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Abstract 

Cell surface receptors can commonly undergo ectodomain shedding to 

modulate signaling pathways and cell contacts. To date, there are over 400 

proteins that serve diverse functions on the cell surface that are predicted to 

undergo ectodomain shedding, and the shedding rates are commonly modulated 

in diseases such as cancer and inflammation. However, validating targets and 

understanding shedding regulation has been difficult due to a lack of control of 

proteolysis-inducing stimuli and unknown fates of cleavage products. Therefore, 

we built tools to help progress the field forward in understanding as well as 

investigated two cell surface receptors. 

 The development of technology and tools to study proteolytically sensitive 

proteins is ongoing. Herein, two different tools that aid in the identification and 

study of mechanically sensitive proteins are described. We utilized HUH-tags to 

covalently link single-stranded DNA to target proteins of interest for single 

molecule force spectroscopy studies. We then developed an assay called SNAPS 

to identify switch-like proteins and screen for modulation of proteolysis by drugs. 

The SNAPS assay has innumerous applications in biotechnology and assessment 

of potential therapeutics, a few are described herein. 

 We also investigated the biological impact of proteolysis on dystroglycan, 

an essential protein that forms a bridge between the extracellular matrix (ECM) 

and actin cytoskeleton. Proteolysis of dystroglycan is enhanced in disease states 

such as cancer, yet the biological impact of its proteolysis has not been elucidated.  
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Moreover, there are muscular dystrophy disease-related mutations that map to the 

region where dystroglycan is cleaved by matrix metalloproteases (MMPs), but how 

they contribute to the mechanism of pathogenesis is not known. We have shown 

that disease mutations within the proteolysis domain of dystroglycan impact the 

overall conformation and stability of this domain, resulting in an increased in MMP 

cleavage. Proteolysis also has an impact on cell migration and cell morphology, 

suggesting that it may contribute to muscular dystrophy disease pathogenesis. 

 Lastly, we turned our attention to Polycystin-1, a 7-pass transmembrane 

protein that is predicted to act as a mechanosensitive unit with Polycystin-2 in 

primary cilia. Its putative shedding is predicted to be functionally different than 

dystroglycan’s; instead of having a buried proteolysis site, its extracellular 

juxtamembrane region is proposed to involve dissociation of two non-covalently 

linked subunits. We investigated several disease-related mutations within its 

domain and performed initial tests for studying Polycystin-1 in the context of 

cultured cells. 
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Chapter 1 

 Introduction 

Cell surface receptor proteolysis 

Ectodomain shedding of cell surface receptors is a common regulatory 

mechanism that cells use to tune receptor signaling activity and remodel cell 

adhesions. Targeted proteins are cleaved by proteases, commonly matrix 

metalloproteinases (MMPs) and, ‘A Disintegrin, and Metalloproteinases (ADAMs), 

in an extracellular region adjacent to the target’s transmembrane domain. 

Proteolysis can also create a substrate that undergoes a subsequent cleavage in 

the plane of the membrane by γ-secretase/presenilin protease complex in a 

process known as Regulated Intramembrane Proteolysis (RIP). 1,2 The resulting 

cleavage/s can result in a variety of outcomes, such as ligand release,3 cell-cell 

adhesion remodeling,4 and cell surface receptor signaling modulation.5–7  

Since protein cleavage is non-reversible, proteases are highly regulated at 

a transcriptional, subcellular, and post-translational level. To date, at least 400 

proteins are shown to be shed from the cell surface.8 However, the proteases 

responsible, the mechanism of proteolysis regulation, and the biological 

consequence of shedding for many of these cell surface receptors is still under 

investigation. 

Understanding the mechanism and regulation of ectodomain shedding is 

important because it contributes to disease pathogenesis through several 



 

 2 

mechanisms. Post-cleavage products that include the amyloid β-peptide cleavage 

product that forms a plaque in Alzheimer’s disease patients9,10 and the shed E-

cadherin ectodomain that facilitates tumor migration and pathogenesis in a variety 

of cell types.11–15 Proteolysis in tumor environments can also remove epitopes 

required for normal cell communication, such as shedding MHC class I 

polypeptide-related sequence A (MICA) receptors 16–19 that are expressed in 

response to cellular damage.  

Globally inhibiting proteolysis can also be detrimental. For instance, 

Mitogen-activated protein (MAP) kinase is one of the main proliferation signaling 

pathways dysregulated in triple negative breast cancer and was seen as a 

promising drug target. However, resistance to treatments with MAP kinase inhibitor 

normally occurs within one year20 due to the MAP inhibitors increasing the 

expression of the protease inhibitor, tissue inhibitor of metalloproteinase (TIMP-

1).21 This in turn decreased shedding of several receptor tyrosine kinases (RTKs), 

resulting in active RTKs on the cell surface that upregulate other proliferation 

pathways, bypassing the need for MAP kinase signaling and causing drug 

resistance. Therefore, understanding the proteolytic balance a receptor in a given 

disease state can provide specific and novel therapeutic options. 

 

Conformational Exposure of Proteolysis Sites in Cell Surface Receptors 

 Proteolytic regulation can be generally classified into two different 

mechanisms; regulation of protease expression or regulation of protease site 
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exposure. To date, two proteins regulate proteolysis by controlling exposure of a 

cryptic protease site via the conformation of a protein domain. The first is the 

secreted von Willebrand factor (VWF), which functions to maintain hemodynamic 

homeostasis and play an important role during blood clotting after an injury.22 VWF 

forms multimers on the surface of endothelial cells (Figure 1.A), and the increase 

in blood flow as a result of injury increases the shear stress on the multimer. This 

both opens up binding sites for platelets and exposes an ADAMTS13 cleavage site 

within its A2 domain .23 The multimer is then cleaved into smaller fragments to 

travel to an injury site. The careful balance of proteolysis is essential. Mutations 

that increase the level of ADAMTS13 cleavage result in a bleeding disorder called 

Acquired von Willebrand Syndrome (AvWS), where patients cannot properly clot 

wounds (Figure 1.B).24 However, mutations that decrease ADAMTS13 cleavage, 

either through inactivating mutations in ADAMTS13 or autoantibodies that target 

ADAMTS13, result in Thrombotic thrombocytopenic purpura (TTP), a serious 

clotting disorder where blood clots form in small blood vessels throughout the body 

(Figure 1.C).25,26 
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Figure 1.1 Explanation of VWF function and involvement in disease. (A.) 
Normal VWF function. 1) VWF is expressed and held inside the cell as large 
multimeric units termed ultra-large von Willebrand factor (UL-VWF). It can 
either be secreted from the cell or tethered to the cell surface 2). (B) 
Depiction of Acquired von Willebrand Syndrome. Patients either have 
destabilization mutations within VWF that expose the ADAMTS13 cleavage 
site at lower force levels or have a reduced level of VWF expression. As such, 
the level of UL-VWF is reduced, leading to a reduction of clotting that is 
necessary for injury site repair. (C) Depiction of Thrombotic 
thrombocytopenic purpura. ADAMTS13 is inactivated either through 
inactivation mutations or autoantibodies. This results in platelets binding to 
partially unfolded UL-VWF in the bloodstream and clotting in small blood 
vessels. 
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The other protein who that reveals a cryptic proteolysis site in response to 

cell-cell contact is the cell surface receptor Notch. Notch signaling is a multifaceted 

cell signaling pathway that controls critical cell fate decisions in response to cell-

cell contact. It plays important roles during development and tissue homeostasis 

and can contribute to cell proliferation, cell death, and cell fate. Notch signaling is 

activated through a novel mechanotransduction mechanism through binding to 

one of its ligands on an adjacent cell (Figure 1.2).7,27,28 The crystal structure of the 

extracellular juxtamembrane domain of Notch, termed the Negative Regulatory 

Region (NRR), shows that three Lin12-Notch repeats (LNR) domains wrap around 

the center heterodimerization (HD) domain and bury the ADAM cleavage site 

(Figure 1.2B). This bolstered the hypothesis that force derived from ligand 

endocytosis partially unfolds the NRR and exposes a cryptic proteolysis site. 

 Researchers have demonstrated that Notch signaling is activated by force. 

Multiple groups demonstrated that Notch signaling can occur under 3-12 pN of 

force,7,29–31 which is in agreement with the 2-10 pN of force that endocytosis can 

exert.32 This is also in alignment with the rupture force between Notch1 and DLL1, 

which was measured to be 16-18 pN and exhibits a catch bond behavior33, a 

noncovalent interaction that increases in strength under a mechanical load. 
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Figure 1.2 Activation of Notch signaling and structure of NRR A. Notch 
signaling overview. 1) The Ligand Binding Domain (LBD) of Notch interacts 
with a receptor (Delta Like Canonical Notch Ligand 1 (DLL-1), which is 
endocytosed. 2) Endocytosis of DLL-1 results in a partial unfolding of 
Notch’s Negative Regulatory Region (NRR), exposing an ADAM10/ADAM17 
proteolysis site. 3) Metalloprotease cleavage is closely followed by 
intramembrane cleavage by γ-secretase complex. 4) The intracellular 
domain (ICD) of Notch is then translocated to the nucleus. 5) Notch’s ICD 
forms a transcription factor complex to modulate target genes. Figure was 
modified from Gordon et al.34 B. Crystal structure of Notch1 NRR.35 LNR 
domains are in pink, and the HD domain is in cyan. PDB: 3eto. C. Co-crystal 
structure of Notch NRR with an antibody fragment, rotated to show Notch-
antibody contacts. PDB: 3L95 

 

Understanding the activation of Notch signaling has assisted in 

understanding Notch signaling in disease. Aberrant Notch activation occurs in half 
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of all patients with T-acute lymphoblastic leukemia (T-ALL). Characterization of 

mutants found within the NRR destabilized the domain and made it more 

susceptible to proteolytic cleavage.36 A majority of the mutations found in T-ALL 

are located in the hydrophobic core of the Notch NRR, resulting in destabilization 

of the domain and ligand-independent signaling.37 Since the crystal structure of 

Notch’s NRR, inhibitory antibodies have been created and tested to block the 

proteolytic cleavage of Notch.38–44 Co-crystal structures of Notch NRR with an 

inhibitory antibody have demonstrated that they make contacts in the LNR repeats 

and the HD domain to bolster their interaction (Figure 1.2C).  

 
Proteolytic Regulation of Dystroglycan 

We are interested in determining whether Notch’s switch-like control of its 

proteolysis is unique to Notch or a common mode of proteolytic regulation. We 

chose to focus on dystroglycan because of putative structural similarity to Notch 

and established proteolysis by MMPs in disease contexts. Dystroglycan is part of 

a larger complex in muscle cells, termed the dystrophin glycoprotein complex 

(DGC) (Figure 1.3).45 The DGC functions to help muscles withstand forces 

associated with muscle contraction.46,47 Many types of muscular dystrophies are 

associated with defects in components of the DGC,48–50 but this thesis focuses on 

dystroglycan. Dystroglycan forms a bridge between the extracellular matrix and 

the actin cytoskeleton through which it interacts with laminin G-domain in its 

extracellular N-terminus and to both dystrophin and utrophin at its C-terminal tail.  

The absence of this bridge leads to muscular dystrophy. 
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Figure 1.3 Overview of Dystrophin glycoprotein complex. 

 

The ligand binding domain of dystroglycan is heavily and heterogeneously 

glycosylated, leading to vastly different molecular weights depending on the tissue 

type.51 To date there are 17 known glycosyltransferases that modify dystroglycan’s 

mucin-like domain.52 The mucin-like domain is rich in serine and threonine 

residues that are O-glycosylated. These glycans are essential for interaction with 

laminin G domain-containing proteins, such as laminin and neurexin.53–62 

 Dystroglycan’s proteolysis domain that has a juxtamembrane domain that 

is predicted to be structurally similar to Notch’s NRR. It contains a putative 

cadherin-like domain and a SEA-urchin Enterokinase Agrin (SEA)-like domain. It 

contains a site where dystroglycan is post-translationally processed into α-

dystroglycan and β-dystroglycan. α- and β-dystroglycan remain tightly non-

covalently associated through the SEA-like domain.  
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The majority of muscular dystrophies associated with dystroglycan are 

caused by mutations in glycosyltransferases and are characterized by 

hypoglycosylation of dystroglycan and a reduction of laminin binding.63 The 

severity of the disease depends on the glycosyltransferase affected and how much 

the mutation impacts glycosyltransferase expression and function. 

