simply Cellular® anti-Mouse IgG beads (Bangs Labs, Fishers, IN) were 

incubated with 10 µg/mL mouse IgG isotype control antibody (Abcam, Cambridge, MA).  

Beads were washed and labeled in an identical fashion to cells being tested and ran with 

samples on flow cytometry. 

 

3.2.16 CXCR4-SM naïve library enrichment via whole yeast-cell panning 

 HEK-293T cells were passaged as previously discussed and plated at 500,000 

cells/well in 6-well plates previously treated with 0.1 % (w/v) poly-L-lysine solution 

(Sigma) per manufacturers protocol.  The following day, plated cells were washed 3 

times by gently adding 1 mL cold PBSACM (1x PBS, 1 g/L bovine serum albumin, 1 

mM CaCl2, 0.5 mM Mg2SO4) to the side of the well and gently rocking the plate before 

aspirating the PBSACM wash.  4x diversity of the naïve yeast Fn3-PASx library were 
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conjugated with Maleimide-PEO7-CXCR4 as previously discussed and resuspended to a 

concentration of 108 yeast/mL in PBSACM.  1 mL of the library was added to each well 

and allowed to incubate at 4 °C for >15 minutes.  After that time, unbound yeast were 

aspirated, and wells were washed 5x with cold PBSACM.  Wells were then scraped to 

remove HEK-293T-CXCR4+ cells and bound yeast and recovered cells were suspended 

and pooled together in SD-CAA growth medium.  Yields were quantified by dilution 

plating on YPD agar plates.  For the second and third rounds of sorting, 108 yeast were 

added to each well in triplicate against HEK-293T-CXCR4+ or HEK-293T-CEA+ cells 

and yields for each well were quantified separately by dilution plating.  Error bars 

represent standard error in plate counts. 

 

3.2.17 Clonal yeast panning 

The triply-sorted CXCR4 yeast population was plated on SD-CAA agar plates and 

incubated ~3 days until yeast colonies were seen.  Individual colonies were then picked 

and cultured in 1 mL SG-CAA overnight at 30 °C to induce protein expression.  One day 

prior to panning, 96-well culture plates were treated with poly-L-lysine solution as 

previously mentioned.  50,000 cells were added to each well and allowed to adhere 

overnight.  On the day of panning, clonal yeast cultures were washed twice in PBS (pH 

7.5) and incubated in PBS with 100 µM mal-PEO7-CXCR4 small molecule for 30 

minutes at room temperature.  Yeast were washed 3 times with PBSACM and 

resuspended in 250 µL PBSACM. To each well, 50 µL yeast plus 150 µL were added to 

HEK-293T cells and incubated at 4 °C for >15 minutes.  96-well plates were then gently 



49 
 

washed 3x with cold PBSACM.  100 µL of PBSACM was added to each well, and wells 

were imaged using EVOS FL Cell Imaging System (Thermo Fisher Scientific) at 40x 

magnification.   

 

3.3: Results 

3.3.1 AAZ-conjugated library characterization 

We hypothesized that a fibronectin – linker – small molecule fusion would provide an 

effective molecular design for the PriSM concept (Figure 3.4). Two libraries were 

constructed containing a fibronectin domain with three solvent exposed loops with a 

sitewise gradient of diversity as a protein binding scaffold153,193,194 and a C-terminal 

polypeptide chain consisting of either 25 or 50 amino acids and capped with a C-terminal 

cysteine (Figure 3.4A,B). This polypeptide chain consisted of proline, alanine, and serine 

amino acids arranged to mimic the properties of a polyethylene glycol chain of similar 

dimensions192,195. 4x108 total transformants were obtained. Sequencing indicates that 

66% of the library matched the intended design.  

The non-specific CA inhibitor AAZ was synthesized with a PEO2 spacer and maleimide 

functional group to facilitate conjugation to cysteines on yeast cells under 

physiological/mild conditions (Figure 3.5).  Yeast displaying the newly constructed 

library were then conjugated via thiol-maleimide chemistry to maleimide-PEO2-AAZ.   
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Figure 3.5: Unsorted Fn-PASx-Cys+AAZ variants bind CA. A) Structure of 

acetazolamide (AAZ). The sulphonamide binds to the Zn2+ ion in the active site of 

carbonic anhydrase. B) Structure of maleimide-(PEO)2-AAZ.  The added maleimide 

functional group forms a stable thioether bond with free cysteines.  The two-unit 

polyethylene oxide (PEO)2 allows for spacing and flexibility for AAZ to bind the CA active 

site. C) Conjugated (black) and unconjugated (gray) Fn3-PASx-Cys libraries were 

incubated with 300 nM of either CAII or CAIX and anti-HA tag antibody, followed by 

secondary fluorophore conjugated antibodies.  For the unconjugated library, no binding 

was seen to either target.  For the AAZ-conjugated libraries, binding to CAII and CAIX 

was seen on HA-positive yeast. 
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The naïve library with and without AAZ conjugation – and with and without Fn-PAS-

Cys display – was incubated with 300 nM CAII or CAIX.  The naïve library showed 

binding to CAII and CAIX when conjugated to AAZ, but not without (Figure 3.5), and no 

binding was detected against CAII or CAIX in non-displaying yeast.  This shows that 

while the AAZ can conjugate to any free cysteine on the yeast surface, there is either 

preferential conjugation or binding to Fn3-PAS-Cys-AAZ. Given the high affinity (>30 

nM) of free AAZ, the lack of binding to non-displaying yeast is consistent with either 

drastically reduced affinity in the yeast-PEO-AAZ context or a lack of conjugation to 

non-Fn sites. To differentiate these hypotheses, we evaluated binding of Fn-PAS-Cys-

AAZ to reduced concentrations of CA, which revealed binding only for rare clones 

(Figure 3.5), thereby supporting the hypothesis that small molecule affinity is reduced by 

the linker context. Yet, this may be ideal as it seemingly still targets the CA active site 

(based on the majority of clones binding at 300 nM, which should be driven by AAZ 

rather than the diverse array of Fn sequences) while providing opportunity for substantial 

avidity via the bivalent PriSM concept (Figure 3.1). Collectively, this shows that yeast 

display of protein—small molecule conjugates can be used to sort for binders. Also, 

while there is slight preferential binding of the majority of the library to CAIX over CAII, 

the selectivity is minimal, which agrees with previous AAZ experiments129,164,168,169,196 

and provides the opportunity for particular Fn sequences to provide selectivity. 

 

3.3.2 Isolation and characterization of CAII- and CAIX-specific PriSM molecules 
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To identify PriSM molecules that were highly specific to either CAII or CAIX, the 

populations underwent several rounds of sorting (Figure 3.6A). The AAZ-conjugated 

library was sorted for binders to CAII or CAIX in parallel.  For the initial sort, the 

conjugated library was labeled at 5 nM target, and binders were recovered with 

multivalent magnetic bead capture to remove most of the non-functional clones and 

enrich for ligands.  The resultant populations were sorted via flow cytometry with 50 nM 

target. Each subsequent population showed enrichment for their respective targets that 

was AAZ-dependent (Figure 3.6B).  However, because no isoform-selection pressure had 

been added, the twice-sorted populations contained clones with a wide range of 

specificity to the appropriate CA isoform.  To push the selectivity towards either CAII or 

CAIX, a 3-color competitive FACS sort was done with 5 nM target and 5 nM off-target 

labeling on each population (Figure 3.6C).  Yeast were collected that showed binding to 

either CAII or CAIX, while showing no binding to the alternative target.  
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After three rounds of sorting, populations were found to be of high affinity and high 

specificity to the target CA of interest (Figure 3.7).  Both triply-sorted populations, either 

towards CAII or CAIX, demonstrated binding at concentrations as low at 0.5 nM.  A 

subset of the CAII-sorted population appears to bind streptavidin, as is evident from the 

double-positive yeast when labeled with streptavidin-AlexaFluor488 only.  Otherwise the 

CAII-sorted population shows very strong binding of all clones at 5 and 50 nM CAII. 

Similarly, a majority of the CAIX-sorted population shows binding at 0.5 nM CAIX, and 

no non-binding ligands seen at 5 nM or 50 nM. In addition to containing strong ligands, a 

majority of both populations are also highly specific to the isoform of interest.  Aside 

from potential avidin-binding ligands, both CAII-sorted and CAIX-sorted populations 

show no binding above background. These results indicate that the initial library and 

sorting strategies can yield populations with high affinity and selectivity towards a 

specific enzyme isoform. 

Analysis of non-conjugated Fn-PAS-Cys indicates that binding for both populations was 

AAZ-dependent for nearly all clones (Figure 3.8). This indicates the importance of AAZ 

in binding and suggests that while the sorting strategy is based on affinity alone, the 

inhibitory function has likely been preserved. Non-displaying cells lacked binding, which 

is consistent with Fn-dependent binding (Figure 3.8).   
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3.3.3 Clonal analysis of triply-sorted populations 

Sequencing of the enriched populations revealed that the location of AAZ conjugation 

may not have only been on the intended C-terminal cysteine, but within the diversified 

paratope. All 11 unique clones from the CAII-sorted population contained a single 

additional cysteine in one of the diversified loops (Table 3.1). Eight of 11 clones had Cys 

at site 26 in the BC loop, two clones had Cys78, and one had Cys30.  Conversely, five of 

six CAIX-binding clones were Cys-free within the Fn gene (Table 3.2).  All but one 

clone exhibited strong isoform specificity (Figure 3.9, 3.10), consistent with the 

population analysis. Interestingly, the only non-specific clone tested from either 

population was the FnαCAIX-4, which was also the only CAIX-sorted clone to contain a 

loop cysteine (Table 3.2, Figure 3.10).  Each population contained PAS-Cys linker 

lengths of 25 and 50 amino acids, suggesting both linkers are functional for creating a CA 

isoform-specific PriSM molecule.  Based on these results, further characterization was 

needed to determine the mechanism by which these populations demonstrated AAZ-

dependent specificity. 
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Table 3.1: CAII-binding population sequences 

 

 
Figure 3.9:  Clones from triply-sorted CAII populations show strong affinity and 

specificity for CAII. Each clone was incubated with 0 nM, 10 nM CAII, or 10 nM CAIX.  

Median fluorescence of yeast expressing the Fn-PASx-Cys construct were used to quantify 

target binding.   
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Table 3.2: CAIX-binding population sequences 

 

 

 

Figure 3.10:  Clones from triply-sorted CAIX populations show strong affinity and 

specificity for CAIX. Each clone was incubated with 0 nM, 10 nM CAII, or 10 nM CAIX.  

Median fluorescence of yeast expressing the Fn-PASx-Cys construct were used to quantify 

target binding. FnαCAIX-4 was the only analyzed clone to bind to CAII at 10 nM. 
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3.3.4 Determination of PAS-Cys tail importance in PriSM populations 

The triply-sorted population sequences suggest that the loop cysteines were integral to the 

binding of several clones within each population, which may emerge from AAZ 

conjugation or thiol-based binding. To identify whether the C-terminal cysteine, and its 

potential AAZ conjugation, played a role in CA binding, Fn sequences from the triply-

sorted populations were moved into an expression vector lacking any C-terminal PASx-

Cys linker to remove the site for conjugation. Binding analysis of the resulting population 

revealed both AAZ-dependent and independent binding clones (Figure 3.11).  For both 

populations, removal of PASx-Cys resulted in a majority of clones losing all detectable 

binding to CA isoforms.  This result is consistent with the clones benefiting from the C-

terminal PASx-Cys-AAZ as designed, although some Fn-only binding would be expected 

to provide the specificity-driving avidity.  Without AAZ conjugation, the PASx-Cys-less 

CAII-sorted population showed no binding at 50 nM CAII or CAIX, which is consistent 

with their inability to bind without AAZ even with PASx-Cys.  In contrast, multiple 

PASx-Cys-less clones from the CAIX-sorted population bound CAIX without AAZ, 

which indicates that the Fn half of some PriSM clones are strong standalone binders 

(though likely lacking inhibitory activity). Notably, several clones in both target pools 

showed strong affinity when conjugated to AAZ, which is consistent with a more local, 

integrated protein-small molecule paratope. Such a paratope is achievable with the 

observed loop cysteines, which are prevalent in the CAII population but not the CAIX 

population. Additionally, almost all CAII- and CAIX-binding clones were specific 

although there was limited off-target binding for some AAZ-conjugated clones.    
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From this data, we can see that there are multiple mechanisms of conjugation that can 

result in high affinity, isoform-specific fusion molecules.  To isolate dual-paratope 

binding PriSM molecules, the original triply-sorted populations were further sorted 

without conjugating AAZ (Figure 3.12A).  In sorting without AAZ conjugation, the true 

PriSM molecules that can bind a site outside of the active site (where it is hypothesized 

all conjugated AAZ are binding) should be enriched.  The mode of sorting was dictated 

by the average population affinity without AAZ.  The CAIX-binding population, 

containing FACS-detectable ligands, was sorted monovalent FACS, and the much weaker 

affinity CAII-binding population that lacked FACS-detectable binding was sorted via 

highly-avid MACS.   
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Figure 3.12: Sorting strategy for isolation of ultra-selective PriSM ligands. A) To 

isolate PriSMs with high-affinity protein ligand partners, thrice-sorted CAII and CAIX 

populations were sorted a fourth time without AAZ.  Collected clones were then conjugated 

to AAZ and sorted with 0.2 nM target CA and 100 nM off-target CA to isolate the highest 

selectivity and affinity PriSM constructs. 
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To ensure that binding PriSMs were recovered, each population was then subjected to a 

high stringency three-color sort, labeling the target CA at 0.2 nM target CA and 100 nM 

non-target CA (Figure 3.12).  The resulting population was then sequenced.  For the 

CAIX binding population, two unique sequences of five total were identified (Table 3.3). 

Notably, clone FnαCAIX-5.2 is only two mutations away from clone FnαCAIX-5 (from 

the triply-sorted population), with identical BC and FG loop sequences.  In the 5x-sorted 

CAII-binding population, three unique sequences (of five total) were found: FnαCAII-1, 

and two new sequences (Table 3.3).  Notably, even with the MACS sort for binding in 

the absence of AAZ, the CAII sequences still contained cysteines within the loop 

structures.  This suggests that the AAZ/Fn integrated PriSM ligands still retain CAII-

specific affinity without AAZ conjugation.   

Collectively, these results indicate that the yeast-displayed PriSM concept is a robust and 

efficient method of identifying isoform-specific binding ligands.  The isolated clones also 

demonstrated additional mechanism of selectivity that can be further explored. Clones 

from the 5x-sorted and triply-sorted CAII and CAIX populations were selected for off-

yeast characterization.  

Table 3.3: 5x-sorted CAII and CAIX population sequences 

 

 



65 
 

 

 

3.3.5 Panning of CXCR4-SM conjugated yeast show enrichment. 

In addition to developing PriSM molecules for CA isoform targeting, we also 

wished to determine whether this technique could be used to develop selective GPCR-

targeted PriSM molecules, more specifically CXCR4-specific ligands.  Of the available 

small molecule structures that block CXCR4’s main ligand SDF-1 (CXCL-12) from 

binding and inducing signaling, we chose FC131-variant 9 (Figure 3.13A).  This 

molecule was the only ligand that contained an extended residue or functional group that 

could allow for attachment of a PEO-maleimide linker without greatly disrupting the 

binding of the inhibitor.  With this in mind, we had the SM4 molecule synthesized 

(Figure 3.13B) 

 

Figure 3.13 Small molecule inhibitor of CXCR4. A) CXCR inhibitor FC131-variant 9197.  

Small molecule engineered to bind CXCR4 and inhibit signaling via the SDF-1 ligand.  B) 

SM4 molecule for conjugation.  Like Maleimide-(PEO)2-AAZ the FC131-variant 9 Arg1 

residue was modified to include a 7-unit PEO linker and maleimide functional group for 

conjugation. 
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Due to the complexity of the CXCR4 structure and difficulty recapitulating the 

binding site with soluble target or cell lysate, the SM4-conjugated Fn3 library was sorted 

via cell panning methods previously developed in our lab120.  To sort for CXCR4 binding 

ligands via cell panning, adherent cell lines expressing the target and a related isoform at 

levels in excess of 100,000 molecules per cell are required.  Since native expression of 

CXCR4 and the chosen related isoform CXCR7 are on the order of 10,000 per cell198–200, 

we chose to modify HEK-293T cells with CXCR4 or CXCR7 genes under the control of 

the constitutive CMV promoter to empower overexpression. cDNA encoding either 

CXCR4 or CXCR7 was stably transfected into adherent HEK-293T cells, and expression 

validated and quantified via flow cytometry (Figure 3.14).   

   

Figure 3.14: Modified HEK293T cells stably overexpress CXCR isoforms.  Native 

HEK-293T cells (left panel) express minimal amounts of either CXCR4 or CXCR7.  HEK-

293T cells transduced with either CXCR4 (middle panel) or CXCR7 (right panel) 

constitutively express the GPCR of interest on the cell surface.   
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3.3.6 Isolation of CXCR4-specific PriSMs  

SM4 conjugation to the naïve library was verified via blocking of the conjugation of a 

fluorescein-PEO5-maleimide (Figure 3.15A). The conjugated library was sorted thrice for 

binding to HEK293T-CXCR4+. Comparative analysis for binding to HEK293T-

CXCR4+ vs. HEK293T parental cells exhibited differential yield (p = 0.11; Figure 

3.15B).  In comparison, blank EBY100 yeast conjugated with SM4 showed negligible 

enrichment, consistent with enrichment driven by PriSM conjugates rather than 

conjugated but non-Fn-PASx-Cys-expressing yeast. 

  

Figure 3.15: SM4-conjugated PriSM library is enriched towards CXCR4-expressing 

cells. A)  Validation of PAS25 and PAS50 conjugation to SM4 molecule.  Fluorescence shift 

indicated reduction in available cysteines for fluorescein-5-maleimide when conjugated 

with SM4. B) Yield of SM4-conjugated yeast populations panned against HEK-293T and 

HEK-293T-CXCR4+ cells.  0.2 indicates the second sequential sort, 0.3 the third, and EBY 

is nonexpressing yeast conjugated to SM4. 
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3.3.7 Clonal characterization of triply-sorted CXCR4-specific PriSMs 

Clones isolated from the triply-sorted CXCR4 binding population were then individually 

panned against HEK293T and HEK293T-CXCR4+ cells to identify potential selective 

clones.  Individual clones and uninduced yeast were conjugated, panned in duplicate 

against either HEK-293T or HEK-293T-CXCR4+ cells, and imaged via bright-field 

microscopy (Figure 3.16).  Binding was qualitatively characterized by the number of 

yeast present in the field of view (Figure 3.17).  Several clones displayed preferential 

binding to HEK-293T-CXCR4+ cells over HEK-293T cells alone, which was consistent 

with cell panning yield results.  Additionally, SM4-conjugated yeast lacking the PriSM 

expression plasmid were tested in parallel, and no detectable binding was seen.  Several 

of the clones tested were also sequenced (Table 3.4).  Interestingly, two clones that 

appeared selective were truncated Fn3 genes, and likely acted as unstructured linkers for 

the SM4 molecule.  Like CAIX-specific clones, no free cysteines were found in any of the 

loop regions, however clone FnαCXCR4-0.3.12 did contain two sequential cysteines in 
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the BC loop. As with initial CA PriSM development, no selectivity pressure has been 

introduced to the population. 

 

Figure 3.16:  Example of clonal panning results. Shown above are representative images 

of a clonal panning with SM4-conjugated yeast, a CXCR4-binding PriSM clone, and a non-

specific PriSM clone. The amount of yeast within the frame was given a qualitative integer 

score from 0 (few to no yeast) to 5 (all cells decorated with yeast).   
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Table 3.4: Sequences of clones from CXCR4-binding population 

 

To identify if these clones are isoform-specific, the triply-sorted CXCR4 binding 

population was panned against HEK-293T-CXCR4+, HEK-293T-CXCR7+, and HEK-

293T-CEA+ (a non-GPCR target) in triplicate, and resulting populations were submitted 

for deep sequencing.  Clones will be selected from this population to be tested as soluble 

PriSM molecules and to assess their ability to block native ligand SDF-1 binding to 

CXCR4.  We have demonstrated that the yeast-display PriSM method, in addition to 

discovering CA-isoform-specific molecules, can also identify selective molecules to a 

membrane-bound target such as CXCR4.  Further characterization is needed to quantify 

the strength and inhibitory activity of isolated CXCR4 PriSM clones. 
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3.4: Discussion 

3.4.1 Generation of isoform-specific ligands 

Isoform specific carbonic anhydrase and GPCR inhibitors have long been a goal for 

many communities trying to treat various diseases.  For these reasons, we first chose to 

develop protein-small molecule inhibitors that can selectively target a single CA isoform 

or a single CXC-receptor isoform.  For targeting CAs, our starting small molecule was 

acetazolamide (AAZ). AAZ is a common CA inhibitor and also an FDA-approved 

treatment for macular edema162.  Our goal was to develop unique protein-small molecules 

that can selectively inhibit the enzymatic activity of either CAII or CAIX.  We were able 

to select for high-affinity and highly specific CAII and CAIX ligands, and that they also 

selectively inhibited the CA of choice at a much higher specificity than AAZ alone.  For 

targeting CXC-receptor isoforms, we used a previously developed 5 amino acid cyclic 

peptide mimetic (SM4)201,202 that bound to both CXCR4 and CXCR7.  We showed that 

conjugated libraries on yeast were able to be enriched for CXCR4 binding. 

 

3.4.2 PriSM selection greatly increased speed to strong ligand isolation 

 In addition to validating the PriSM concept, we have shown here an efficient and robust 

method of identifying selective inhibitors using an Fn3 library and a non-selective 

inhibitor as a starting point for developing a bivalent intramolecular protein-small 

molecule fusion using yeast surface display and various sorting techniques.   Notably, 
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initial naïve library and sorting analysis showed that this small molecule drastically 

increased the number of recovered yeast from the first sort over traditional naïve library 

only sorts.  This increase in the affinity of the starting library towards the target allowed 

for stringent selectivity sorts to be conducted at a very early stage in the sorting process, 

and we believe this is what resulted in the ability to recover diverse sequences that 

matched the phenotypes of interest.  It is possible that in alternative efforts to discover 

and evolve new ligands towards a target, an initial ‘handle’ of some other ligand could be 

used to improve the recovery of a diverse set of weak but selective ligands from a naïve 

library.  