Additionally, albeit more rare, muscular dystrophy can also be caused by 

mutations in dystroglycan. The first mutation described was T192M, which is 

located within the N-terminal domain of dystroglycan.64 This mutation is predicted 

to impair like-glycosyltransferase (LARGE) binding and glycosylation, the dual 

glycosyltransferase that adds the sugar moieties that interact with laminin G 

domains.52 A knock-in mouse model also exhibited the same neuromuscular 

defects observed in the patient. The second, C669F, has been found in two 

Liberian sisters and results in a severe form of muscular dystrophy that includes 

brain and eye abnormalities. The mutated cysteine has been previously shown to 

be involved in a disulfide bond that is important for α/β processing.65 

 In addition to these mutations, cleavage of dystroglycan’s proteolysis 

domain in β-dystroglycan directly before the transmembrane domain by MMP-2 

and MMP-9 is associated with both muscular dystrophy and cancer cell lines. This 

pathogenic MMP cleavage could potentially be another breakpoint in the 

connection between the ECM and actin cytoskeleton. Thus, understanding the role 

that proteolysis plays in disease pathogenesis could be another potential 

therapeutic target. 
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Polycystin: A putative mechanosensor 

 We are also interested in other proteins that are putative mechanosensors 

that use proteolytic fragments to convey mechanical stimuli, and we became 

interested in Polycystin-1 (PC1). Polycystin-1 (PC1) is an 11-pass transmembrane 

protein which is mutated in 85% of Autosomal Dominant Polycystic Kidney Disease 

(ADPKD) cases. ADPKD occurs in 1:400-1:1000 people and results in fluid-filled 

cysts in the kidneys causing end stage renal disease. Patients also suffer from 

cardiovascular disorders, such as an increased risk for intercranial aneurysms, left 

ventricular hypertrophy, and mitral valve prolapse.66,67 

 PC1 forms a complex with Polycystin-2 (PC2), a nonselective cation 

channel in the transient receptor potential polycystic (TRPP) family, in primary cilia. 

While the role of PC1 in normal cell function is still being elucidated, it has been 

predicted to control PC2 function as well as induce signaling assays such as Janus 

kinases-Signal Transducer and Activator of Transcription proteins (JAK-STAT),  

Wingless/Integrated (Wnt), CCAAT-enhancer-binding protein homologous protein 

(CHOP), mechanistic target of rapamycin (mTOR), and activator protein 1(AP-1). 

Recently, the cryo-EM structure of PC1 in complex with PC2 was solved to 3.6 Å 

,68 and it depicted that 1 copy of PC1 binds to 3 copies of PC2. This is consistent 

with previous work describing the complex.69,70 

 PC1 contains a ligand binding domain, a G-protein-coupled receptor 

autoproteolysis-inducing (GAIN) domain, transmembrane domains, and its C-

terminal tail (Figure 1.4). The ligand binding domain of PC1 contains a variety of 
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domains that are predicted to interact with other proteins.71,72 Recently, Wnt9B, a 

ligand that is important for kidney development,73,74 was found to bind to PC1’s 

extracellular domain and modulate calcium signaling and cell migration.75 

Moreover, ADPKD mutations within PC1 or PC2 impacted the calcium influx. 

However, where Wnt9B binds and how it induces changes within PC1 is unknown, 

but other Wnt proteins have been seen to bind to cysteine-rich domains.76 

 

Figure 1.4 Overview of Polycystin-1 (PC1) domain structure. Its ligand 
binding domain includes a signal peptide (SP), Leucine-rich repeats (LRR), 
cell wall integrity and stress response component (WSC), low density 
lipoprotein-like domain (LDL), and polycystic kidney disease (PKD) domains. 
Its GAIN domain includes a receptor for egg jelly (REJ) and a G-protein-
coupled receptor proteolytic site (GPS) domain. There are also three 
domains within the transmembrane domain of PC1 that are involved in 
Polycystin-1 function.  Its lipoxygenase, and alpha toxin (PLAT) domain is 
proposed to be involved in trafficking and lipid binding.77,78 Furthermore, its 
extracellular (TOP) domain and C-terminal coiled coil interact with PC-2.68 
PC1’s GAIN domain is proposed to be mechanosensitive, dissociating under 
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shear stress (star denotes post-translational resulting in the GPS forming a 
non-covalent unit). Regulatory Intramembrane Proteolysis (RIP) is predicted 
to occur after dissociation. 
 

The GAIN domain of PC1 is structurally similar to adhesion G-protein 

coupled receptors.79 The autoproteolysis within this region is essential. Blocking 

autoproteolysis through mutagenesis has been shown to cause ADPKD in 

mice.80,81 Additionally, ADPKD mutations within this region block autoproteolysis. 

While the biological impact of autoproteolysis is not known, previous work has 

shown that PC1 cleavage mutants have impaired function. They form cyst-like 

structures when transfected into Madin-Darby canine kidney (MDCK).82 In 

contrast, cells transfected with wild-type PC1 formed tubule-like structures. There 

is also evidence that proteolysis is important for trafficking to the cell membrane. 

 PC1’s transmembrane region contains both a cytosolic Polycystin-1 

Lipoxygenase Alpha Toxin (PLAT) domain and an extracellular polycystin domain 

(which has also been called a tetragonal opening for polycystin’s (TOP) domain). 

The PLAT domain has been predicted to be involved in lipid binding and PC1 

trafficking.77 PC1 also contains a polycystin TOP domain that is involved in PC2 

binding. 

 The C-terminal tail (CTT) of PC1 is predicted to be involved in PC2 

association and involved in signaling pathways. PC1’s CTT has also been shown 

to be cleaved from the cell membrane by γ-secretase and travel to the nucleus to 

control signaling.83 There has been evidence that PC1’s CTT acts to activate 
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canonical Wnt signaling,84 which is one of the pathways that is aberrantly activated 

in ADPKD patients. 

There is evidence that PC1 and PC2 form a mechanosensitive ion channel. 

Initial work in mouse embryonic kidney epithelial cells demonstrated that fluid 

shear stress induced an influx of intracellular calcium, and this was disrupted when 

cells either lacked PC1 or primary cilia.85 Further evidence in MDCK cells 

demonstrated that PC1’s CTT is cleaved, translocated to the nucleus, and induces 

STAT6 signaling in an absence of flow.86 Additional work showed that PC1 can 

also act as a mechanosensor in cardiomyocytes. Knockout mice had reduced 

ventricular function and did not exhibit load-induced heart growth.87 

 Current ADPKD therapy options are currently focused on the signaling 

pathways that are altered in pathogenic states. While the network of signaling 

pathways that are altered in ADPKD remain complex, reduction of intracellular 

calcium can be caused by reduced expression of PC1 or PC2, reduced activity of 

PC1 or PC2, or a reduction in flow.85,88 A decrease in cellular calcium increases 

cAMP levels.89,90 Thus, cAMP inhibitors and drugs that influence downstream 

proteins have been targeted and show mixed success.91,92  The first drug to be 

approved in many parts of the world, tolvaptan, is an inhibitor for vasopressin V2 

receptor, which is one of the contributing pathways for increased levels of cAMP.91 

Other inhibitors that prevent the generation of cAMP, as well as mTOR inhibitors 

that specifically function in the kidney, have shown promise.93  
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However, understanding the mechanism of how shear stress changes 

impact PC1 and signaling pathways would aid in creating a specific therapeutic. 

We hypothesize that mechanical stimuli such as shear stress can physically 

dissociate the subunits of the GAIN domain, thus leading to signaling and 

activation of the PC2 ion channel, and provide initial studies to test this hypothesis 

therein. 

 

HUH biology 

In addition to understanding the role of proteolysis in cell surface receptors, 

we are also interested in furthering the technology used to study the role of force 

in cell surface receptor proteins whose proteolysis is switch-like. Previous in vitro 

studies of Notch’s NRR used single molecule magnetic tweezer assays to 

determine that force plays a role in exposing a cryptic ADAM10 proteolysis site.7 

Rates of ADAM10 cleavage were calculated from the bead loss in a flow cell as a 

function of time. However, the setup used non-covalent linkages, which caused 

beads to detach at a small but measurable rate even in the absence of ADAM10, 

and this has also been observed in other magnetic tweezer experiments.94–96 

Additionally, the ability to link proteins to the flow cell surface and magnetic bead 

to linear pieces of DNA would also decrease the number of beads nonspecifically 

sticking to the flow cell surface. 

Since the discovery of DNA’s 3-dimensional structure derived from Rosalind 

Franklin’s original x-ray diffraction pattern, the ability to modify DNA has exploded. 
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Now, DNA is being modified and utilized for a variety of applications, such as cell 

imaging, protein localization, and barcoding.97–106 Protein-DNA conjugates can be 

utilized in a variety of cell experiments such as measuring protein-protein 

interactions and protein localization. Protein-DNA interactions can also be used in 

biophysical experimental setups. DNA handles, which are long pieces of DNA, can 

be used to separate the glass and magnetic beads in a magnetic tweezer setup to 

reduce the amount of beads non-specifically stuck to the glass that is commonly 

observed. Current commercial methods to attach DNA to protein have severe 

drawbacks. For instance, some of the most characterized chemical crosslinkers, 

such as NHS and SMCC, are non-specific, resulting in endogenous proteins being 

labeled on multiple residues that complicates results. Moreover, mutagenesis in 

order to use these labeling methods successfully could compromise the structure 

and function of the wild-type protein. 

There are also various modifications that can be added to the DNA that 

react with protein fusions. For instance, the SNAP tag can react with and covalently 

attach to DNA modified with a benzylguanine.107 DNA can also be biotinylated, 

resulting in non-covalent association with streptavidin. However, both of these 

methods require expensive reagents and additional purification steps. Additionally, 

implementing the SNAP-tag in a cellular context is difficult. Streptavidin-biotin 

interaction is also a non-covalent linkage and has four biotin binding domains, both 

of these properties not being ideal for magnetic tweezer experiments. 
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However, another way to covalently form adducts between protein and 

single-stranded DNA has already been described in viruses, bacteriophages, and 

prokaryotes. The HUH endonucleases, named for their active site histidine-

hydrophobic residue-histidine motif, form a large family of proteins that cleave and 

ligate single-strand DNA (ssDNA) as a step in rolling circle replication. The two 

histidines coordinate a metal within the active site, and a tyrosine nucleophilically 

attacks the phosphate in the DNA backbone in a sequence-specific manner. This 

generates a 5'-phosphotyrosine bond and a free 3'-hydroxyl group. A new strand 

of ssDNA is extended from the 3' hydroxyl, and the 5' and 3' ends of the DNA are 

religated either by the HUH protein or by another protein in the replication 

machinery. 

 

Figure 1.5 Summary of HUH reaction mechanism108 

 

Overview of the Chapters 

Understanding the conformational exposure of proteolysis sites within cell 

surface receptors is of great therapeutic interest. This thesis describes 

methodological work to improve the study and discovery of proteolytic regulation 
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in addition to biochemical studies of two proteins: dystroglycan and polycystin-1. 