 

3.4.3 Alternative PriSM formats  

In sequencing the triply-sorted CAII binding population, we found that all clones 

sequenced in the CAII binding populations contained PriSM molecules that contained at 

least one cysteine in one of the diversified loops of the Fn3 gene in addition to the C-

terminal cysteine.  In contrast, this genotype was only seen in one of the 6 unique 

sequences from the CAIX populations.  This discrepancy could be due to the difference 

in oligomeric state of the targets.  CAIX is a dimeric cell surface protein whose complex 

is mediated by a disulfide bond near the active site203, whereas CAII is monomeric170,196.  

This difference could cause the ‘double’ AAZ conjugated PriSMs to win out over the 

single conjugates due to a potential increase in effective affinity if the CAII can dimerize 

when in forced proximity.  This oligomerization could also be the reason behind the 

FACS results showing stronger binding to CAIX over CAII in the naïve conjugated 
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library.  The dimerization of CAIX is within the catalytic domain of the enzyme and 

could introduce additional avidity to the system that results in a falsely strong binding 

signal.  This high avidity on yeast could also explain the less than stellar results in the 

soluble protein inhibition experiments where no avidity can be utilized outside of the 

intramolecular bispecific binding of the PriSM molecule (data not shown). Because the 

cell sorting strategies were based on CA binding rather than inhibition, it is possible that 

the clones selected for are highly specific ligands, but not strong inhibitors.   

An alternative hypothesis is that the AAZ-conjugated loops are binding an area away 

from the active site.  Crystal structure data shows that AAZ binds to two other sites on 

CAII other than the catalytic pocket (Figure 3.2).  While these complexes could be 

artifacts of the excess AAZ used in crystallization, it could explain how these dual-AAZ 

conjugated PriSMs can be highly selective. 

 

3.4.4 Yeast-displayed PriSM libraries identify ligands to ‘undruggable’ targets 

In targeting CXCR4 via the PriSM system, we did not see a similar strong affinity for 

CXCR4+ cells of the naïve library, though this is likely due to the weak binding of the 

SM4 molecule.  However, a similar trend in selection efficiency was seen.  The yield 

divergence of SM4 containing molecules at the 3rd sort was markedly sooner than many 

other cell-panning techniques39,73,204,205.  Clonal panning results confirmed that many 

clones within the sorted population were specific to the CXCR4 receptor-containing cells.  

However, we have yet to identify whether the molecules are selective to CXCR4 over 
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CXCR7, which is a much more stringent requirement.  Selectivity to CXCR4 over 

CXCR7 is also a clinically relevant problem in cancer therapy.  CXCR7 is a known 

scavenger of the SDF-1 ligand206,207, and this also holds for any inhibitor that blocks 

SDF-1 binding, such as SM4.  If an SM4 based PriSM could be validated, it would likely 

improve the therapeutic window of the drug in addition to the potency.  

 

3.5: Conclusion 

 In this study we demonstrated that the PriSM concept can create highly selective 

ligands robustly and efficiently.  CA isoform-selective ligands were developed that have 

over 500-fold specificity to either CAII or CAIX over the alternative CA tested.  

Characterization of the clones identified multiple mechanisms of AAZ:Fn binding that 

could lead to the development of new inhibitors requiring only one paratope for 

selectivity.  We demonstrated that GPCR-specific ligands could be isolated using a 

known small molecule and whole cell yeast panning.  Further off-yeast characterization is 

needed to verify these results; however, these findings demonstrate the utility of 

engineering partner ligands to improve affinity, selectivity, and potency of small 

molecules and other ligands.  
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Chapter 4:  Activatable photoacoustic lifetime imaging probe 

for tumor detection 

This work was done in collaboration with Dr. Ekaterina Morgounova-Ippolito and 

Professor Shai Ashkenazi of the Biomedical Engineering departing at the University of 

Minnesota.  Their expertise in photoacoustic imaging was integral to this work and we 

are extremely grateful for their fruitful collaboration. This chapter was jointly written as a 

manuscript for submission for peer review, which is forthcoming. 

4.1:  Introduction 

4.1.1 Activatable probes in cancer imaging 

Photoacoustic molecular imaging is a rapidly growing imaging modality that 

combines the selectivity of light-absorbing contrast agents with the relatively high spatial 

resolution and penetration depth of ultrasound imaging208,209. Different types of 

photoacoustic imaging probes have been developed to visualize biological events210,211. 

Early probe designs for cancer research have relied on passive uptake through the enhanced 

permeability and retention (EPR) effect to enter the tumor site, but they lack specificity 

and show high off-target signal. Targeted photoacoustic probes can bind to a specific 

molecular marker such as cell surface receptors, transporters or enzymes, and accumulate 

at the target site, but since they are “always on” they cannot provide functional information 

about dynamic events. A third class of photoacoustic contrast agents are activatable smart 

probes that can detect specific events by switching from a silent state to a visible state upon 

cleavage by a target molecule, or conformational reorganization induced by environmental 
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factors. Activatable photoacoustic probes can therefore provide low background noise and 

high imaging contrast212–222.  

 

4.1.2 Matrix metalloproteinase activity as cancer biomarkers 

A prominent example of molecular targets studied in both research and clinical 

settings are matrix metalloproteinases (MMPs), a family of enzymes that degrade proteins 

in tissue extracellular matrices (ECM)223. They are involved in normal physiological 

processes such as wound healing, but also in pathological states such as cancer progression 

and inflammation-related diseases224. Although MMP inhibitors have been extensively 

studied as drug targets for cancer therapy, treatments have met with limited success in vivo 

so far, possibly due to the complexity of their signaling activities225. Hence, developing 

molecular tools and techniques to visualize MMPs is still needed to better understand their 

role in disease initiation and progression.  

 

4.1.3 Current research of activatable probes 

Recently, several groups have developed activatable smart probes for photoacoustic 

imaging of enzymes213,215,216,226, copper(II)217, reactive oxygen species218, pH219,220, and 

temperature221, or demonstrated the use of commercially available activatable fluorescent 

probes with photoacoustic detection214,222. Two common methods to detect the active probe 

signal include single and dual wavelength imaging. Single wavelength imaging maximizes 

photoacoustic emission by exciting at the maximum of absorption of the active probe 

signal214,215,220,221. Dual wavelength imaging relies on a change in the absorption spectrum 
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between the inactive and active forms of the probe to enhance contrast, using either spectral 

subtraction213,226, or radiometric detection216–219. Both methods assume low and 

homogeneous absorption of background tissue absorbers and do not actively attempt to 

subtract the background noise. In practice, however, background absorption can vary 

significantly, and resolving the active probe signal may become challenging in the presence 

of highly absorbing and spatially heterogeneous tissue chromophores combined with low 

probe concentration. One strategy is to incorporate particles with high absorption capacity 

and high energy conversion efficiency into the probe design, such as semiconducting 

polymers218,219 or gold nanoparticles220. Alternatively, activated probes may be designed 

to aggregate locally resulting in photoacoustic signal amplification215,221. Finally, 

multispectral optoacoustic tomography (MSOT) is capable of extracting the probe signal 

by decomposing, or unmixing, a photoacoustic image based on the unique spectral 

signature of its photoabsorbing components222. In its simplest application, MSOT assumes 

an a priori knowledge of the absorption spectrum of each endogenous and exogenous 

absorber and performs a linear fit of the photoacoustic signal acquired at multiple excitation 

wavelengths.  

 

4.1.4 Photoacoustic lifetime imaging reduces endogenous background signal 

Photoacoustic lifetime imaging (PALI) is an alternative imaging method that 

detects the excited-state lifetime of molecules using a two-step pump-probe approach. 

First, a laser pulse (pump) excites the molecule to a higher energy level. Then, a second 

laser pulse (probe) interrogates the transient excited state by generating a transient 
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photoacoustic signal. By scanning the time delay between the pump and probe pulses, we 

can capture the relaxation dynamics of this excited state. As endogenous tissue absorbers 

such as hemoglobin, melanin and albumin have small excited-state lifetimes in the 0.1 – 

10 ns range227–230, PALI can ignore their photoacoustic signal by suppressing any signal 

under a set lifetime threshold. Photosensitizers such as methylene blue (MB) and some 

porphyrin derivatives show potential as photoacoustic lifetime contrast agents due to their 

high optical absorption in the red region of the spectrum and their long-lived triplet excited 

state231,232. In addition, our collaborative team has previously shown that the dimerization 

of MB molecules led to the quenching of their photoacoustic lifetime in sodium sulfate and 

sodium dodecyl sulfate solutions233.  

 

4.1.5:  Conceptual design of photoacoustic lifetime imaging probes 

Here, we considered whether PALI could be employed to resolve the activation of 

a cleavable smart probe labeled with two MB chromophores arranged in a dimer 

configuration. The probe was based on a design by Jiang et al. who developed an 

activatable cell-penetrating peptide for fluorescence imaging comprising an electrostatic 

zipper234. After cleavage by the target enzyme, half of the probe enters and accumulates in 

the cells, resulting in signal amplification235. This design was later modified by Levi et. al 

who evaluated two chromophore-quencher pairs for dual-wavelength photoacoustic 

imaging226. More recently, Rood et al. developed a fluorescent activatable lifetime imaging 

probe using luminescence quenching236. Our lifetime-based activatable probe comprises a 

pair of MB chromophores conjugated to an electrostatic zipper and covalently linked by 
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the MMP-2 specific recognition sequence PLGLAG (Figure 4.1). MB dimerization is 

facilitated by two mechanisms: 1. The N-terminal proline of the PLGLAG sequence 

facilitates a turn in the peptide backbone237; 2. The electrostatic attraction between the two 

halves of the zipper bring MB molecules together. Cleavage of the amide backbone by 

MMP-2 enzyme separates the two halves, and the chromophores recover their long excited-

state lifetime.  

 

Figure 4.1. Photoacoustic probe design.  The probe is composed of a MMP-2 recognition 

sequence PLGLAG, an electrostatic zipper comprising cationic poly-D-arginine (r+) and 

anionic poly-D-glutamate (e-) domains, a flexible linker (z) and a pair of MB 

chromophores. The intact probe is hypothesized to have a short lifetime of tens of 

nanoseconds due to static quenching. Upon cleavage of the recognition sequence, thereby 

elimination of the indirect covalent linkage, the electrostatic zipper is insufficient to 

maintain MB dimerization. MB monomers separate and exhibit long lifetime (several 

microseconds). 

 

Here we describe the synthesis and evaluation of several conjugated agents. First, 

we assessed the dimerization and quenching efficiency of a pair of MB chromophores 

covalently linked by a single lysine (MB2K). Then, we compared the basic functionality of 

12 activatable peptide probes with general structure MB-Kz(e)n[Ahx]PLGLAG(r)mzK-MB, 

as well as pre-activated and non-activatable controls (Table 4.1). We studied the effect of 
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varying the length of the electrostatic zipper ((e)n(r)m) and introducing a flexible linker (z) 

on dimerization/separation efficiency and activation rate in order to identify the optimal 

probe sequence. Finally, we measured the lifetime contrast before and after incubation with 

MMP-2 to determine the photoacoustic quenching efficiency of the activatable probes. 

 

Probe n (e-) m (r+) z 
Targeting 

sequence 

E4 4 - - PLGLAG 

R5 - 5 - PLGLAG 

E0R0 0 0 - PLGLAG 

E0R1 0 1 - PLGLAG 

E1R2 1 2 - PLGLAG 

E2R3 2 3 - PLGLAG 

E3R4 3 4 - PLGLAG 

E4R4 4 4 - PLGLAG 

E4R5 4 5 - PLGLAG 

E5R6 5 6 - PLGLAG 

E4DR5 4 5 - plglag 

E4scrR5 4 5 - Pgallg 

GE4R5G 4 5 G PLGLAG 

XE3R4X 3 4 [Ahx] PLGLAG 

XE4R5X 4 5 [Ahx] PLGLAG 

XE5R6X 5 6 [Ahx] PLGLAG 

 

Table 4.1. Design of the activatable probe sequences. General form MB-

Kz(e)n[Ahx]PLGLAG(r)mzK-MB, where n represents the number of D-amino glutamic 

acids, m represents the number of D-amino arginines, and z represents a flexible linker 

(G, 6-aminohexanoic acid [Ahx], or none). A simplified naming convention (zEnRmz) is 

used to describe the different probe designs. Pre-activated positive controls are identified 

as E4 and R5. Negative D-amino and scrambled controls are identified as E4DR5 and 

E4scrR5, respectively. 

 

4.2: Materials and Methods 

4.2.1 Materials 
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Methylene blue hydrate (purity ≥ 97%) and methylene blue N-hydroxysuccimide 

ester (MB-NHS) were acquired from Sigma-Aldrich and ATTO-TEC (Siegen, Germany), 

respectively. L-lysine was purchased from Sigma-Aldrich, and activatable peptides were 

purchased from UnitedPeptide (Herndon, VA). Recombinant human MMP-2 proenzyme 

was from Calbiochem. p-aminophenylmercuric acetate (APMA) (Toxic!) was from Sigma-

Aldrich. TCNB buffer was prepared by mixing 50 mM Tris-HCl, 10 mM CaCl2, 150 mM 

NaCl and 0.05% (w/v) Brij-35 (Technicon), and adjusting the pH to 7.5 by adding 1M HCl.  

 

4.2.2 Synthesis of MB-lysine conjugates 

MB-NHS ester and L-lysine were resuspended in dry DMSO to 20 mg/mL and 2.2 

mg/mL, respectively. A 3-fold molar excess of L-lysine was added to the MB-NHS 

solution to ensure both MB-K and MB2-K as products, along with 2% v/v trimethylamine. 

This mixture was left to react protected from light at room temperature for 2 hours. The 

samples were then purified using a C18 reverse-phase HPLC purification column with a 

solvent gradient of 22.5-67.5% acetonitrile in water with 0.1% trifluoroacetic acid. 

Individual peaks containing dually and singly labeled conjugates were collected and 

analyzed via electrospray ionization mass spectrometry (MALDI-TOF/TOF 5800, Applied 

Biosystems-Sciex Framingham, MA). Finally, the samples were lyophilized and stored at 

4C prior to testing.  

 

 

4.2.3 Synthesis of activatable peptide probes and their controls 
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Peptides were resuspended in distilled water or buffer solutions of 1X PBS and 0.2 

M sodium bicarbonate (20:1 v/v) with a final pH of 8.3. To conjugate each peptide terminus 

with MB, a 3-6 molar excess of MB-NHS resuspended in DMSO (20 mg/mL) was added 

to each peptide solution and allowed to incubate for > 24 hours protected from light at 

room temperature. The samples were then purified via reverse-phase HPLC using a C18 

column with varying gradients of water/acetonitrile and 0.1% TFA.  Peaks containing 

dually-labeled peptides were collected. Peak purity of >95% was verified via mass 

spectrometry, with lower purity samples undergoing further reverse-phase HPLC 

purification. Purified probes were lyophilized and stored at 4C and resuspended before 

use.  Prior to each experiment, the absorption spectra of the probes were verified to be 

invariant with concentration (data not shown), indicating that no significant cleavage took 

place prior to enzymatic incubation.  

 

4.2.4 Absorbance spectra measurements 

All MB-lysine conjugates and activatable peptide compounds were first solubilized 

in distilled water and then diluted to their working concentration in distilled water or 1X 

PBS before testing. Absorption spectra were measured using 384-well microplates with a 

SpectraMax Plus 384 spectrophotometer (Molecular Devices, CA) or a Synergy H1 

spectrophotometer (BioTek, VT). The pure monomer and dimer spectra were obtained 

from a two-state linear regression model of MB dimerization described previously233. Total 

molar concentrations were calculated using Beer Lambert’s law and the extinction 
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coefficient of MB at the isosbestic point (35,700 M-1.cm-1 at 625 nm) calculated with this 

model. 

 

 

 

4.2.5 Enzyme kinetics 

MMP enzymes become active after cleavage of their inhibitory N-terminal 

domain238. MMP-2 proenzyme was activated by incubating a 1:9:1 v/v ratio of MMP-2, 

TCNB buffer and 11 mM APMA freshly dissolved in 0.1 M NaOH at 37C for 45 minutes. 

All experiments performed with APMA must follow the guidelines established for using 

organic mercuric compounds, including wearing appropriate protective equipment. The 

initial activation rate of the probes was measured by incubating 10 μM peptide probe with 

568.6 nM (0.2 ng/ μL) activated MMP-2 in distilled water or in 1X PBS at 37°C for 3 

hours. We monitored the reaction by recording the absorbance at 613 nm (λmax, dimer), 668 

nm (λmax, monomer), and 630 nm (isosbestic point) over time. Absorbances were normalized 

by the total concentration calculated at the isosbestic point to account for a drift in 

concentration over time due to evaporation. The initial rate of activation was calculated by 

fitting a linear regression model between the 6th and 15th minute. Measurements were 

performed three times with 2-3 replicates each time. 

 

4.2.6 Photoacoustic signal acquisition.  
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The photoacoustic experimental setup used to measure transient photoacoustic 

absorption was described in detail previously and reproduced in Figure 4.2a233. A pump-

probe system comprising two Q-Switched Nd:YAG lasers (Phocus Mobile, Opotek, and 

Quantel, Brilliant), each equipped with a second harmonic generator, delivered 5 

nanosecond pulses at 10 Hz repetition frequency. Each beam was directed into an optical 

parametric oscillator (OPO; MagicPRISM, Opotek) for wavelength conversion. The pump 

and probe wavelengths were tuned to the maximum of absorption of MB monomers (660 

nm) and the maximum of absorption of the transient excited state (830 nm) to maximize 

signal generation. The beams were then combined into a bifurcated randomized fiber 

bundle to ensure a uniform illumination of a plastic tube containing the samples. The output 

of the light guide was inserted into a 3D-printed photoacoustic chamber and aligned with 

the tube and a focused ultrasound transducer (f = 1˝, Panametrics, V311, 10 MHz) (Figure 

4.2b). The optical energies after the light guide were 12 and 17 mJ for the pump and probe 

laser, respectively. A peristaltic pump (Dolomite Microfluidics, MA) was used to draw the 

solutions in alignment with the light guide and the transducer. Laser firing, ultrasound 

acquisition, and the delay between the two pulses were controlled by MATLAB via a field-

programmable gate array (FPGA, KNJN, FX2 Saxo). Pump-probe delay times were 

randomized to correct for time-dependent photobleaching of the solutions. The 

photoacoustic signal was recorded by a digital oscilloscope (Lecroy, LC584) and processed 

with MATLAB. Noise reduction was achieved by averaging the signal over 100 

measurements during acquisition.  
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Figure 4.2: (a) Photoacoustic experimental setup. A 3D printed chamber ensures a 

repeatable and precise alignment between the light guide, the plastic tube filled with the 

sample, and the ultrasound transducer. (b) Photoacoustic chamber during laser firing.  

 

4.2.7 Photoacoustic signal processing 

For each pump-probe delay time, the transient photoacoustic signal was obtained 

by subtracting the signal recorded with the pump laser only and the probe laser only from 
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the signal recorded with both lasers: tPA = PA660+830 − PA660 – PA830. The signals were 

then processed with a Wiener filter followed by an averaging filter. The envelope was 

detected using the Hilbert transform method. Finally, the photoacoustic lifetime was 

evaluated by exponential fitting of the transient photoacoustic signal at the dye-plastic wall 

interfaces in function of pump-probe delay time. 

 

4.2.8 Statistical analysis 

An unpaired two-sampled t-test was used for statistical analysis of the probe 

activation data. The data were expressed as mean ± standard error (SEM) from 3 repeat 

activation experiments using 2-3 replicates each time. Each repeat experiment was 

conducted with freshly activated MMP-2. P-values < 0.001 were considered statistically 

significant. 

 

4.3: Results and Discussion 

4.3.1 Quenching of MB2K conjugate is driven by MB dimerization 

We first tested the hypothesis that intramolecular connection of two MB molecules 

by a short indirect covalent link results in stable dimerization and quenching. A single 

lysine (K) was chosen as the linker, and it was verified that the amino acid absorbs 

negligibly in the wavelength range of this experiment. Absorbance spectra were collected 

for free MB, singly conjugated control MBK, dually conjugated MB2K and hydrolyzed 

MB-NHS ester (MB-COOH) at different dilutions. Increasing the concentration of free MB 

dye results in a hypsochromic shift of the maximum of absorption from 665 nm to 608 nm 
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as seen in sandwich-type (H-type) dimers (Figure 4.3a)239. By contrast, MB2K displays a 

spectral shape that is invariant with concentration with an absorption peak at 608 nm 

(Figure 4.3b), suggesting that a single unimolecular dimer dominates the solution. To 

further demonstrate that this peak is caused by intramolecular MB pair interaction and not 

by intramolecular MB-lysine interaction, we measured the spectrum of the singly 

conjugated control MBK, which revealed that MBK undergoes aggregation/dissociation 

processes marked by a peak shift similar to that of free MB (Figure 4.3c), albeit with a 

lower dissociation constant. These combined results suggest that a pair of MB molecules 

held in close proximity by a covalent linker form a stable dimer in aqueous solution. 

Finally, the absorbance spectra of MB-COOH also shows a peak shift with increasing 

concentrations (Figure 4.3d), indicating that this contaminant product of the labeling 

reaction dimerizes like free MB and MBK in solution.  
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Figure 4.3: Extinction coefficient spectra of free MB dye (a), dually conjugated MB2K 

(b), singly conjugated MBK (c), and MBCOOH (d) diluted at different concentrations in 

1X PBS. Dashed lines represent the pure MB monomer and dimer spectra calculated from 

the dimerization model described in (25). 