Chapter 2 describes an assay developed to screen for switch-like proteins and its 

application to further drug screening. Chapters 3 and 4 discuss regulation of 

dystroglycan proteolysis and the preliminary work for structural determination of 

dystroglycan’s proteolysis domain. Chapter 5 focuses on understanding 

Polycystin-1’s GAIN domain, whose mechanosensitive domain is predicted to 

dissociate under physiologic forces. Chapter 6 presents the use of the HUH 

endonuclease as a protein tag which covalently bonds to single-stranded DNA. 
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Abstract 

Proteolysis of transmembrane receptors is a critical cellular communication 

mechanism dysregulated in many diseases, yet decoding proteolytic regulation 

mechanisms of the estimated 400 receptors shed from the cell surface has been 

hindered by difficulties in controlling stimuli and unknown fates of cleavage 

products. Notch proteolytic regulation is a notable exception, where decades of 

study have revealed that intercellular forces drive exposure of a cryptic protease 
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site within a juxtamembrane “proteolytic switch” domain to activate transcriptional 

programs inside the cell. Thus, we created a Synthetic Notch Assay for Proteolytic 

Switches (SNAPS) that exploits the modularity and unequivocal input/response of 

Notch proteolysis to screen surface receptors for other putative proteolytic 

switches. Here, we identify several new proteolytic switches among receptors with 

structural homology to Notch. We demonstrate that SNAPS can detect shedding 

in chimeras of diverse cell surface receptors, leading to new, testable hypotheses. 

Finally, we establish that the assay can be used to measure modulation of 

proteolysis by potential therapeutics.   

 

Introduction 

Proteolysis of cell surface transmembrane proteins is a tightly regulated 

cellular mechanism that controls communication of cells with their extracellular 

environment. Diverse adhesion receptors, such as cadherins, as well as receptors 

that respond to soluble factors, such as receptor tyrosine kinases (RTKs), have 

been shown to be cleaved at sites close to the extracellular side of the membrane 

by metalloproteinases such as ‘A Disintegrin And Metalloproteinases’ (ADAMs) 

and matrix metalloproteinases (MMPs), 5,109–112 resulting in ectodomain shedding. 

In many of these receptors, ectodomain shedding is a prerequisite for further 

cleavage inside the membrane by the γ-secretase/presenilin protease complex in 

a process known as Regulated Intramembrane Proteolysis (RIP). 1,113 
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Proteolysis not only provides a mechanism to break cell-cell and cell-ECM 

contacts to modulate processes such as cell migration, but may also result in 

biologically-active fragments outside and inside of the cell, such as the intracellular 

fragment of Notch, which translocates to the nucleus and acts as a transcriptional 

co-activator. 114–116 Dysregulated proteolysis contributes to disease pathogenesis, 

for example, by causing accumulation of pathogenic fragments such as the 

amyloid beta peptide implicated in Alzheimer’s disease, 9,10 or removing epitopes 

required for normal cell communication. 16–19 For instance, cancer cells evade the 

immune response by shedding MICA receptors, 16–19 which are normally deployed 

to the cell surface in response to cellular damage.  

Modulation of proteolysis is a heavily pursued therapeutic avenue, aiming 

to either inhibit proteases or prevent access to protease sites in a specific receptor. 

Many protease inhibitors have been developed but have failed clinically due to 

significant off-target effects. 117–119 Conversely, relatively few examples of 

modulating access to protease sites in specific receptors have been reported, 

despite the clinical success of the monoclonal antibody trastuzumab (Herceptin) 

that was found to act, in part, by blocking proteolysis of the receptor tyrosine kinase 

HER2. 120 Similarly, successful development of modulatory antibodies targeting 

proteolysis of Notch 38–44 and MICA 121 receptors have recently been reported. 

However, though 8% of the annotated human transmembrane proteins are 

predicted to be shed from the surface,8 mechanisms of proteolytic regulation that 

inform development of specific modulators have remained elusive. 
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A relatively unique proteolytic regulation mechanism has recently come to 

light in which a stimulus alters protein conformation to induce exposure of a cryptic 

protease site. For example, the secreted von Willebrand factor (VWF) is cleaved 

in its A2 domain in response to shear stress in the bloodstream, which regulates 

blood clotting. 122 Transmembrane Notch receptors also control exposure of a 

cryptic protease recognition site via the conformation of a juxtamembrane domain 

called the Negative Regulatory Region (NRR) 7,35,37,123,124 to trigger Notch signaling 

114,125 in response to ligand binding and subsequent endocytic forces. 7,27,28 Crystal 

structures of the NRR 35,37,123 reveal that the ADAM10/17 protease site is housed 

in a Sea urchin Enterokinase Agrin-like (SEA-like), with high structural homology 

to canonical SEA domains of mucins126,127 but lacking the characteristic 

autoproteolytic site. The NRR normally exists in a proteolytic cleavage-resistant 

state in which the protease site is buried by interdomain interactions between the 

SEA-like and its neighboring domain but can be switched to a protease-sensitive 

state when it undergoes a conformational change upon binding a ligand on a 

neighboring cell and subsequent endocytosis 7,27,124 or if it harbors disease-related 

mutations that destabilize the domain. 36,37,128  

Notch’s proteolytic switch has been exploited to develop conformation-

specific modulatory antibodies 38–44 and harnessed for synthetic biology 

applications 129 to turn on transcription in response to any desired cell-cell contact. 

For example, Notch was engineered to respond to novel inputs and create custom 

responses. 130 This SynNotch system has been applied to CAR-T therapy to 
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require dual antigen recognition for T-cell activation, increasing specificity. Thus, 

identification of additional proteolytic switches is of great interest. However, despite 

the knowledge that several cell-surface receptors harbor extracellular 

juxtamembrane domains with structural homology to Notch’s proteolytic switch 131 

and that more than 100 receptors undergo a Notch-like proteolytic cascade, 1,2 

other membrane resident proteolytic switches have not been identified, in large 

part due to difficulties in studying proteolysis in most receptors. For example, 

controlling the stimulus for receptors involved in homotypic interactions is difficult 

and the signaling pathways modulated by cleaved intracellular fragments may not 

be known.   

A recent study showing that the known VWF proteolytic switch domain could 

functionally substitute for the Notch NRR to facilitate Notch signaling in certain 

contexts in Drosophila 28 inspired us to ask if we could exploit Notch signaling to 

discover new proteolytic switches. We created a Synthetic Notch Assay for 

Proteolytic Switches (SNAPS) that harnesses the modularity and precise control 

of Notch signaling 7,36,130 to screen protease site-containing juxtamembrane 

domains of diverse cell-surface receptors for their ability to functionally substitute 

for Notch’s proteolytic switch and induce transcription in response to cell-cell 

contact. SNAPS uses the native Notch ligand-binding interaction with DLL4 as the 

input and the Gal4 transcriptional response as the output (Figure 2.1A). Here, we 

find that proteolysis regions of several receptors with structural homology to Notch 

can substitute for the Notch “proteolytic switch” and facilitate signaling in response 
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to cell contact. Moreover, the assay can be used to detect shedding of diverse 

receptors such as RTKs, CD44, and cadherins. Finally, we demonstrate that the 

assay can be used to screen modulators of proteolysis. 

 

Materials and Methods 

Reagents 

Recombinant DLL4, MMP-2, and MMP-9 were purchased from R&D 

Systems. Batimastat (BB-94) was purchased from Sigma Aldrich. Compound E 

(GSI) was purchased from Fisher Scientific (Catalog # AAJ65131EXD). DECMA-

1 antibody was purchased from Sigma-Aldrich (U3254). U2OS cells were 

purchased from ATCC. MS5 and MS5-DLL4 cells were a kind gift from Dr. Stephen 

Blacklow. 4-aminophenylmercuric acetate (APMA) was purchased from Sigma-

Aldrich. Herceptin was purchased from MedChemExpress (HY-P9907). β-

dystroglycan antibody was purchased from Leica Biosystems (B-DG-CE) 

 

Cloning 

An Nhe1 site was added in Notch between amino acids 1735 and 1736 

near the transmembrane region in a previously described Notch1-Gal4 

construct132 containing an N-terminal Flag tag, an AvrII site between the last 

EGF-like repeat and NRR, and a Bsu36i restriction site C-terminal to Notch 

transmembrane domain. All of the constructs were cloned using In-Fusion 

(Clontech). Sequences for all proteolysis domains used are in  
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Table 2.1. 

CD44 was cloned using CD44S pWZL-Blast from Addgene (Item ID 19126). 

APP was cloned using pEGFP-n1-APP from Addgene (Item ID 69924). 

Dystroglycan was cloned from cDNA from Origene (Cat#: SC117393). mTFP was 

cloned from TS module from Addgene (Item ID 26021). AXL, MerTK, and Tyro3 

were originally ordered as E.coli optimized gBlocks (IDT) for different constructs 

and then cloned into the Notch chimera using primers with In-Fusion ends. HER2 

and HER4 DNA was a kind gift from Dr. Laurie Parker, from the ORF kinase library 

(Addgene). The remaining constructs were ordered as mammalian codon 

optimized gBlocks from IDT with In-Fusion ends. All of the construct amino acid 

ranges and sequences used are available in  

Table 2.1. 

 

Cell culture 

All cell lines were cultured in DMEM (Corning) supplemented with 10% FBS 

(Gibco) and 0.5% penicillin/streptomycin (Gibco). Cells were incubated at 37 °C in 

5% CO2.  

 

Notch signaling assay 

 The Notch signaling assay was performed as described.7 For co-culture 

assays, 0.1, 1, 2, or 10 ng chimera constructs were reverse transfected with 

reporter plasmids (50 ng Gal4 reporter plasmid and 1 ng PRL-TK reporter plasmid) 
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in triplicate into U2OS cells in a 96-well plate. 24 hours post-transfection, MS5 cells 

or MS5 cells stably expressing DLL4 were plated on top of the U2OS cells with 

DMSO or drug (40 µM BB-94 or 1 µM GSI). 48 hours post-transfection, cells were 

lysed in passive lysis buffer (Promega). Lysate was added to a white 96 well half 

volume plate, and Dual-Luciferase Reporter Assay (Promega) was performed 

according to manufacturer’s recommendation and read out on a Molecular Devices 

LMaxII384 plate reader. 

 In assays using recombinant MMP-2 and MMP-9, activated MMP-2 or 

MMP-9 was diluted to 0.46 μg/mL in D10 media and added 36 hours post-

transfection. Media was swapped out 38 hours post-transfection. Cells were lysed 

in passive lysis buffer 50 hours post-transfection and read out as previously 

described. For signaling assays using antibody, DECMA-1, Herceptin, or Sheep 

IgG control was added during the co-culture step 24 hours post-transfection. 

 

Cell surface ELISA 

100 ng of Notch chimera constructs were transfected into U2OS cells in a 

sterile opaque tissue culture-treated 96 well plate (Corning 353296) in triplicate. 

24 hours post-transfection, cells were washed once with PBS and fixed using 4% 

PFA (Thermo Fisher 28906) for 20 minutes, then washed three times with PBS. 

Cells were blocked in TBS+5% milk for 1 hour. Then, Flag primary antibody 

(Sigma-Aldrich F1804) was added 1:250 in TBS+5% milk for 2 hours. Cells were 

washed 3 times for 5 minutes each with TBS+5% milk. The cells were then 
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incubated 1:10000 with an HRP secondary antibody for 1 hour before being 

washed 5 times for 5 minutes each with TBS. Chemiluminescent substrate was 

added for 1 minute before reading out on a luminescence plate reader. 

 

Western blot 

48 hours post-transfection of dystroglycan constructs, Cos7 cells were 

lysed with RIPA buffer containing a protease inhibitor cocktail. Lysates were run 

on a 4-20% SDS-PAGE gel with 2 mM sodium thioglycolate in the running buffer. 

The protein was then transferred to a nitrocellulose membrane using a Genie 

Blotter (Idea Scientific) and blocked with 5% milk in TBS. β-dystroglycan antibody 

was diluted 1:1000 in TBS with 5% bovine serum albumin (BSA) added. A goat-

anti mouse HRP conjugated antibody (Invitrogen) was used as a secondary 

antibody. Western blots were imaged using chemiluminescent buffer (Perkin Elmer 

Western Lightning Plus ECL) and the Amersham 600UV (GE) with staff support at 

the University of Minnesota-University Imaging Center. 