 

Interestingly, the absorption spectrum of MB2K does not match the MB dimer 

spectrum calculated from the dimerization model used in our previous study, and exhibits 
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both a lower peak at 608 nm and a higher peak at 665 nm233. Characterization of MB2K 

solution by mass spectrometry revealed that the solution contained 3% MB-COOH, which 

corresponds to a MB-COOH concentration ranging from 0.80 to 3.71 M across the 

dilutions – a range at which monomers represents more than 97% of all species. This would 

translate into a spectral decline of up to 946 M-1.cm-1 at 608 nm and a spectral rise of up to 

2,060 M-1.cm-1 at 665 nm, which cannot fully explain the extent of the observed deviation. 

An alternative explanation is that a portion (26% according to our model) of dually-

conjugated MB2K remain undimerized, resulting in a higher absorption in the monomer 

region. Finally, it is possible that MB2K conjugates are completely dimerized but that their 

spectrum is different from that of pure MB dimer. 

We assessed the quenching of MBK and MB2K by measuring their photoacoustic 

lifetime signal. Figure 4.4a shows the transient photoacoustic signal of the two conjugates 

for increasing pump-probe delay times (0.25, 1 and 2 s). The back and front dye/plastic 

interfaces are visible at x = 0.9 mm and x = 2.6 mm, respectively. The photoacoustic 

lifetime was obtained by fitting an exponential to the maximum of the PA signal after 

envelope detection in function of pump-probe delay time (Figure 4.4b,c). One can see that 

both conjugates present a photoacoustic lifetime, however the amplitude of the exponential 

fit decreases by 30-fold between MBK and MB2K. The lifetimes were estimated to be 1.44 

 0.23 s (R2 = 0.982  0.022) for MBK and 1.00  0.60 s (R2 = 0.806  0.126) for MB2K. 

The small signal observed for MB2K may be due to the presence of a small amount of 

monomeric species, either in the form of MB-COOH monomers or undimerized MB2K, 

however the lower R2 values and higher standard deviation suggest that it could be the 
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result of curve fitting error brought by low signal-to-noise ratio (SNR). In conclusion, the 

decrease in lifetime amplitude for MB2K combined with a similar photoacoustic lifetime 

for the two conjugates demonstrates that MB2K is statically quenched. 

 
 

Figure 4.4: Dimerized MB exhibits long lifetime. (a) Transient photoacoustic signal of a 

plastic tube filled with MBK and MB2K at 50 μM in 1X PBS at three different pump-probe 

delay times (0.25 μs, 1 μs and 2 μs). (b-c) Photoacoustic lifetime signal of the same 

solutions at the front (x = 0.9 mm) and back (x = 2.6 mm) dye-plastic interfaces. The 

lifetimes were calculated by applying an exponential fit to the maximum of the envelope 

signal. 

 

We previously posed the hypothesis that MB dimers have a short, excited state 

lifetime of a few tens of nanoseconds.  However, our results do not show that MB2K 

conjugates have a short lifetime component in this time range. This observation was 

verified by measuring the transient absorption of MB2K with an excitation wavelength at 

the isosbestic point (625 nm) using flash-photolysis. This suggests that MB2K may not 
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undergo intersystem crossing to a triplet state but another type of de-excitation process 

such as direct relaxation from the singlet to the ground state. 

 

4.3.2 Validation of E4R5 activation  

The E4R5 probe (Figure 4.1, Table 4.1) was used to validate whether the general 

design was amenable for use with MB monomer dimerization and subsequent 

monomerization by MMP-2.  E4R5 fully dimerized the conjugated MB molecules, as the 

extinction coefficient values were independent of probe concentration.  E4R5 was 

activated by MMP-2 over the course of three hours (Figure 4.5a), and the spectra shifted 

to one of MB monomer composition (Figure 4.5b). Notably, the maximum of absorption 

of the uncleaved and cleaved form of the probes were red-shifted by about 4 nm 

compared to free MB dye and MB-lysine conjugates.  

 

Figure 4.5: Spectral observation of peptide cleavage by MMP-2. (a) Absorption spectra 

before/after incubation. (b) Rate of monomerization.  
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4.3.3 Comparison of activatable peptide probes to optimize imaging contrast 

In order to select the optimal probe design, we compared the dimerization state and 

quenching efficiency of the different probes before and after incubation with MMP-2. 

Before incubation, dually conjugated probes showed a dominant absorption peak in the 

dimer region but variable dimerization efficiencies (Figure 4.6). Apart from E0R0 and 

E1R2, probes without a flexible linker displayed a higher dimer-to-monomer ratio (D:M) 

than probes with a G or X linker (P < 0.0005). Furthermore, the D:M decreased 

significantly with linker size when comparing probes of the same zipper length (D:ME4R5 

> D:MGE4R5G > D:MXE4R5X) (P < 0.0001). These results indicate a size-dependent disruption 

of MB dimerization by flexible linkers, which we posit may be mediated either by 

increased conformational freedom or by increased distance between the chromophores. 

Additionally, whereas the D:M did not differ significantly between E0R1, E2R3, E3R4, 

E4R5 and E5R6 probes, the D:M of XEnRmX probes was inversely related to their length 

(r = 0.998, P < 0.05). This suggests that flexible linkers may counteract the electrostatic 

attraction of the zipper, and that longer zippers may be more prone to unzipping resulting 

in lower dimer formation. On the other end, the zipper-free E0R0 probe displayed a 

significantly lower D:M than other EnRm probes apart from E1R2 (P < 0.001), indicating 

that a minimal zipper length is necessary for terminal MB chromophores to reach a 

configuration conducive to dimerization. Finally, the D:M of the E4R5 probe and its non-

activatable D-amino and scrambled controls E4DR5 and E4scrR5 were not found to be 

significantly different (P > 0.001). 
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Incubation of EnRm probes with MMP-2 led to a 79.5 % average decrease in D:M 

with a final D:M comparable to that of split controls E4 + R5 (P > 0.001), indicating a 

complete separation of MB chromophores. In comparison, GE4R5G and XEnRmX probes 

showed a higher D:M than EnRm probes (except E5R6) after incubation (P < 0.001). We 

posit that the presence of a linker may partially hamper the separation of the probes or that 

the linker impacts MB’s absorption spectrum. Interestingly, the D:M of non-activatable 

controls E4DR5 and E4scrR5 decreased by approximately 10 % each, indicating that 

cleavage took place to a lower extent over the incubation period, possibly due to enzymatic 

action or to reaction conditions. 

 

Figure 4.6. Peptide dimerization efficacy.  Mean (± SEM) of the dimer-to-monomer 

absorption ratio (D:M) of the peptide probes (10 µM) before and after incubation with 

MMP-2 (0.2 ng/µL) for three hours. 

 

 

4.3.4 Probe photoacoustic lifetime before and after MMP-2 cleavage  
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Two cleavable probes (E2R3 and E4R5) as well as the split and scrambled controls 

were assessed for their quenching efficiency (Figure 4.7). In accordance to the absorption 

results, E2R3 and E4R5 probes recovered their photoacoustic lifetime signal by more than 

6 folds after cleavage to reach a signal intensity comparable to that of a mixed E4 + R5 

solution. The photoacoustic lifetime signal amplitude before incubation was slightly higher 

for E4R5 than for E2R3, possibly due to a small amount of cleaved E4R5 initially present 

in solution as supported by a greater absorption in the monomer region, or to low SNR 

hampering the calculation of the lifetime and resulting in low R2 (0.742  0.128 s, R2 = 

0.981  0.022). In comparison, the scrambled control retained a low photoacoustic lifetime 

signal before and after enzymatic incubation. Interestingly, the lifetime of the split controls 

was found to be reduced by half after enzymatic incubation. An investigation into the origin 

of this difference excluded oxygenation variations and different buffer environments, 

leaving the incubation process – including the presence of APMA and MMP-2 and heating 

to 37˚C –  as a possible explanation. 
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Figure 4.7. PALI signal from peptides is activated by MMP-2.  Photoacoustic lifetime 

signal of the back of a plastic tube filled with E2R3 (a), E4R5 (b), E4 + R5 (c) and E4scrR5 

(d) solutions at 50 μM before (○) and after (▽) incubation with MMP-2 (2 ng/µL) for one 

hour. The lifetimes were calculated by applying an exponential fit to the maximum of the 

envelope signal. 

 

In vivo imaging of enzyme activity using an activatable probe requires high contrast 

differentiation between the inactive and active state of the probe. This condition is best 
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satisfied by linkerless probes due to their high dimerization and self-quenching efficiency 

before cleavage, and high separation efficiency and photoacoustic lifetime signal after 

cleavage. The length of the electrostatic zipper, if greater than zero, was not found to 

significantly impact dimerization and separation efficiency. After cleavage, the probe is 

expected to passively accumulate inside the tumor due to the enhanced permeability and 

retention effect, which causes tumor blood vessels to be leakier, more fragile and more 

disorganized in both structure and shape than healthy vessels240. Furthermore, the potential 

cell-associative and/or cell-penetrating capability of the polyarginine side chain would 

result in accumulation of half the probe in tumor cells as the other half is cleared away234, 

which we suggest could result in time-dependent contrast enhancement. 

 

4.3.5 Comparison of activation rate between peptide probes 

The initial rate of activation (V0) was 20 to 33 times higher in activatable probes 

incubated with the enzyme than in those incubated in distilled water (Figure 4.7). In 

addition, no significant difference was found between activatable probes and the negative 

controls in water (P > 0.1). These results suggest that most of the cleavage is due to 

enzymatic activity and not to spontaneous separation of the PLGLAG cleavage site. 

Moreover, for E4DR5 (with a non-functional D-amino acid recognition site) and E4scrR5 

(with a non-functional scrambled recognition site) controls, V0 was the same with and 

without enzyme (P > 0.1), indicating that the D:M change observed for these controls is 

likely due to incubation conditions and not to enzymatic action. 
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Apart from E0R0, the activation rate of linkerless probes – but not that of XEmRnX 

probes – was found to decrease with peptide length when incubated with MMP-2. This 

dependence may be explained by an increase in binding affinity of the zipper side chains 

with length that would delay their separation after probe cleavage, or by side chain impact 

on the local conformation and accessibility of the cleavage site. Additionally, V0 decreased 

with linker size when comparing probes of the same length (V0,E4R5 > V0,GE4R5G > 

V0,XE4R5X), however we did not find the difference between probes to be statistically 

significant (P > 0.05). 

 

Figure 4.8. Peptide zipper length impacts activation rate.  Mean (± SEM) of the initial 

rate of activation of the peptide probes (10 μM) incubated with and without MMP-2 (0.2 

ng/µL) for three hours. 

 

 

In vitro testing of a smart probe’s activation rate does not directly translate into in 

vivo probe behavior due to the complexity of live biological processes; but choosing a 

probe with an adequate activation rate and low non-specific activation provides some 

advantages. Because MMP enzymes can sometimes be found in the bloodstream241, some 
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level of tumor-independent activation in the blood and accumulation into tissue or 

clearance organs may occur, which could lead to background noise and poor target/no-

target contrast. Another level of complexity comes with probe specificity towards different 

enzymes, particularly those from the MMP family, which presents similar three-

dimensional structures and substrate specificity242. One study comparing the sensitivity of 

the PLGLAG sequence to different enzymes found it to be mostly cleaved by MMP-2 and 

-9, and, to a lesser extent, by MMP-14235. Since several types of tumor secrete different 

enzymes at different times, the tumor enzymatic profile must be carefully considered when 

analyzing the performance of an enzyme-specific probe in vivo. 