 

Table 2.1 Sequences for all proteolysis domains used 

Protein Uniprot ID 

 

"Proteolysis 

domain" 

residue 

numbers 

Amino acids 
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AXL 

 

P30530 

 

223-451 

 

VLPQQPRNLHLVSRQPTELEVAWTPG

LSGIYPLTHCTLQAVLSNDGMGIQAGE

PDPPEEPLTSQASVPPHQLRLGSLHP

HTPYHIRVACTSSQGPSSWTHWLPVE

TPEGVPLGPPENISATRNGSQAFVHW

QEPRAPLQGTLLGYRLAYQGQDTPEV

LMDIGLRQEVTLELQGDGSVSNLTVC

VAAYTAAGDGPWSLPVPLEAWRPGQ

AQPVHQLVKEPSTPAFSWPWW 

CADH1 

 

P12830 

 

487-709 

 

VPPEKRVEVSEDFGVGQEITSYTAQE

PDTFMEQKITYRIWRDTANWLEINPDT

GAISTRAELDREDFEHVKNSTYTALIIA

TDNGSPVATGTGTLLLILSDVNDNAPI

PEPRTIFFCERNPKPQVINIIDADLPPN

TSPFTAELTHGASANWTIQYNDPTQE

SIILKPKMALEVGDYKINLKLMDNQNK

DQVTTLEVSVCDCEGAAGVCRKAQP

VEAGLQIPAI 

CD44 

 

P16070 

 

170-269 

 

PSNPTDDDVSSGSSSERSSTSGGYIF

YTFSTVHPIPDEDSPWITDSTDRIPAT

RDQDTFHPSGGSHTTHESESDGHSH

GSQEGGANTTSGPIRTPQIPEW 
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CDH23 

 

Q9H251 

 

2729-3066 

 

SPQYQLLTVPEHSPRGTLVGNVTGAV

DADEGPNAIVYYFIAAGNEEKNFHLQP

DGCLLVLRDLDREREAIFSFIVKASSN

RSWTPPRGPSPTLDLVADLTLQEVRV

VLEDINDQPPRFTKAEYTAGVATDAKV

GSELIQVLALDADIGNNSLVFYSILAIHY

FRALANDSEDVGQVFTMGSMDGILRT

FDLFMAYSPGYFVVDIVARDLAGHND

TAIIGIYILRDDQRVKIVINEIPDRVRGF

EEEFIHLLSNITGAIVNTDNVQFHVDKK

GRVNFAQTELLIHVVNRDTNRILDVDR

VIQMIDENKEQLRNLFRNYNVLDVQPA

ISVRLPDDMSALQ 

CDHR2 

 

Q9BYE9 

 

310-1154 

 

VNDNPPTLDVASLRGIRVAENGSQHG

QVAVVVASDVDTSAQLEIQLVNILCTK

AGVDVGSLCWGWFSVAANGSVYINQ

SKAIDYEACDLVTLVVRACDLATDPGF

QAYSNNGSLLITIEDVNDNAPYFLPEN

KTFVIIPELVLPNREVASVRARDDDSG

NNGVILFSILRVDFISKDGATIPFQGVF

SIFTSSEADVFAGSIQPVTSLDSTLQG

TYQVTVQARDRPSLGPFLEATTTLNLF
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TVDQSYRSRLQFSTPKEEVGANRQAI

NAALTQATRTTVYIVDIQDIDSAARARP

HSYLDAYFVFPNGSALTLDELSVMIRN

DQDSLTQLLQLGLVVLGSQESQESDL

SKQLIS 

Dag 

 

Q14118 

 

490-749 

 

GGEPNQRPELKNHIDRVDAWVGTYF

EVKIPSDTFYDHEDTTTDKLKLTLKLR

EQQLVGEKSWVQFNSNSQLMYGLPD

SSHVGKHEYFMHATDKGGLSAVDAF

EIHVHRRPQGDRAPARFKAKFVGDPA

LVLNDIHKKIALVKKLAFAFGDRNCSTI

TLQNITRGSIVVEWTNNTLPLEPCPKE

QIAGLSRRIAEDDGKPRPAFSNALEPD

FKATSITVTGSGSCRHLQFIPVVPPRR

VPSEAPPTEVPDRDPEKSSEDDV 

 

EpCAM 

 

P16422 

 

24-265 

 

QEECVCENYKLAVNCFVNNNRQCQC

TSVGAQNTVICSKLAAKCLVMKAEMN

GSKLGRRAKPEGALQNNDGLYDPDC

DESGLFKAKQCNGTSTCWCVNTAGV

RRTDKDTEITCSERVRTYWIIIELKHKA

REKPYDSKSLRTALQKEITTRYQLDPK
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FITSILYENNVITIDLVQNSSQKTQNDV

DIADVAYYFEKDVKGESLFHSKKMDLT

VNGEQLDLDPGQTLIYYVDEKAPEFS

MQGLK 

Fat1 

 

Q14517 

 

4089-4181 

 

LSPYCKDEPCKNGGTCFDSLDGAVC

QCDSGFRGERCQSDIDECSGNPCLH

GALCENTHGSYHCNCSHEYRGRHCE

DAAPNQYVSTPWNIGLAE 

HER2 

 

P04626 

 

25-652 

 

TQVCTGTDMKLRLPASPETHLDMLRH

LYQGCQVVQGNLELTYLPTNASLSFL

QDIQEVQGYVLIAHNQVRQVPLQRLRI

VRGTQLFEDNYALAVLDNGDPLNNTT

PVTGASPGGLRELQLRSLTEILKGGVL

IQRNPQLCYQDTILWKDIFHKNNQLAL

TLIDTNRSRACHPCSPMCKGSRCWG

ESSEDCQSLTRTVCAGGCARCKGPL

PTDCCHEQCAAGCTGPKHSDCLACL

HFNHSGICELHCPALVTYNTDTFESM

PNPEGRYTFGASCVTACPYNYLSTDV

GSCTLVCPLHNQEVTAEDGTQRCEK

CSKPCARVCYGLGMEHLREVRAVTS

ANIQEFAGCKKIFGSLAFLPESFDGDP
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ASNTAPLQPEQLQVFETLEEITGYLYIS

AWPDSLPDLSVFQNLQVIRGRILHNG

AYSLTLQGLGISWLGLRSLRELGSGLA

LIHHNTHLCFVHTVPWDQLFRNPHQA

LLHTANRPEDECVGEGLACHQLCARG

HCWGPGPTQCVNCSQFLRGQECVEE

CRVLQGLPREYVNARHCLPCHPECQ

PQNGSVTCFGPEADQCVACAHYKDP

PFCVARCPSGVKPDLSYMPIWKFPDE

EGACQPCPINCTHSCVDLDDKGCPAE

QRASPLT 

HER4 

 

Q15303 

 

26-651 

 

QSVCAGTENKLSSLSDLEQQYRALRK

YYENCEVVMGNLEITSIEHNRDLSFLR

SVREVTGYVLVALNQFRYLPLENLRIIR

GTKLYEDRYALAIFLNYRKDGNFGLQE

LGLKNLTEILNGGVYVDQNKFLCYADT

IHWQDIVRNPWPSNLTLVSTNGSSGC

GRCHKSCTGRCWGPTENHCQTLTRT

VCAEQCDGRCYGPYVSDCCHRECAG

GCSGPKDTDCFACMNFNDSGACVTQ

CPQTFVYNPTTFQLEHNFNAKYTYGA

FCVKKCPHNFVVDSSSCVRACPSSK
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MEVEENGIKMCKPCTDICPKACDGIGT

GSLMSAQTVDSSNIDKFINCTKINGNLI

FLVTGIHGDPYNAIEAIDPEKLNVFRTV

REITGFLNIQSWPPNMTDFSVFSNLVT

IGGRVLYSGLSLLILKQQGITSLQFQSL

KEISAGNIYITDNSNLCYYHTINWTTLF

STINQRIVIRDNRKAENCTAEGMVCNH

LCSSDGCWGPGPDQCLSCRRFSRGR

ICIESCNLYDGEFREFENGSICVECDP

QCEKMEDGLLTCHGPGPDNCTKCSH

FKDGPNCVEKCPDGLQGANSFIFKYA

DPDRECHPCHPNCTQGCNGPTSHDC

IYYPWTGHSTLPQHARTP 

IA-2 

 

Q16849 

 

449-575 

 

SPLGQSQPTVAGQPSARPAAEEYGYI

VTDQKPLSLAAGVKLLEILAEHVHMSS

GSFINISVVGPALTFRIRHNEQNLSLAD

VTQQAGLVKSELEAQTGLQILQTGVG

QREEAAAVLPQTAHSTSPMR 

KIAA0319 

 

Q5VV43 

 

729-955 

 

RARAGGRHVLVLPNNSITLDGSRSTD

DQRIVSYLWIRDGQSPAAGDVIDGSD

HSVALQLTNLVEGVYTFHLRVTDSQG

ASDTDTATVEVQPDPRKSGLVELTLQ
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VGVGQLTEQRKDTLVRQLAVLLNVLD

SDIKVQKIRAHSDLSTVIVFYVQSRPPF

KVLKAAEVARNLHMRLSKEKADFLLFK

VLRVDTAGCLLKCSGHGHCDPLTKRC

ICSHLWMENLIQRYIWDGESNCEWS 

MerTK 

 

Q12866 

 

285-505 

 

PPTEVSIRNSTAHSILISWVPGFDGYS

PFRNCSIQVKEADPLSNGSVMIFNTSA

LPHLYQIKQLQALANYSIGVSCMNEIG

WSAVSPWILASTTEGAPSVAPLNVTV

FLNESSDNVDIRWMKPPTKQQDGELV

GYRISHVWQSAGISKELLEEVGQNGS

RARISVQVHNATCTVRIAAVTRGGVG

PFSDPVKIFIPAHGWVDYAPSSTPAPG

NADPVLII 

MICA 

 

Q29983 

 

24-307 

 

EPHSLRYNLTVLSWDGSVQSGFLTEV

HLDGQPFLRCDRQKCRAKPQGQWAE

DVLGNKTWDRETRDLTGNGKDLRMT

LAHIKDQKEGLHSLQEIRVCEIHEDNS

TRSSQHFYYDGELFLSQNLETKEWTM

PQSSRAQTLAMNVRNFLKEDAMKTKT

HYHAMHADCLQELRRYLKSGVVLRRT

VPPMVNVTRSEASEGNITVTCRASGF
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YPWNITLSWRQDGVSLSHDTQQWGD

VLPDGNGTYQTWVATRICQGEEQRFT

CYMEHSGNHSTHPVPSGKVLVLQSH

W 

MUC1 

 

P15941 

 

961-1158 

 

ASGSASGSASTLVHNGTSARATTTPA

SKSTPFSIPSHHSDTPTTLASHSTKTD

ASSTHHSSVPPLTSSNHSTSPQLSTG

VSFFFLSFHISNLQFNSSLEDPSTDYY

QELQRDISEMFLQIYKQGGFLGLSNIK

FRPGSVVVQLTLAFREGTINVHDVET

QFNQYKTEAASRYNLTISDVSVSDVPF

PFSAQSGAGVPG 

MUC13 

 

Q9H3R2 

 

173-421 

 

PSNPCQDDPCADNSLCVKLHNTSFCL

CLEGYYYNSSTCKKGKVFPGKISVTV

SETFDPEEKHSMAYQDLHSEITSLFKD

VFGTSVYGQTVILTVSTSLSPRSEMRA

DDKFVNVTIVTILAETTSDNEKTVTEKI

NKAIRSSSSNFLNYDLTLRCDYYGCN

QTADDCLNGLACDCKSDLQRPNPQS

PFCVASSLKCPDACNAQHKQCLIKKS

GGAPECACVPGYQEDANGNCQKCAF

GYSGLDCKDKFQL 
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Notch1 

 

P46531 

 

1449-1739 

 

YSFGGGAGRDIPPPLIEEACELPECQE

DAGNKVCSLQCNNHACGWDGGDCS

LNFNDPWKNCTQSLQCWKYFSDGHC

DSQCNSAGCLFDGFDCQRAEGQCNP

LYDQYCKDHFSDGHCDQGCNSAECE

WDGLDCAEHVPERLAAGTLVVVVLMP

PEQLRNSSFHFLRELSRVLHTNVVFK

RDAHGQQMIFPYYGREEELRKHPIKR

AAEGWAAPDALLGQVKASLLPGGSE

GGRRRRELDPMDVRGSIVYLEIDNRQ

CVQASSQCFQSATDVAAFLGALASLG

SLNIPYKIEAVQSETVEPPPPAQLH 

PCDH12 

 

Q9NPG4 

 

461-718 

 

EKSRYEVSTRENNLPSLHLITIKAHDA

DLGINGKVSYRIQDSPVAHLVAIDSNT

GEVTAQRSLNYEEMAGFEFQVIAEDS

GQPMLASSVSVWVSLLDANDNAPEV

VQPVLSDGKASLSVLVNASTGHLLVPI

ETPNGLGPAGTDTPPLATHSSRPFLLT

TIVARDADSGANGEPLYSIRSGNEAHL

FILNPHTGQLFVNVTNASSLIGSEWEL

EIVVEDQGSPPLQTRALLRVMFVTSV

DHLRDSARKPGALSMSMLT 
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PCDH15 

 

Q96QU1 

 

1037-1376 

 

QEEYRPPPVSELATKGTMVGVISAAAI

NQSIVYSIVSGNEEDTFGINNITGVIYV

NGPLDYETRTSYVLRVQADSLEVVLA

NLRVPSKSNTAKVYIEIQDENNHPPVF

QKKFYIGGVSEDARMFTSVLRVKATD

KDTGNYSVMAYRLIIPPIKEGKEGFVV

ETYTGLIKTAMLFHNMRRSYFKFQVIA

TDDYGKGLSGKADVLVSVVNQLDMQ

VIVSNVPPTLVEKKIEDLTEILDRYVQE

QIPGAKVVVESIGARRHGDAFSLEDYT

KCDLTVYAIDPQTNRAIDRNELFKFLD

GKLLDINKDFQPYYGEGGRILEIRTPE

AVTSIKKRGESLGYTEGA 

TFP 

 

n/a 

 

n/a 

 

MVSKGEETTMGVIKPDMKIKLKMEGN

VNGHAFVIEGEGEGKPYDGTNTINLEV

KEGAPLPFSYDILTTAFAYGNRAFTKY

PDDIPNYFKQSFPEGYSWERTMTFED

KGIVKVKSDISMEEDSFIYEIHLKGENF

PPNGPVMQKKTTGWDASTERMYVRD

GVLKGDVKHKLLLEGGGHHRVDFKTI

YRAKKAVKLPDYHFVDHRIEILNHDKD

YNKVTVYESAVARNSTDGMDELYK 
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TROP2 

 

Q8BGV3 

 

27-274 

 

HTAAQDNCTCPTNKMTVCSPDGPGG

RCQCRALGSGMAVDCSTLTSKCLLLK

ARMSAPKNARTLVRPSEHALVDNDGL

YDPDCDPEGRFKARQCNQTSVCWCV

NSVGVRRTDKGDLSLRCDELVRTHHI

LIDLRHRPTAGAFNHSDLDAELRRLFR

ERYRLHPKFVAAVHYEQPTIQIELRQN

TSQKAAGDVDIGDAAYYFERDIKGESL

FQGRGGLDLRVRGEPLQVERTLIYYL

DEIPPKFSMKRLT 

Tyro3 

 

Q06418 

 

227-429 

 

APFNITVTKLSSSNASVAWMPGADGR

ALLQSCTVQVTQAPGGWEVLAVVVPV

PPFTCLLRDLVPATNYSLRVRCANAL

GPSPYADWVPFQTKGLAPASAPQNL

HAIRTDSGLILEWEEVIPEAPLEGPLGP

YKLSWVQDNGTQDELTVEGTRANLT

GWDPQKDLIVRVCVSNAVGCGPWSQ

PLVVSSHDRAGQQGPPHSRTS 

UMOD 

 

P07911 

 

334-614 

 

ECGANDMKVSLGKCQLKSLGFDKVF

MYLSDSRCSGFNDRDNRDWVSVVTP

ARDGPCGTVLTRNETHATYSNTLYLA

DEIIIRDLNIKINFACSYPLDMKVSLKTA
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LQPMVSALNIRVGGTGMFTVRMALFQ

TPSYTQPYQGSSVTLSTEAFLYVGTM

LDGGDLSRFALLMTNCYATPSSNATD

PLKYFIIQDRCPHTRDSTIQVVENGES

SQGRFSVQMFRFAGNYDLVYLHCEV

YLCDTMNEKCKPTCSGTRFRSGSVID

QSRVLNLGPITRKGVQATVS 

VWF 

 

P04275 

 

1480-1677 

 

PGLLGVSTLGPKRNSMVLDVAFVLEG

SDKIGEADFNRSKEFMEEVIQRMDVG

QDSIHVTVLQYSYMVTVEYPFSEAQS

KGDILQRVREIRYQGGNRTNTGLALR

YLSDHSFLVSQGDREQAPNLVYMVTG

NPASDEIKRLPGDIQVVPIGVGPNANV

QELERIGWPNAPILIQDFETLPREAPD

LVLQRCCSGEGLQI 

 

Results  

SEA-like domains cooperate with adjacent domains to behave as proteolytic 

switches 

To determine if receptors bearing juxtamembrane domains predicted to be 

structurally homologous to Notch could also function as proteolytic switches, we 

created chimeric receptors in which we replaced the Notch NRR proteolytic switch 
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domain with SEA and SEA-like domains from other cell surface receptors and 

included any previously characterized tandem N-terminal domains (Figure 2.1B,  

Table 2.1). We also made a negative control chimera where the NRR was 

replaced by the fluorescent protein mTFP. We hypothesized that other putative 

proteolytic switches could functionally substitute for the Notch NRR and initiate a 

transcriptional response in response to contact with a cell expressing DLL4. Then, 

chimeric constructs together with Gal4-responsive and control luciferase reporter 

constructs were transfected into U2OS cells, co-cultured with cells stably 

expressing Notch ligands, and luciferase activity measured in a high-throughput 

format. 
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Figure 2.1 SEA-like domains cooperate with adjacent domains to behave as 
proteolytic switches (A) Schematic of Synthetic Notch Assay for Proteolytic 
Switches (SNAPS). Cells co-expressing Flag-Notch-X-Gal4 chimeras, where 
X is a putative proteolysis region of another receptor, and luciferase reporter 
constructs are co-cultured with DLL4 ligand-expressing cells to induce 
Notch activation and expression of luciferase. (B) Schematic of chimeric 
constructs utilized in the signaling assay. Protein domains are color coded 
and labeled below. Amino acid ranges used for each construct are in 
parentheses under the names. Note that Notch’s SEA-like domain is also 
referred to as the Heterodimerization Domain (HD) in the literature. 
Abbreviations used: Cad: cadherin. EGF: Epidermal growth factor. LBD: 
Ligand binding domain. LNR: Lin-12 Notch-like repeats. ND: N-terminal 
domain. PKD: polycystic kidney disease domain. S/T rich: serine-threonine 
rich. TFP: Teal fluorescent protein. TM: transmembrane domain. TY: 
thyroglobulin type-1A domain. (C) Luciferase reporter gene activity profile of 
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Notch and Notch chimera constructs co-cultured with MS5 cells or MS5 cells 
stably expressing DLL4. BB-94=Batimastat (pan-metalloproteinase inhibitor) 
GSI= Compound E (γ-secretase inhibitor). Error bars represent the SEM of 
triplicate measurements. (D) Cell surface ELISA of Notch and Notch chimera 
constructs. Anti-Flag primary and goat anti-mouse HRP secondary 
antibodies were used to detect cell surface expression levels of each 
chimera. The horizontal dotted line corresponds to Notch expression levels. 
Error bars represent the SEM of triplicate measurements. (E) Structures and 
PDB IDs of SEA-like domains (grey) with applicable adjacent domains 
(purple). SEA-like domains were structurally aligned to the Notch SEA-like 
domain. 

 

Surprisingly, we found that the ECM receptor dystroglycan and two 

protocadherins involved in intercellular adhesion, Protocadherin-15 (PCDH15) and 

Cadherin-related protein 2 (CDHR2), could functionally substitute for Notch’s NRR 

(Figure 2.1C). These chimeric receptors signaled robustly only in the presence of 

cells expressing DLL4, and the signal was abrogated by both a global 

metalloproteinase inhibitor (BB-94) and an inhibitor of the subsequent 

intramembrane γ-secretase cleavage event (γ-secretase inhibitor; GSI). The 

putative cell adhesion molecules Trop2 and Cadherin-23 (CADH23) displayed a 

more moderate signaling activity in response to DLL4. Interestingly, these 

receptors all contain a SEA or a SEA-like domains in tandem with an N-terminal 

domain. On the other hand, SEA/SEA-like domains without a structured 

neighboring domain, such as Mucin-1 (MUC1) and receptor tyrosine phosphatase-

related islet antigen 2 (IA-2), exhibited a high level of proteolysis even in the 

absence of DLL4, suggesting they contain a constitutively exposed protease site 

in the context of this assay.  
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A few chimeras showed very little signal in the assay (Figure 2.2), 

suggesting a lack of proteolysis or lack of cell-surface expression. To further probe 

the receptors exhibiting low levels of activation in the signaling assay, we 

performed a cell-surface ELISA assay. Briefly, Flag-tagged Notch chimera 

constructs were transfected into U2OS cells, fixed, stained, and cell-surface levels 

quantified by measuring HRP activity. Most of the chimeras lacking signaling 

activity also expressed at lower levels than Notch, suggesting defects in 

expression or trafficking due to incorrect choice of domain termini.  Our negative 

control mTFP chimera and MUC13 expressed substantially better than Notch 

(Figure 2.1D), suggesting lack of response in the signaling assay is due to an 

absence of proteolysis in the assay. In contrast, the ELISA showed that IA-2 

expressed at much lower levels than Notch yet exhibited robust constitutive 

signaling activity. We reasoned that high rates of shedding could result in 

apparently low cell-surface levels in the ELISA assay, so we repeated the ELISA 

assay with the addition of the metalloproteinase inhibitor BB-94. Indeed, IA-2 

surface expression was substantially increased in the presence of BB-94 (Figure 

2.3A), while surface levels of other receptors that exhibited constitutive signaling 

activity were not drastically affected by inhibitor treatment. This suggests that IA-2 

undergoes much higher rates of proteolysis than the other proteins studied. Since 

we observed variable cell-surface levels of the receptors in the ELISA assay, we 

also performed titrations of the chimeric receptors in the SNAPS signaling assay 

to ensure that high surface level expression was not masking proteolytic switch 
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like behavior (Figure 2.4A and C). Most receptors showed decreasing signaling 

activity with decreasing concentration of receptor, as expected. Interestingly, IA-2 

signal increased as receptor concentration decreased, perhaps related to its high 

expression levels and turnover rates.  