 

4.4 Conclusion 

We have demonstrated the design and in vitro characterization of the first 

activatable photoacoustic lifetime probe. We have showed that a pair of covalently linked 

MB chromophores and the uncleaved probes dimerize and that their photoacoustic lifetime 

signal is suppressed due to self-quenching. The cleavage of the probe by MMP-2 results in 

probe separation and lifetime detection. We have also determined that probes without a 

flexible linker dimerize better before activation, which may translate into lower non-target 

signal in vivo, and less after cleavage, which would allow for a greater contrast. Finally, 

we have showed that the initial activation rate is decreasing with peptide length in 

linkerless probes. Other validation criteria for the probe may be tested in the future, such 

as cellular uptake, enzyme specificity, stability in the blood and toxicity to the cells. 

Moreover, the probe design can be adapted for testing a variety of biological and disease 
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molecular markers, both enzyme and DNA-based, by changing its recognition site 

sequence. Potential applications in the field of molecular imaging include enzyme-targeted 

drug research, cancer and inflammation-related disease diagnosis, and planning and 

monitoring of treatment efficacy. 
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Chapter 5:  Perspectives and Future work 

 The uniting theme of this work is to advance new mechanisms to confer increased 

selectivity for molecular targeting agents.  Each chapter presents a novel mechanism by 

which a molecular targeting agent, therapeutic and/or diagnostic in nature, can overcome 

the limitations of targeting a single epitope or physical property of the tumor. In all of the 

studies, the work builds on observations and innovations from previous works and 

provides important advances. 

Mathematical modeling results from Chapter 2 provide valuable guidance for the design 

of multivalent molecular targeting agents. The impact of reduced monovalent affinity on 

selectivity has been observed in several studies, however to date there are few 

publications recognizing this as a systemic feature of the targeting agent, and no 

publications to date have systematically evaluated and optimized these multivalent ligand 

properties for increased selectivity.  Yet it is critical to connect the modeling to 

experimental reality.  Creating ligands of the optimal affinities proved to be the most 

challenging portion of this work.  The non-modularity of the Fn scaffolds (and indeed the 

maleimide-PEO-SM of Chapter 3) was highly influential in the implementation of the 

molecular designs.  Learning from this, it is crucial for further fusion engineering projects 

to conduct high-throughput screening of ligands in the context of which they will be 

used.  Further biological AND gate work would benefit from display constructs that 

include a partner ligand and linker.  One could also envision a multicolor sort that takes a 

library of diversified Fn fusions and isolates moderate affinity ligands to both targets 

simultaneously.   
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Additional considerations for the mathematical modeling work are properties of the 

biomarkers being targeted.  We demonstrated the theoretical dependence of the 

selectivity on target expression, however there are many additional biomarker properties 

that have yet to be explored.  Factors such as receptor internalization, diffusion, 

conformational shifts, heterogeneous cell surface distribution, and heterogeneous 

expression among a cell population can impact the selectivity and total uptake of a 

ligand.  As genetic and proteomic profiling continue to improve the ability of clinicians 

to identify novel biomarkers for an individual patients, it is important to account for the 

unique biology of each of these biomarkers.  Current biomarkers such as the ones used in 

this study have been extensively characterized, but the application of the biological AND 

gate is dependent on these properties that may not be known for many emerging targets. 

For therapeutic applications, this dual-binding mode can be highly useful in improving 

drug specificity.  Drug side effects can result from the lack of truly unique biomarkers, 

but also due to the high homology in active sites of enzymes and targets that are integral 

to a disease’s phenotype.  This lack of homolog selectivity is a difficult challenge in drug 

discovery and therapeutics.  For a drug to be functional, it must not only have a strong 

affinity for only the target of interest, but also elicit a specific function.  In Chapter 3, we 

have shown that there is no need to “reinvent the wheel” when it comes to improving a 

drug’s potency and selectivity.  We have shown that it is not only achievable, but robust 

and efficient to engineer a partner ligand that can improve the starting compounds.  

Similar to Chapter 2, when modifying both the CA and CXCR4 inhibitors with moieties 

amenable to chemical linkage, we saw similar decreases in binding strength of these 
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molecules (and also in potency for the CA inhibitor).  This is a prime example of why it 

is so challenging to improve small molecule drug function purely by modifying the core 

chemical structure: not only do you have to survey a vast expanse of chemical space to 

find new selective interactions, you also need to mitigate the losses in favorable 

interactions incurred from modifying the structure.  Using this PriSM concept, we can 

simplify the modification strategy to a less cumbersome flexible polymer linker, while 

utilizing high-throughput screening strategies for large protein-based libraries that access 

a much larger chemical space and can also access many more epitopes other than the 

active or allosteric site of interest that are more unique to the target homolog of interest. 

As successful as the initial PriSM ligand engineering was, there were some limitations to 

the methodology.  First, the conjugation chemistry was nonspecific and could 

functionalize any thiol on the yeast surface. This resulted in several clones isolated that 

had small molecule conjugation sites within the paratope of the binding partner.  This 

could lead to the populations being constrained to only the epitope accessed by the small 

molecule, and overall limiting the ability to target any unique epitope on the target 

molecule.  One solution is to use site-specific conjugation of small molecule to the C-

terminal linker using either natural enzymatic targeting strategies (sortase, 

transglutaminase) or modified yeast to express non-natural amino acids containing bio-

orthogonal labeling sites.  These mechanisms of site-specific labeling would be a fruitful 

avenue of exploration to further optimize the applicability of this sorting strategy. 

 For the PALI probe project, there are a myriad of interesting biophysical 

properties of the probe that can be investigated.  While it was demonstrated that the probe 
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can be cleaved and emit signal in the presence of targeted enzyme, there are limitations to 

the signal detection within tissue to be addressed.  Currently, the ultrasound technology 

has not been able to detect concentrations of methylene blue in tissues below hundreds of 

micromolar, which is not a feasible dosing strategy.  While this hurdle is currently being 

investigated by our colleagues, there are also several peptide and biodistribution 

properties that make the probe even more intriguing.  For one, polyarginine peptides have 

been shown to internalize into cells, and this could greatly increase the residence time of 

the activated probe.  Additionally, this could make cell surface anchored cleavage 

enzymes a valid target in addition to the soluble enzymes discussed.  When this 

internalization is accounted for, the probe’s biodistribution profile becomes uniquely 

interesting, creating a potential bimodal signal:noise profile during initial injection and 

distribution, and post injection/internalization when the majority of uncleaved probe has 

been cleared.   

 Each of these projects has the potential to be highly impactful in disease 

diagnostics and therapy, however each has their own hurdles to overcome.  We have 

provided meaningful advances while also identifying important remaining challenges, 

including molecular modularity. Modularity is an important factor in developing 

multidomain and multimodal targeting agents, and it is critical to engineer these targeting 

agents within the construct that they will be used in the final application.  With the 

emergence of many new biomarkers, and technologies to detect them, we will need these 

novel techniques to push the field of drug and molecular targeting forward.  
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Appendix 

A.1.1 Derivation of association rate enhancement via linker 

 

 

To evaluate the effect of the linker length on the effective affinity, Kx, of the bivalent 

linker, the following schematic is used to describe the effect of tethering on the second 

binding event.  A main assumption is that the linker does not affect the monovalent 

receptor:ligand interactions, i.e. the binding strength to the target is unchanged.   

However, the tethering of the ligand does result in an increase in the effective 

concentration of receptors that it can interact 

with (Fig A.2).  To calculate this effective 

receptor concentration for a fully flexible 

linker of length L, the accessible volume is 

described by Equation A.1.1. 

 

Figure A.1: Events leading to the cross-linking of two receptors by the AND gate.  The 

change in Kx is due to the tethering of the molecule to the cell surface, increasing the 

effective receptor concentration for that binder. 

 

Figure A.2: Geometric model for linker 

effect on the second binding event’s 

equilibrium constant, Kx. 
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Eqn (A.1.1) 𝑉𝑎𝑐𝑐𝑒𝑠𝑠 = ∫ 𝜋(𝐿2 − 𝑥2) 𝑑𝑥
𝐿

−𝑅𝑇
=

𝜋

3
(2𝐿3 + 3𝑅𝑇𝐿2 − 𝑅𝑇)  

Within Vaccess, the number of accessible receptors for the second binding event is 

described by the area on the membrane reachable by L minus the area occupied by the 

first bound receptor 

Eqn (A.1.2) 𝐴𝑎𝑐𝑐𝑒𝑠𝑠 = 𝜋𝐿2 − 𝜋(2𝑅𝑇)2 

The number of accessible receptors within that area is described by 

Eqn (A.1.3) 𝑁𝑎𝑐𝑐𝑒𝑠𝑠 =
𝑁𝑇

4𝜋𝑟𝑐𝑒𝑙𝑙
2 𝐴𝑎𝑐𝑐𝑒𝑠𝑠 =

𝑁𝑇

𝑟𝑐𝑒𝑙𝑙
2 (

𝐿2

4
− 𝑅𝑇

2) 

By dividing equation A.3 by A.1 and inserting the non-dimensional parameter η=L/RT, 

the concentration in the area swept by the ligand, or Raccess, is found to be 

Eqn (A.1.4) 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =
𝑁𝑇

𝜋𝑟𝑐𝑒𝑙𝑙
2 𝑅𝑇

 
1

4
𝜂2−1

2

3
𝜂3+𝜂2−

1

3

  

A.1.2 Calculation of ligand in vivo biodistribution  
 

Table A.1.1 – Variables 

L
n
 Ligand in normal tissue 

L
t
 Ligand in tumor interstitium 

L
i
 Ligand inside cell 

L
d
 Ligand degraded in cell 

L
p
 Ligand in plasma 

R
t
 Receptor on cell surface 

R
i
 Receptor inside cell 

C
t
 1

st
 receptor:ligand complex on cell 

C
i
 1

st
 receptor:ligand complex inside cell 

M
t
 2

nd
 receptor:ligand complex on cell 

M
i
 2

nd
 receptor:ligand complex inside cell 

B
t
 Bivalent ligand:two receptor complex on cell 

B
i
 Bivalent ligand:two receptor complex inside cell 
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Table A.1.2 - Governing equations of ligand distribution 

Eqn. 

A.1.5 

𝑑𝐿𝑛

𝑑𝑡
=

2 ∗ 𝑃 ∗ 𝑟𝑐𝑎𝑝

𝑟𝑘𝑟𝑜𝑔ℎ
2 (Lp −

𝐿𝑛

𝜖
) −

2 ∗ 𝑃 ∗ 𝑘𝑙𝑦𝑚𝑝ℎ ∗ 𝑟𝑐𝑎𝑝

𝑟𝑘𝑟𝑜𝑔ℎ
2 (

𝐿𝑛

𝜖
) −

6 ∗ 𝐷 ∗ 𝜖

𝑟𝑡𝑢𝑚𝑜𝑟
2 (

𝐿𝑛

𝜖
−

𝐿𝑡

𝜖
) 

Eqn. 

A.1.6 

𝑑𝐿𝑡

𝑑𝑡
=

2 ∗ 𝑃 ∗ 𝑟𝑐𝑎𝑝

𝑟𝑘𝑟𝑜𝑔ℎ
2 (Lp −

𝐿𝑡

𝜖
) −

2 ∗ 𝑃 ∗ 𝑘𝑙𝑦𝑚𝑝ℎ ∗ 𝑟𝑐𝑎𝑝

𝑟𝑘𝑟𝑜𝑔ℎ
2 (

𝐿𝑡

𝜖
) +

6 ∗ 𝐷 ∗ 𝜖

𝑟𝑡𝑢𝑚𝑜𝑟
2 (

𝐿𝑛

𝜖

−
𝐿𝑡

𝜖
) − 𝑘𝑜𝑛 ∗ 𝑅𝑡 ∗

𝐿𝑡

𝜖
+ 𝑘𝑜𝑓𝑓 ∗ 𝐶𝑡 − 𝑘𝑜𝑛,𝑀 ∗ 𝑀𝑡 ∗

𝐿𝑡

𝜖
+ 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐷𝑡 

 

Eqn. 

A.1.7 

𝑑𝐿𝑝

𝑑𝑡
= −𝑘𝑐𝑙𝑒𝑎𝑟 ∗ 𝐿𝑝 

Eqn. 

A.1.8 

𝑑𝐿𝑖

𝑑𝑡
= 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐶𝑖 −

𝑘𝑜𝑛,𝐼 ∗ 𝐿𝑖 ∗ 𝑅𝑖

𝜖
− 𝑘𝑑𝑒𝑔,𝐿 ∗ 𝐿𝑖 + 𝑘𝑜𝑓𝑓,𝑀𝐼 ∗ 𝐷𝑖 −

𝑘𝑜𝑛,𝑀𝐼 ∗ 𝐿𝑖 ∗ 𝑀𝐼

𝜖
 

Eqn. 

A.1.9 

𝑑𝐿𝑑

𝑑𝑡
= 𝑘𝑑𝑒𝑔,𝐿 ∗ 𝐿𝑖 + 𝑘𝑑𝑒𝑔 ∗ 𝐶𝑖 − 𝑘𝑒𝑙𝑖𝑚 ∗ 𝐿𝐷 + 𝑘𝑑𝑒𝑔,𝑀 ∗ 𝐷𝑖   

 

Eqn. 

A.1.10 

𝑑𝐶𝑡

𝑑𝑡
= 𝑘𝑜𝑛 ∗ 𝐿𝑡 ∗

𝑅𝑡

𝜖
− 𝑘𝑜𝑓𝑓 ∗ 𝐶𝑖 − 𝑘𝑒𝑛𝑑𝑜 ∗ 𝐶𝑡 − 𝑘𝑥,𝑀 ∗ 𝐶𝑡 ∗ 𝑀𝑡 + 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐵𝑖 

 

Eqn. 

A.1.11 

𝑑𝐶𝑖

𝑑𝑡
= 𝑘𝑒𝑛𝑑𝑜 ∗ 𝐶𝑡 − 𝑘𝑟𝑒𝑐 ∗ 𝐶𝑖 − 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐶𝑖 + 𝑘𝑜𝑛,𝐼 ∗ 𝐿𝑖 ∗

𝑅𝑖

𝜖
− 𝑘𝑑𝑒𝑔 ∗ 𝐶𝑖 − 𝑘𝑥,𝑀𝐼 ∗ 𝐶𝑖

∗ 𝑀𝑖 + 𝑘𝑜𝑓𝑓,𝑀𝐼 ∗ 𝐵𝑖 

 

Eqn. 

A.1.12 

𝑑𝑅𝑡

𝑑𝑡
= 𝑘𝑠𝑦𝑛 − 𝑘𝑜𝑛 ∗ 𝐿𝑡 ∗

𝑅𝑡
𝜖⁄ + 𝑘𝑜𝑓𝑓 ∗ 𝐶𝑡 − 𝑘𝑒𝑛𝑑𝑜 ∗ 𝑅𝑡 + 𝑘𝑟𝑒𝑐 ∗ 𝑅𝑖 − 𝑘𝑥,𝐶 ∗ 𝐷𝑡 ∗ 𝑅𝑡 

Eqn. 

A.1.13 

𝑑𝑅𝑖

𝑑𝑡
= 𝑘𝑒𝑛𝑑𝑜 ∗ 𝑅𝑡 − 𝑘𝑟𝑒𝑐 ∗ 𝑅𝑖 − 𝑘𝑑𝑒𝑔 ∗ 𝑅𝑖 + 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐶𝑖 − 𝑘𝑜𝑛,𝐼 ∗ 𝐿𝑖 ∗

𝑅𝑖

𝜖
− 𝑘𝑥,𝐼 ∗ 𝐷𝑖

∗ 𝑅𝑖 + 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐵𝑖 

Eqn. 

A.1.14 

𝑑𝐷𝑡

𝑑𝑡
= 𝑘𝑜𝑛,𝑀 ∗ 𝐿𝑡 ∗

𝑀𝑡

𝜖
− 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐷𝑡 − 𝑘𝑒𝑛𝑑𝑜,𝑀 ∗ 𝐷𝑡 − 𝑘𝑥,𝐶 ∗ 𝐷𝑡 ∗ 𝑅𝑡 + 𝑘𝑜𝑓𝑓 ∗ 𝐵𝑡

+ 𝑘𝑟𝑒𝑐,𝑀 ∗ 𝐷𝑖 

Eqn. 

A.1.15 

𝑑𝐷𝑖

𝑑𝑡
= 𝑘𝑒𝑛𝑑𝑜,𝑀 ∗ 𝐷𝑡 − 𝑘𝑟𝑒𝑐,𝑀 ∗ 𝐷𝑖 − 𝑘𝑜𝑓𝑓,𝑀𝐼 ∗ 𝐷𝑖 + 𝑘𝑜𝑛,𝑀𝐼 ∗ 𝐿𝑖 ∗

𝑀𝑖

𝜖
− 𝑘𝑑𝑒𝑔,𝑀 ∗ 𝐷𝑖

− 𝑘𝑥,𝑀𝐼 ∗ 𝐶𝑖 ∗ 𝑅𝑖 + 𝑘𝑜𝑓𝑓,𝑀𝐼 ∗ 𝐵𝑖 

Eqn 

A.1.16 

𝑑𝑀𝑡

𝑑𝑡
= 𝑘𝑠𝑦𝑛,𝑀 − 𝑘𝑜𝑛,𝑀 ∗ 𝐿𝑡 ∗

𝑀𝑡
𝜖⁄ + 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐷𝑡 − 𝑘𝑒𝑛𝑑𝑜,𝑀 ∗ 𝑀𝑡 + 𝑘𝑟𝑒𝑐,𝑀 ∗ 𝑀𝑖

− 𝑘𝑥,𝑀 ∗ 𝐶𝑡 ∗ 𝑀𝑡 + 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐵𝑡 
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Eqn 

A.1.17 

𝑑𝑀𝑖

𝑑𝑡
= 𝑘𝑒𝑛𝑑𝑜 ∗ 𝑀𝑡 − 𝑘𝑟𝑒𝑐 ∗ 𝑀𝑖 − 𝑘𝑑𝑒𝑔 ∗ 𝑀𝑖 + 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐷𝑖 − 𝑘𝑜𝑛,𝑀𝐼 ∗ 𝐿𝑖 ∗

𝑀𝑖

𝜖
− 𝑘𝑥,𝐼

∗ 𝐷𝑖 ∗ 𝑅𝑖 + 𝑘𝑜𝑓𝑓,𝐼 ∗ 𝐵𝑖 

 

Eqn 

A.1.18 

𝑑𝐵𝑖

𝑑𝑡
= 𝑘𝑥,𝑀 ∗ 𝐶𝑡 ∗ 𝑀𝑡 − 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐵𝑡 + 𝑘𝑥,𝐶 ∗ 𝑅𝑡 ∗ 𝐷𝑡 − 𝑘𝑜𝑓𝑓,𝑀 ∗ 𝐵𝑡

+ (𝑘𝑟𝑒𝑐 + 𝑘𝑟𝑒𝑐,𝑀) ∗ 𝐵𝑖 − (𝑘𝑒𝑛𝑑𝑜 + 𝑘𝑒𝑛𝑑𝑜) ∗ 𝐵𝑡 

 

Eqn 

A.1.19 

𝑑𝐵𝑖

𝑑𝑡
= 𝑘𝑥,𝑀𝐼 ∗ 𝐶𝑖 ∗ 𝑀𝑖 − 𝑘𝑥,𝐶𝐼 ∗ 𝐷𝑖 ∗ 𝑅𝑖−(𝑘𝑜𝑓𝑓,𝐼 + 𝑘𝑜𝑓𝑓,𝑀𝐼)𝐵𝐼 − (𝑘𝑟𝑒𝑐 + 𝑘𝑟𝑒𝑐,𝑀) ∗ 𝐵𝑖

+ (𝑘𝑒𝑛𝑑𝑜 + 𝑘𝑒𝑛𝑑𝑜) ∗ 𝐵𝑡 

 

Eqn. 

A.1.20 
𝐿𝑡𝑢𝑚𝑜𝑟,𝑡𝑜𝑡𝑎𝑙 = 𝐿𝑡 + 𝐿𝑖 + 𝐿𝑑 + 𝐶𝑡 + 𝐶𝑖 + 𝐷𝑡 + 𝐷𝑖 + 𝐵𝑡 + 𝐵𝑖 

Eqn. 

A.1.21 
𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = {

𝐿𝑝 , 𝐿𝑝 > 𝐿𝑛 

𝐿𝑛 , 𝐿𝑛 ≥ 𝐿𝑝
  

 

The above equations were solved simultaneously using the Matlab ode15s Solver.  To calculate 

constants within these equations, the following equations were used (adapted from Schmidt and 

Wittrup, Mol. Cancer Ther. 2009;8(10)). 

 

Table A.1.3: Constitutive equations 

Eqn. 

A.1.22 
𝐷 = 𝐴 ∗ 𝐷𝑠𝑚𝑎𝑙𝑙 + (1 − 𝐴) ∗ 𝐷𝑙𝑎𝑟𝑔𝑒 

Eqn. 

A.1.23 
𝐷𝑙𝑎𝑟𝑔𝑒 = 𝐷𝑓𝑟𝑒𝑒 ∗ (

𝐷𝑝𝑜𝑟𝑒

𝐷𝑓𝑟𝑒𝑒
(𝜆𝑙𝑎𝑟𝑔𝑒)) 

Eqn. 

A.1.24 
𝐷𝑠𝑚𝑎𝑙𝑙 = 𝐷𝑓𝑟𝑒𝑒 ∗ (

𝐷𝑝𝑜𝑟𝑒

𝐷𝑓𝑟𝑒𝑒
(𝜆𝑠𝑚𝑎𝑙𝑙)) 

Eqn. 

A.1.25 
𝐷𝑓𝑟𝑒𝑒 =

3 ∗ 10−10

𝑅𝑚𝑜𝑙 ∗ 10−9
 

Eqn. 