 

 

Figure 2.2 SEA domain chimeras without signaling activity. Luciferase 
reporter gene activity profile of Notch chimera constructs co-cultured with 
MS5 cells or MS5 cells stably transfected with DLL4, including treatment with 
BB-94 metalloprotease and GSI gamma secretase inhibitors as noted. 
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Figure 2.3 ELISA in the presence of BB-94 Cell surface ELISA performed with 
DMSO (negative control) or BB-94 (pan-metalloproteinase inhibitor). Data are 
normalized to the signal of the DMSO condition. Error bars represent the 
SEM of triplicate measurements. A) SEA domains. B) Non-SEA domains. 
Asterisks denote cell surface ELISA was performed on a different date. 
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Figure 2.4 Titration of DNA used in co-culture assay. Luciferase reporter 
gene activity profile of Notch in comparison to the Notch chimera constructs 
with SEA/SEA-like domains (A and C) or diverse receptors (B and D) co-
cultured with MS5 cells or MS5 cells stably transfected with DLL4. A) and B) 
0.1 ng construct DNA per well. C) and D) 10 ng construct DNA per well. Error 
bars represent the SEM of triplicate measurements. BB-94=pan-
metalloproteinase inhibitor GSI=γ-secretase inhibitor. 

 

 Comparing solved structures of several SEA/SEA-like domain containing 

proteins reveals additional insights (Figure 2.1E). In the figure, SEA/SEA-like 

domains are colored grey with adjacent N-terminal domains in purple. In contrast 

to Notch, Protocadherin-15, and EpCAM, MUC1, and IA-2 do not have structured 

domains N-terminal to their SEA/SEA-like domain. This likely leads to enhanced 

conformational dynamics, resulting in an increase in protease site exposure and 
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signaling. Though Notch and Protocadherin-15 exhibit similar conformational 

switch behavior in the signaling assay, Protocadherin-15’s N-terminal cadherin-

like domain binds on the opposite face of the SEA-like domain than Notch’s 

neighboring Lin12 Notch Repeat domain, suggesting potentially different 

conformational switching propensities.  

 

SNAPS to probe MMP proteolysis of dystroglycan  

Next, we aimed to validate the putative proteolytic switch behavior of a 

receptor / Notch chimera revealed by SNAPS (Figure 2.5). Dystroglycan provides 

a critical mechanical link between the ECM and the actin cytoskeleton to help 

muscle cells withstand contraction and neural cells maintain the blood brain 

barrier.51,133 It is post-translationally processed into two subunits, termed α- and β-

dystroglycan in its SEA-like domain, akin to mucins.  
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Figure 2.5 SNAPS to probe MMP proteolysis of dystroglycan (A) Luciferase 
reporter gene activity of Notch-Dag chimeras containing intact proteolytic 
switch and truncated switch with constitutive MMP sites (ΔCadΔSEA) upon 
addition of MMPs.  Error bars represent the SEM of triplicate measurements, 
normalization to no added MMP condition. (B) β-dystroglycan western blot 
of Cos7 cell lysates after transfection with empty vector, wild-type 
dystroglycan or dag ΔCadΔSEA. Bands for unprocessed, αβ-processed Dag, 
and MMP cleavage are denoted. 
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Cleavage of the 42 kDa β-dystroglycan by matrix metalloproteinases 

(MMPs) to a 31 kDa product is greatly enhanced in pathogenic states, such as 

muscular dystrophy and cancer.133–135 Thus, we asked whether receptors 

containing the entire proteolytic switch domain were more resistant to MMPs than 

a truncated proteolytic switch domain construct (ΔCadΔSEA) containing only the 

protease sites, in which proteolysis should be constitutive. We first used SNAPS 

to measure proteolysis induced by adding exogenous MMPs to 

Dystroglycan/Notch chimeras containing full-length and ΔCadΔSEA proteolytic 

switch domains.  The chimeras containing intact proteolysis domains were indeed 

more resistant to MMPs than the chimera with constitutively exposed sites (Figure 

2.5A), exhibiting a modest 2-3 fold increase in basal proteolysis compared to a 30-

fold increase in the ΔCadΔSEA Dag Notch chimera. We also saw a similar effect 

when adding MMP buffer containing APMA, a compound that activates MMPs 

(Figure 2.6). 
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Figure 2.6 Comparison of MMP with MMP buffer. Notch chimera signaling 
assay using either activated MMP-2 or MMP buffer containing APMA. Error 
bars represent the SEM of triplicate measurements. 

 

We next asked whether the truncated and intact proteolytic switch domains 

exhibited different sensitivities to proteolysis in the context of the non-chimeric, 

native dystroglycan receptor. Constructs were transfected into Cos7 cells, in which 

dystroglycan proteolysis has been previously studied, 136 and a Western blot of cell 

lysates was performed using a β-dystroglycan antibody to measure cleavage of 

the 42 kDa fragment to a 31 kDa fragment. As expected, wild-type dystroglycan 

with intact proteolytic switch shows low levels of the 31-kDa cleavage product 

compared to the substantial proteolysis observed for the mutant with constitutively 

exposed cleavage sites (Figure 2.5B). These results suggest that the proteolytic 

switch-like behavior may be relevant to regulation of dystroglycan’s cleavage by 

MMPs in its native context, and that this assay can be used to further test 
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hypotheses about regulation and potential modulation of proteolysis in 

dystroglycan.  

 

Shedding of diverse receptors detected by SNAPS 

We next wanted to determine whether SNAPS could be used to detect 

membrane shedding of receptors that do not contain SEA-like domains. 

Proteolysis plays a major role in the function of cell surface receptors such as E-

cadherin and RTKs, 12,137,138 and dysregulation of proteolysis in these receptors is 

linked to cancer pathogenesis 11,12,138,139 and resistance to kinase inhibitor 

treatment, 5,140,141 for instance. Unlike the aforementioned receptors with putative 

protease sites housed in structured SEA/SEA-like domains, the protease sites 

responsible for receptor shedding in cadherins and RTKs map to a putatively 

unstructured region between a structured repeat and the transmembrane 

region.142–145 These receptors (Figure 2.7A) might be expected to have higher 

basal levels of proteolysis and proteolytic regulation mechanisms distinct from 

SEA-like domain containing receptors (Figure 2.7B), however, an assay that can 

detect proteolysis in such receptors could provide a starting point to test 

hypotheses about other potential mechanisms to regulate shedding, such as 

disruption of dimerization interfaces. We first tested an E-cadherin chimera 

comprised of the two cadherin repeats closest to the transmembrane (Figure 2.7B) 

either including or lacking the sequence containing putative cleavage sites 

between the terminal cadherin repeat and the membrane. The observed 10-fold 
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increase in basal signaling (co-culture with MS5 cells) over Notch was abrogated 

by treatment with protease inhibitors and when the linker containing putative 

ADAM10 sites was removed, suggesting that the signal is due to shedding. SNAPS 

was able to measure basal levels of proteolysis that were generally higher (5 to 25 

fold) than the SEA-like containing chimeras in most of the receptors we tested, 

including HER and TAM family RTKs, E-cadherin, MICA, and CD44 (Figure 2.7B 

and Figure 2.8A). Interestingly, several receptors exhibited significant increases in 

signaling when induced by Notch ligands, resembling proteolytic switches.  These 

results suggest that exposure of cryptic protease sites might contribute to 

proteolytic regulation in these receptors (Figure 2.7B), perhaps by altering 

conformations of dimers. Neither wild-type or mutated von Willebrand factor (VWF) 

A2 domain chimeras, which have been previously tested as functional 

replacements of the Notch NRR in Drosophila,28 signaled in the context of this 

assay (Figure 2.8A). We again performed receptor titrations and cell-surface 

ELISAs (Figure 2.4B and Figure 2.8B) and were encouraged that the receptors 

lacking structural homology to Notch also readily trafficked to the cell surface 

(Figure 2.8B), demonstrating that SNAPS can be used to investigate shedding in 

a broad landscape of cell surface receptors. 
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Figure 2.7 Shedding of diverse receptors detected by SNAPS. (A) Chimera 
constructs for proteins without SEA domains. Protein domains are color 
coded and labeled. (B) Luciferase reporter gene activity profile of Notch 
chimera constructs co-cultured with MS5 cells or MS5 cells stably 
transfected with DLL4,  including treatment with BB-94 metalloprotease and 
GSI gamma secretase inhibitors as noted. Asterisked graphs denote 
experiments performed on different days and with 2 ng DNA/well instead of 
1 ng/well of DNA. Error bars represent the SEM of triplicate measurements. 
CD44 and TYRO3 are shown with different scale bars due to high signal.  
Abbreviations: CADH1: E-cadherin. PCDH12: Protocadherin-12. CR: 
Cysteine rich. EGF: Epidermal growth factor. AXL: Tyrosine-protein kinase 
receptor UFO. HER2: human epidermal growth factor receptor 2.HER4: 
Human epidermal growth factor receptor 4.  MICA: MHC class I polypeptide 
related sequence A. Tyro3: Tyrosine-protein kinase receptor TYRO3. Cad: 
Cadherin. UMOD: Uromodulin. VWF: Von Willebrand Factor. L: Leucine-rich. 
ZP: zona pellucida. 
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Figure 2.8 Additional data from diverse receptors. A) Luciferase reporter 
gene activity profile of diverse receptor chimeras co-cultured with MS5 cells 
or MS5 cells stably transfected with DLL4. B) Cell surface ELISA data from 
diverse receptor chimeras normalized to Notch signal. Horizontal dotted line 
denotes Notch signal, and the vertical dotted line separates cell surface 
ELISAs that were performed on different dates. 

 

SNAPS can be used to screen for proteolysis modulators 

We next reasoned that SNAPS could provide a powerful means to screen 

for receptor-specific modulators of proteolysis. For example, the Notch signaling 

assay was used to screen activating and inhibitory therapeutic antibodies targeting 

the Notch receptor.38–40 The monoclonal antibody trastuzumab (Herceptin), used 

to treat HER2+ breast cancer,146,147 has been shown to block proteolysis of the 

HER2 receptor tyrosine kinase as part of its mechanism of action.120 Therefore, 

we tested whether Herceptin could modulate the basal proteolysis of HER2 
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observed in the Notch-HER2 chimeras, in which the Notch NRR is replaced with 

the ectodomain of HER2.  

 

Figure 2.9 SNAPS can be used to screen for proteolysis modulators (A) Left 
panel shows effects of Herceptin on basal signaling of HER2-Notch chimeras 
(i.e. co-culture with MS5 cells). HER2-Notch chimera expressing cells co-
cultured with MS5 cells were treated with 1-25 ug/ml Herceptin or IgG control. 
Right panel shows untreated cells in co-culture with MS5 or MS5-DLL4 cells 
+/- GSI for reference. Error bars represent the SEM of triplicate 
measurements (B) Left panel shows effects of DECMA-1 on basal signaling 
of Cad4-5-Notch chimeras. Cad4-5-Notch chimeras co-cultured with MS5 
cells were treated with 0.1-50 ug/ml of DECMA-1 or IgG control. Right panel 
shows untreated chimera basal and ligand-induced proteolysis shown for 
reference. Error bars represent the SEM of triplicate measurements. 
Statistical significance was determined with a two-way ANOVA followed by 
a post hoc Bonferroni test.  ****: p<0.0001, ***: p<0.001, **: p<0.01 *: p<0.02 

 

We treated HER2-chimera expressing cells with increasing concentrations 

of Herceptin or an IgG control. We observed reproducible and statistically 

significant decreases in proteolysis in cells treated with Herceptin as compared to 

the IgG control (Figure 2.9A). Proteolysis was reduced up to 40%. This robust 

effect demonstrates the potential utility of the chimeric assay in drug screening. 
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We next tested the effects of DECMA-1 on proteolysis of the Cadherin-

Notch chimera. DECMA-1 is a function-blocking E-cadherin antibody known to 

break cell-cell contacts and reduce tumorigenesis in mice.148 However, its 

mechanism of breaking cell-adhesions has remained elusive; the antibody binds 

to E-cadherin at the interface of the last two cadherin repeats (EC4 and EC5) near 

the membrane, but the N-terminal repeats EC1 and EC2 are responsible for the 

homotypic interactions presumed to be disrupted by the antibody. We 

hypothesized that DECMA-1 might affect E-cadherin shedding since the antibody 

epitope maps to the “proteolysis region” of E-cadherin.  

In the absence of antibody or when treated with IgG control antibodies, the 

Notch-cadherin chimera, in which cadherin repeats EC4 and EC5 have replaced 

the Notch proteolytic switch, displays a moderate level of constitutive proteolysis 

and a 2-fold increase in activity in response to DLL4 expressing cells (Figure 2.9B). 

When the cells are treated with DECMA-1, we observe a dose-dependent increase 

in the basal level of signaling, in comparison to control antibody, almost to the level 

of ligand induced signaling. The apparent EC50 of DECMA-1 measured by the 

assay is ~0.8 ug/mL (Figure 2.10). These data suggest that the mechanism of 

DECMA-1 breaking adhesive contacts could, in part, be due to increased shedding 

of the receptor from the membrane. 
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Figure 2.10 EC50 calculation for DECMA-1. The dose-dependent proteolytic 
activity enhancement of DECMA-1 was calculated by first subtracting the IgG 
control luciferase signal from the DECMA-1 signal at each concentration. 
The data were fit to a single exponential using Prism, including outlier 
detection. 

 

Discussion 

Notch’s proteolytic switch has been exploited to develop conformation-

specific modulatory antibodies and harnessed for synthetic biology applications to 

turn on transcription in response to any desired cell to cell contact.7,38–44,130 Thus 

we created SNAPS utilizing well-understood stimuli and responses of Notch 

signaling to identify novel proteolytic switches and probe shedding of a wide range 

of cell-surface receptors. Using this assay, we find that Notch’s mechanism of 

proteolytic regulation via conformational control of a cryptic protease site is not a 

unique phenomenon and is rather a potentially common mechanism of control for 

several SEA-like domain-containing receptors that share structural homology to 

Notch. Moreover, shedding of transmembrane proteins such as HER2, AXL, 
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CD44, and PCDH12 was detected with the assay, enabling new hypothesis 

generation about proteolytic regulation and modulation. SNAPS can also be used 

to screen for modulators of proteolysis; we observe that Herceptin treatment 

causes significant decreases in basal proteolysis of HER2, while DECMA-1 

treatment results in substantial increases in basal proteolysis of E-cadherin. These 

results reveal new mechanistic insights into DECMA-1’s function in breaking 

cellular adhesions. 

 

New proteolytic switches for synthetic biology  

Our studies revealed that most receptors containing juxtamembrane SEA-

like domains are robustly shed from the cell-surface and that several of them 

behave as proteolytic switches, only becoming sensitive to proteolysis when 

“induced” with forces derived from cell-cell contact. We were struck by the fact that 

almost all of the receptors harboring SEA / SEA-like domains in tandem with 

neighboring domains showed a similar switch-like behavior in the intercellular 

signaling assay, despite having neighboring domains with very different predicted 

structural characteristics. In Notch, the neighboring LNR domain is disulfide-rich 

and binds calcium, with little to no secondary structure (Figure 2.1E). Dystroglycan 

and the Protocadherins have neighboring cadherin-like domains, characterized by 

high β-strand content, while EpCAM and Trop2 have a cysteine-rich thyroglobulin 

domain. The existing crystal structures of several of these domains also reveal 

differential modes of interaction with the SEA/SEA-like domain. For example, in 
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the EpCAM and NRR structures, the neighboring domain contacts the α-helix in 

close proximity to the β-strand containing putative proteolytic sites. In contrast, the 

cadherin-like domain interacts with the opposite face of the SEA-like domain of 

Protocadherin-15 (Figure 2.1E). These different modes of interdomain interactions 

suggest that the proteolytic switches may have different propensities to “switch on” 

as well as potentially different requirements for direction of applied force. Future 

studies probing comparative anatomy of putative proteolytic switches may reveal 

whether the structural differences are a consequence of cellular context; e.g. 

receptor involved in intercellular versus ECM interactions. On the other hand, the 

SEA-like domains lacking structured neighboring domains exhibit constitutive 

signaling, likely due to a more dynamic domain where protease site exposure 

occurs more frequently. 

Synthetic biology applications that aim to induce transcription of a desired 

gene in response to cell to cell contact might benefit from proteolytic switches with 

different characteristics from the NRR of Notch. For example, in CAR-T 

applications, perhaps a switch that requires more “force” to switch on could be 

used to distinguish an epitope that is presented on a tumor with a stiff ECM 

compared to a normal cell. Moreover, the smaller and structurally simpler design 

of the Cadherin-like neighboring domains of dystroglycan and protocadherin-15 

might permit more facile trafficking and expression for certain applications. Finally, 

constitutively proteolyzed MUC1 and IA2 exhibit much higher expression/rates of 
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proteolysis and may provide opportunities for engineering more robust switches 

when paired with a neighboring domain. 

 

Targeting proteolytic switches and shedding with therapeutics 

Notch’s proteolytic switch has been specifically targeted with both inhibitory 

and activating antibodies, suggesting that similar strategies could be successful 

for other receptors harboring proteolytic switches that are dysregulated in disease. 

While the proteolytic switches identified here need to be validated to determine if 

exposure of cryptic protease sites is physiologically relevant, we provided 

preliminary validation that dystroglycan protease sites may be conformationally 

controlled in the native receptor. Moreover, high levels of MMPs and thus 

dystroglycan cleavage have been observed in muscle biopsies of muscular 

dystrophy patients,134 and treatment of muscular dystrophy mouse models with 

broad spectrum metalloprotease inhibitors has been shown to ameliorate 

symptoms in a muscular dystrophy mouse model.149 The dystroglycan proteolytic 

switch might offer a receptor-specific therapeutic target in diseases where MMP 

cleavage is dysregulated. Moreover, SNAPS was also able to detect shedding and 

modulation of shedding in receptors that do not contain SEA-like domains, 

suggesting that the assay can provide a platform to screen modulators of shedding 

of diverse receptors.  
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Exposure of cryptic protease site may be a common mechanotransduction 

mechanism 

In this study, mechanical force derived from intercellular contact is applied 

to cell-surface receptors to identify cryptic protease sites. While mechanical force 

may not play a role in the function of some receptors studied here, several of the 

receptors probed have been implicated in mechanosensing. Like Notch,7,27,28 E-

cadherin,150 and Protocadherin-15151 are involved in intercellular adhesions and 

transmission of mechanical stimuli. Protocadherin-15, for example, is involved in 

sensing sound vibrations across stereocilia tip links in the process of hearing.151 

Mechanical forces are also known to be sensed at adhesions of cells with the ECM, 

as ECM stiffness dictates multiple cellular processes such as cell migration152 and 

stem cell differentiation.153 For example, the ECM receptor CD44 is hypothesized 

to sense the stiffness of the ECM resulting in increased cell migration. 154,155 

Additionally, the ECM receptor dystroglycan is thought to act as a shock absorber 

to protect the sarcolemma during muscle contraction.51 Finally, even receptors that 

do not reside at canonical force sensing structures of cells have been implicated 

in mechanosensing. The RTK AXL which binds to a secreted ligand Gas6 has 

been shown to be a rigidity sensor156  and facilitate a decrease in cellular stiffness 

in lung cancer.157 Thus, our studies showing that many receptors exhibit increased 

proteolysis in response to mechanical forces suggest that proteolysis may be a 

common mechanism used by cells to communicate mechanical stimuli. This assay 
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could be used in the future to measure how varying the mechanical 

microenvironment affects receptor proteolysis. 

 

Limitations/caveats of assay 

In the chimeric signaling assay, putative regions of proteolysis are 

evaluated in the context of artificial linkages at their N- and C-termini as well as 

potentially non-native stimuli and non-physiological presentation of proteases. In 

most cases, a small region of a receptor was excised and inserted into a larger 

receptor, resulting in non-native links to Notch’s ligand binding and transmembrane 

domains. One might expect the artificiality of the chimeras would result in many 

chimeric receptors signaling either constitutively or not at all. However, several 

receptors exhibited “switch-like” behavior, underscoring the validity of SNAPS and 

the modular nature of cell-surface receptors. The use of the Notch transmembrane 

domain in the chimeric receptors also introduces some caveats as the domain, 

together with membrane proteins such as tetraspanins,158 likely associates with 

the Notch membrane-tethered proteases ADAM10 and ADAM17. Though many of 

the chimeras studied have been reported to be cleaved by ADAM10 and ADAM17, 

some receptors may not typically reside in close proximity to these proteases and 

therefore not normally be cleaved. However, these proteases are upregulated in 

many diseases suggesting that the cleavage observed in this assay may be 

biologically relevant in certain cellular contexts. Finally, the chimeric Notch 

signaling assay provides a stimulus for exposing protease sites involving a 2-5 pN 
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force normal to the cell surface. While many of the receptors studied here are also 

involved in cell-cell contacts likely involving similar mechanical forces, many 

interact with the ECM or have soluble ligands and perhaps may not normally be 

exposed to mechanical allostery. The main goal, however, was to provide a means 

to determine the presence of cryptic protease sites regardless of mechanical 

sensitivity. Harnessing this assay to study proteolytic regulation mechanisms is 

more specific than using, for instance, APMA to non-specifically activate 

metalloproteinases.159,160  

 

Conclusions 

We have identified several putative proteolytic switches using SNAPS. 

These findings may drive development of conformation-specific modulatory 

antibodies as well as find use in synthetic biology applications that use cell to cell 

contact to drive transcriptional events. Our results provide a starting point for 

determining whether mechanisms of proteolytic regulation observed here are 

relevant to the biology of a given receptor. The convenient stimulus and response 

to proteolysis can be used to make additional chimeras to move closer to the native 

system and discover more about proteolytic regulation in the native receptor. For 

example, the luciferase response can be measured when systematically replacing 

chimeric domains with native transmembrane domains, ligand recognition 

domains, and intracellular tails. We also demonstrate that this assay provides a 

convenient platform for evaluating modulators of proteolysis.  
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Abstract 

The adhesion receptor dystroglycan provides a critical mechanical link between 

the extracellular matrix (ECM) and the actin cytoskeleton to help muscle cells 

withstand contraction and neural cells maintain the blood brain barrier. Disrupting 

the link is associated with diseases such as cancer and muscular dystrophy. 

Proteolysis of dystroglycan by Matrix Metalloproteases (MMPs) also breaks the 
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mechanical anchor and is amplified in several pathogenic states. We use a 

combination of biochemical and cell-based assays to show that dystroglycan 

proteolysis is conformationally regulated by an extracellular, juxtamembrane 

“proteolysis domain”, comprised of tandem cad-like and SEA-like domains. The 

intact proteolysis domain is resistant to MMP cleavage, but structurally-disruptive 

muscular dystrophy-related mutations sensitize dystroglycan to proteolysis. 

Moreover, increased dystroglycan proteolysis correlates with faster cell migration 

and alters cell morphology, linking proteolysis to a disease-relevant cellular 

phenotype. Intriguingly, previously uncharacterized cancer-associated mutations 

that map to the proteolysis domain similarly lead to increases in proteolysis and 

rates of cell migration, potentially revealing a new pathogenic mechanism in 

cancer.  