A.1.26 
𝑅𝑚𝑜𝑙 =  (

MW

1.32
)

1
3

∗ (10−9) 

Eqn. 

A.1.27 

𝜆𝑠𝑚𝑎𝑙𝑙 = 𝑅𝑚𝑜𝑙/𝑅𝑠𝑚𝑎𝑙𝑙 

Eqn. 

A.1.28 
𝜆𝑙𝑎𝑟𝑔𝑒 = 𝑅𝑚𝑜𝑙/𝑅𝑙𝑎𝑟𝑔𝑒 

Eqn. 

A.1.29 
𝜆𝑃𝑠𝑚𝑎𝑙𝑙 = 𝑅𝑚𝑜𝑙/𝑅𝑃,𝑠𝑚𝑎𝑙𝑙 
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Eqn. 

A.1.30 
𝜆𝑃,𝑙𝑎𝑟𝑔𝑒 = 𝑅𝑚𝑜𝑙/𝑅𝑃,𝑙𝑎𝑟𝑔𝑒 

Eqn. 

A.1.31 

𝜙 =  {
(1 − 𝜆)2, 𝜆 < 1 

0, 𝜆 > 1 

 

Eqn. 

A.1.32 

𝐷𝑝𝑜𝑟𝑒/𝐷𝑓𝑟𝑒𝑒

=  {

1 − 2.105 ∗ 𝜆 + 2.0865 ∗ 𝜆3 − 1.7068 ∗ 𝜆5 + 0.72603 ∗ 𝜆6

1 − 0.78587 ∗ 𝜆5
, 𝜆 < 0.6 

0.5223 − 1.8375 ∗ 𝜆 + 2.1603 ∗ 𝜆2 − 0.8484 ∗ 𝜆3,    0.6 ≤  𝜆 ≤ 1  
0, 𝜆 > 1 

 

Eqn. 

A.1.33 
𝑃𝑠𝑚𝑎𝑙𝑙 = 𝐷𝑓𝑟𝑒𝑒 ∗ (

𝐷𝑝𝑜𝑟𝑒

𝐷𝑓𝑟𝑒𝑒

(𝜆𝑃𝑠𝑚𝑎𝑙𝑙)) ∗ (𝜙(𝜆𝑃𝑠𝑚𝑎𝑙𝑙)) 

Eqn. 

A.1.34 
𝑃𝑙𝑎𝑟𝑔𝑒 = 𝐷𝑓𝑟𝑒𝑒 ∗ (

𝐷𝑝𝑜𝑟𝑒

𝐷𝑓𝑟𝑒𝑒
(𝜆𝑃𝑙𝑎𝑟𝑔𝑒)) ∗ (𝜙(𝜆𝑃𝑙𝑎𝑟𝑔𝑒)) 

Eqn. 

A.1.35 
𝑃 = 𝐴𝑝𝑒𝑟𝑚 ∗ 𝑃𝑠𝑚𝑎𝑙𝑙 + 𝐵𝑝𝑒𝑟𝑚 ∗ 𝑃𝑙𝑎𝑟𝑔𝑒 

Eqn. 

A.1.36 
휀 = 𝑉𝑖 ∗ (𝐴 ∗  𝜙(𝜆𝑠𝑚𝑎𝑙𝑙) + (1 − 𝐴) ∗ 𝜙(𝜆𝑙𝑎𝑟𝑔𝑒)) 

Eqn. 

A.1.37 
𝑘𝑜𝑓𝑓 = 𝐾𝑑 ∗ 𝑘𝑜𝑛 

Eqn. 

A.1.38 

𝑘𝑟𝑒𝑐 =
𝑘𝑒𝑛𝑑𝑜

(
1

𝑠𝑖𝑔 − 1) ∗ (
𝑟ℎ𝑜

𝑟ℎ𝑜 + 1
)
 

Eqn. 

A.1.39 
𝑘𝑑𝑒𝑔 =

𝑘𝑟𝑒𝑐

𝑟ℎ𝑜
 

Eqn. 

A.1.40 

𝑘𝑠𝑦𝑛 = Surf ∗ kendo/(1 + rho)/(6.02 ∗ 1023) ∗ (0.5)/(4/3 ∗ pi ∗ (8 ∗ 10−6)3

∗ 1000) 

Eqn. 

A.1.41 
𝑘𝑑𝑒𝑔𝐿 = 0.01/15 

Eqn. 

A.1.41 

𝑘𝑟𝑒𝑐𝑀 =
𝑘𝑒𝑛𝑑𝑜𝑀

(
1

𝑠𝑖𝑔𝑀 − 1) ∗ (
𝑟ℎ𝑜𝑀

𝑟ℎ𝑜𝑀 + 1
)
 

Eqn. 

A.1.42 
𝑆𝑢𝑟𝑓𝑀 = 𝐵𝑖𝑣 ∗ 𝑆𝑢𝑟𝑓𝐼, 𝐵𝑖𝑣 = 1 𝑓𝑜𝑟 𝑏𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑙𝑖𝑔𝑎𝑛𝑑, = 0 𝑓𝑜𝑟 𝑚𝑜𝑛𝑜𝑣𝑎𝑙𝑒𝑛𝑡 

Eqn. 

A.1.43 
𝑘𝑑𝑒𝑔𝑀 =

𝑘𝑟𝑒𝑐𝑀

𝑟ℎ𝑜𝑀
 

Eqn. 

A.1.44 

𝑘𝑠𝑦𝑛 = SurfM ∗ kendoM/(1 + rhoM)/(6.02 ∗ 1023) ∗ (0.5)/(4/3 ∗ pi

∗ (8 ∗ 10−6)3 ∗ 1000) 

Eqn. 

A.1.45 
𝑘𝑥𝑀 = 𝑘𝑜𝑛𝑀 ∗ 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 
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Eqn. 

A.1.46 
𝑘𝑥𝐶 = 𝑘𝑜𝑛 ∗ 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 

Eqn. 

A.1.47 
𝑘𝑥𝑀𝐼 = 𝑘𝑜𝑛𝑀𝐼 ∗ 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 

Eqn. 

A.1.48 
𝑘𝑥𝐶𝐼 = 𝑘𝑜𝑛𝐶𝐼 ∗ 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 

Eqn. 

A.1.49 
𝐶𝑙𝑁𝑅 = 𝐶𝑙𝑁𝑅0 − 𝛿 ∗

𝑅𝑚𝑜𝑙

𝑅𝑚𝑜𝑙 + 𝛾
 

Eqn. 

A.1.50 
𝜙𝐾𝑑𝑖𝑓𝑓 = 𝑒−𝛼∗𝑅𝑚𝑜𝑙 

Eqn. 

A.1.51 
𝜙𝐾𝑐𝑜𝑛𝑣 = 𝑒−𝛽∗𝑅𝑚𝑜𝑙 

Eqn. 

A.1.52 
𝑃𝑒 =

𝜙𝐾𝑐𝑜𝑛𝑣 ∗ 𝑣 ∗ 𝑀𝑇

𝜙𝐾𝑑𝑖𝑓𝑓 ∗ 𝐷𝑓𝑟𝑒𝑒
  

Eqn. 

A.1.53 
𝜃 =

𝜙𝐾𝑐𝑜𝑛𝑣

1 − 𝑒−𝑠𝑖𝑔∗𝑃𝑒 + 𝜙𝐾𝑐𝑜𝑛𝑣 ∗ 𝑒−𝑠𝑖𝑔∗𝑃𝑒
 

Eqn. 

A.1.54 

𝐶𝑙𝑅 = 𝐺𝐹𝑅 ∗ 𝜃 

Eqn. 

A.1.55 
𝑘𝑐𝑙𝑒𝑎𝑟 =

𝐶𝑙𝑅 + 𝐶𝑙𝑁𝑅

𝑉
 

Eqn. 

A.1.56 
𝑅𝑇,0 =

𝑘𝑠𝑦𝑛

𝑘𝑒𝑛𝑑𝑜 ∗ (1 +
𝑘𝑟𝑒𝑐

𝑘𝑑𝑒𝑔 
)
 

Eqn. 

A.1.57 𝑅𝑖,0 = 𝑘𝑠𝑦𝑛 ∗

(1 +
𝑘𝑟𝑒𝑐

𝑘𝑑𝑒𝑔 
)

(𝑘𝑟𝑒𝑐 + 𝑘deg )
  

Eqn. 

A.1.58 
𝑀𝑇,0 =

𝑘𝑠𝑦𝑛𝑀

𝑘𝑒𝑛𝑑𝑜𝑀 ∗ (1 +
𝑘𝑟𝑒𝑐𝑀

𝑘𝑑𝑒𝑔𝑀 
)
 

Eqn. 

A.1.59 𝑀𝑖,0 = 𝑘𝑠𝑦𝑛𝑀 ∗

(1 +
𝑘𝑟𝑒𝑐𝑀

𝑘𝑑𝑒𝑔𝑀 
)

(𝑘𝑟𝑒𝑐𝑀 + 𝑘degM )
  

 

 

Table A.1.4: Constants 

Constant Name Value Units 

MW Ligand molecular weight 22 kDa 

Lp0 initial ligand plasma conc. 25*10-9 M 

V Plasma Volume 0.002 L 

rcap Capillary radius 8*10^-6 m 

rKrogh Krogh radius 50*10^-6 m 
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rtumor Tumor radius 2*10^-3 m 

Rsmall Small diffusive pore size 13.8*10^-9 m 

Rlarge Large diffusive pore size 1000*10^-9 m 

Aperm Permeability of large pore in vessel  1760 m-1 

Bperm Permeability of small pore in vessel 65 m-1 

RpSmall small permeable pore size 4.5*10^-9 m 

RpLarge large permeable pore size 500*10^-9 m 

A Fraction of large diffusive pores 0.9 -- 

ClNR0 small molecule non-renal clearance (2*10^-

3)/3600 

[L/s] 

α convective clearance coefficient 1.6*10^9 -- 

β diffusive clearance coefficient 0.95*10^9 -- 

δ convective clearance coefficient (1.94*10^-

3)/3600 

-- 

γ non-renal clearance coefficient 0.20*10^-9 -- 

sig geometric factor 2 -- 

v fluid velocity 10^-5 m/s 

MT membrane thickness 100*10^-9 m 

GFR glomular filtration rate (10*10^-

3)/3600 

mL/s 

Vi void volume 0.5 -- 

klymph ratio of lymphatic to vascular 

permeability 

30 -- 

kon association rate constant 2*105 M-1s-1 

kendo endocytosis rate constant 4.2*10-6 s-1 

rho ratio of recycle rate constant over 

degradation rate constant 

0.15 -- 

sig percent of surface expressed receptors 0.90 -- 

kdegL ligand degradation rate constant 0.01/15 -- 

kelim label elimination rate constant 1*10-5 -- 

konM association rate constant,  2*10^5 s-1 

kendo endocytosis rate constant 2.1*10-6 s-1 

rhoM ratio of recycle rate constant over 

degradation rate constant for monovalent  

0.15 -- 

sigM percent of surface expressed receptor-

ligand complexes 

0.90 -- 

enhancement volume correction with tethering 171 -- 
 

 

 

 