 

Introduction  

Dystroglycan is an extracellular matrix (ECM) receptor that is typically 

expressed on the surface of cells that adjoin basement membranes, such as 

epithelial, neural, and muscle cells and plays important roles during development 

and adult homeostasis.51 Dystroglycan’s most well-understood function in cells is 

to provide a mechanical link between the extracellular matrix and the 

cytoskeleton.161 In its function as a core member of the dystrophin-glycoprotein-

complex (DGC) in muscle cells, dystroglycan provides a critical anchor between 

the ECM and the actin cytoskeleton to protect the sarcolemma from the forces of 
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muscle contraction.162,163 Similarly, dystroglycan expressed on astrocyte endfeet 

in the brain links to the basement membrane of endothelial cells lining blood 

vessels to help maintain the blood brain barrier.133 Thus, loss of functional 

dystroglycan or breaking of the mechanical link it provides is generally detrimental 

to cells. Whole animal dystroglycan deletion leads to embryonic lethality,164 and 

conditional knockouts in muscle and brain tissues result in drastic tissue 

disorganization.165,166 Moreover, mutation or deletion of glycosyltransferases that 

post-translationally modify dystroglycan breaks the link between dystroglycan and 

the ECM, and is associated with subtypes of muscular dystrophy, cancer, and 

brain defects.167–169 Similarly, mutations and truncations of dystrophin, the adaptor 

protein that connects the intracellular portion of dystroglycan to actin, lead to 

Duchenne Muscular Dystrophy.48,170,171  

However, dystroglycan’s link to the ECM must be dynamically modulated in 

contexts where cellular plasticity is required, such as cell migration, wound repair, 

or function of neural synapses. One such mechanism of modulation of 

dystroglycan’s adhesion to the ECM is post-translational cleavage by matrix 

metalloproteases (MMPs) adjacent to the transmembrane domain. However, the 

mechanism of regulation of MMP cleavage of dystroglycan has not been 

investigated, despite several lines of evidence to suggest a role for abnormal 

proteolysis in disease pathogenesis. Proteolysis of β-dystroglycan to a 31-kDa 

fragment is enhanced in several pathogenic states, such as cancer,135,172,173 

muscle diseases,134,174 and autoimmune disorders.133 Additionally, high levels of 
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MMPs are found in biopsies of muscular dystrophy patients,175 and muscular 

dystrophy phenotypes are ameliorated in mice treated with metalloprotease 

inhibitors.149,176,177 Moreover, MMP-2/MMP-9 double-knockout mice in which MMP 

cleavage of dystroglycan is blocked are resistant to the onset of autoimmune 

encephalomyelitis, underscoring the relevance of this cleavage in disease 

pathogenesis.133 

Dystroglycan (DG) is encoded by the Dag1 gene and translated as a single 

polypeptide precursor that undergoes post-translational processing to generate 

two non-covalently interacting subunits at the cell-surface: the extracellular and 

highly glycosylated α-DG that binds laminin and other ligands in the ECM and the 

transmembrane β-DG that binds to the cytoskeleton via adaptor proteins such as 

dystrophin.45,178 The non-covalent association of α- and β-DG occurs within a 

putative Sea urchin-Enterokinase-Agrin-like (SEA-like) domain, located 

extracellularly between the ECM-binding and transmembrane regions.179 

Importantly, this SEA-like domain also houses the predicted MMP cleavage site(s) 

and harbors one of the two patient-derived muscular dystrophy mutations (C669F) 

identified in dystroglycan thus far.180  

Intriguingly, the SEA-like domain bears striking structural homology to the 

heterodimerization domain (HD) of Notch receptors,35,37,123 which is also non-

covalently associated as a result of furin cleavage during maturation and houses 

Notch’s critical ADAM protease site that is exposed by intercellular forces to trigger 

Notch activation. In Notch, the neighboring N-terminal Lin-12-Notch (LNR) domain 
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and the HD domain cooperate to form the Negative Regulatory Region (NRR) 

which conformationally protects the cleavage site from its protease until ligand 

engagement.7,181 

Motivated by the incidence of abnormal proteolysis of dystroglycan in 

pathogenic contexts, the putative structural homology to the NRR of Notch, and 

the presence of disease-related mutations in this domain,180,182–186 we present here 

a study of the regulation of proteolysis in the extracellular juxtamembrane region 

of dystroglycan. Through a series of biochemical and cellular assays, we show that 

dystroglycan proteolysis is conformationally regulated. Furthermore, muscular 

dystrophy mutations disrupt the integrity of the proteolysis domain sensitizing 

dystroglycan to proteolysis. Importantly, increased proteolysis correlates with 

increased rates of cell migration in wound healing and Boyden chamber assays, 

linking proteolysis to a disease-relevant cellular phenotype. The muscular 

dystrophy mutations also change cell morphology. Finally, we find that several 

cancer mutations that map to dystroglycan’s proteolysis domain similarly lead to 

increases in proteolysis and rates of cell migration, highlighting a new area of 

dystroglycan to investigate. 

 

Materials and Methods 

Antibodies that were used in this study- Flag antibody: Sigma, HA antibody: 

Covance, β-Dystroglycan antibody against 15 amino acids at the extreme C-

terminus: Leica Biosystems. Vinculin antibody: Sigma Aldrich. Restriction 
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enzymes were purchased from New England Biolabs (NEB). Cloning was 

performed using In-Fusion HD Cloning Mix (Clontech). All electrophoresis supplies 

were purchased from Bio-Rad. Dual Luciferase kit was purchased from Promega. 

MMP-2 and MMP-9 were purchased from R&D Systems. Mutations within 

dystroglycan’s proteolysis domain were created using Pfu Turbo Polymerase 

(Agilent) and DpnI (NEB).  

 

Construct creation 

Full length human dystroglycan cDNA in CMV-6 plasmid was obtained from 

Origene (Cat#: SC117393) and used as a template for all of the cloning. 

For expression of secreted proteolysis domain: cad-like+SEA-like domain 

(amino acids 490-749) and SEA-like domain (599-749) constructs were cloned into 

pcDNA3 vector containing an N-terminal Notch signal sequence and Flag tag and 

C-terminal Fc-fusion and HA tags using In-Fusion Cloning (Clontech) 

 

For creating pcDNA3 full length dystroglycan: primers were designed with 

In-Fusion ends for the entire length of dystroglycan (amino acids 1-895). pcDNA3 

was restriction digested with BamHI and HindIII, and dystroglycan was inserted 

using In-Fusion cloning. 
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Mammalian cell culture 

All of the cells used in this paper were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, Corning) supplemented with 10% FBS, 100 units/mL penicillin, 

and 100 units/mL streptomycin. Cos7 cells were a kind gift from Dr. Margaret Titus. 

U251 cells were a kind gift from Dr. David Odde. U2OS and HEK293T cells were 

purchased from ATCC. MS5 and MS5-DLL4 cells were a kind gift from Steve 

Blacklow. 

All transfections were performed in Opti-MEM (Gibco) with Lipofectamine 

3000 (Invitrogen) according to manufacturer instructions. 

 

MMP activation 

MMP-2 and MMP-9 were activated using p-aminophenylmercuric acetate 

(APMA) in MMP assay buffer (50 mM Tris pH 7.5, 10 mM CaCl2, 150 mM NaCl, 

0.05% Brij-35 (w/v)) according to manufacturer instructions. MMP-2 was activated 

for 1 hour at 37°C. MMP-9 was activated for 24 hours at 37°C according to 

manufacturer instructions. 

 

MMP assay 

10 cm plates of HEK-293T cells were transiently transfected with 

dystroglycan proteolysis domain. The conditioned media was collected 48 hours 

post-transfection. Conditioned media was bound to magnetic protein A beads and 

incubated for 1 hour at 4°C. The beads were washed thoroughly with wash buffer 
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(50 mM Tris pH 7.5, 150 mM NaCl, 0.1% NP-40). The beads were split into 

separate tubes, MMP buffer was added (50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 

0.05% Brij-35 (w/v), pH 7.5) and activated MMP and BB-94 added as appropriate. 

For the experiment using increasing amounts of MMP in Figure 3.2: 0.07 μg/mL, 

0.37 μg/mL, and 0.73 μg/mL of respective MMPs were added, and the tubes were 

incubated for 1 hour at 37°C. The remaining protein was eluted by incubating the 

beads with 2x SDS sample buffer with 100 mM DTT for 5 minutes at room 

temperature. 

 

Western blot 

Lysates and dystroglycan proteolysis domain were run on a 4-20% SDS-

PAGE gel including 2 mM sodium thioglycolate in the running buffer. The protein 

was then transferred to a nitrocellulose membrane using a Genie Blotter (Idea 

Scientific) and blocked with 5% milk. The antibodies were diluted 1:1000 in 5% 

bovine serum albumin (BSA) with 0.2% sodium azide in TBS. A goat-anti mouse 

HRP conjugated antibody (Invitrogen) (1:10000) was used as a secondary 

antibody. Western blots were imaged using chemiluminescent buffer (Perkin Elmer 

Western Lightning Plus ECL) and the Amersham 600UV (GE) with staff support at 

the University of Minnesota-University Imaging Center. 
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Immunofluorescence  

Cos-7 cells were transiently transfected with Notch chimera constructs for 

24 hours in a 96 well plate with black sides. Then, the cells were fixed with 4% 

PFA, washed with PBS, and blocked and permeabilized with 2%BSA and 0.05% 

Triton X. β-dystroglycan Leica antibody was used as a primary antibody (1:250) 

with a goat anti-mouse APC secondary antibody (1:1000). ProLong Gold Antifade 

Mountant (Thermo Fisher) with DAPI was used to preserve samples, and the cells 

were images using an EVOS-FL Auto microscope. 

 

Wound healing assay 

3T3 cells were reverse transfected in duplicate in a 24 well dish with 

dystroglycan constructs or an empty vector. After 36 hours, a scratch was made 

with a P200 pipette, the cells were washed once with PBS, and placed in DMEM 

supplemented with 5% FBS. Images were taken at respective time points using an 

EVOS FL Auto microscope. Four image areas were marked and monitored for 

each well, and wound area measurements were performed independently with 

Adobe Photoshop and the MRI Plugin for ImageJ. The data from four independent 

experiments were analyzed and plotted using Prism. Each wound area was 

normalized where 100% of the area was at time=0. The normalized data was then 

used for a two-way ANOVA analysis to determine significance. 
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siRNA knockdown 

Three predesigned Dicer-Substrate siRNA constructs were purchased from 

IDT that were reported to be specific for Mus musculus dystroglycan 

(mm.Ri.Dag1.13.1, mm.Ri.Dag1.13.2, and mm.Ri.Dag1.13.3). The cells used for 

transfection were resuspended in OPM and pipetted into a 24-well plate. 

Constructs were reverse transfected with 10 pmol siRNA and 500 ng DNA using 

Lipofectamine 3000 without P3000 reagent, and liposomes were added to the 24-

well plate. The media was swapped to D10 3 hours post-transfection. For western 

blots: cells were lysed in RIPA containing protease inhibitor cocktail 24 hours post-

transfection. 

 

Boyden chamber assay 

Cultrex Cell Migration Assay (R&D Systems, 3465-096-K) was used to 

perform Boyden chamber assays. 3T3-L1 cells were resuspended into OPM into 

a 12-well plate. Constructs were reverse transfected into a 12-well plate with 20 

pmol siRNA 3 (mm.Ri.Dag1.13.3) and 1 μg DNA per well with Lipofectamine 3000 

without P3000 reagent, and liposomes were added to cells. Media was swapped 

to D10 3 hours post-transfection. Media was swapped to DMEM supplemented 

with 0.5% FBS (D0.5) 24 hours-post transfection. Cells were counted 48 hours 

post-transfection, and 5E4 cells were added to the top chamber and D10 was 

added to the bottom chamber. The top and bottom chambers were washed 13 

hours after plating cells, and cells were dissociated using Cell Dissociation Solution 
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with Calcein-AM. Calcein-AM fluorescence was read using a Tecan Infinite M1000 

Pro microplate reader using 485 nm excitation and 520 nm emission  

 

 Results 

Dystroglycan α/β-processing requires both Cad-like and SEA-like domains 

In order to understand how dystroglycan proteolytic cleavage is regulated, 

we first aimed to map the boundaries of the extracellular juxtamembrane domain 

that houses both the putative MMP cleavage site(s) ~25 amino acids from the 

membrane and the α/β-processing site defining the α/β dystroglycan transition 

located ~100 amino acids from the membrane.174,187 Previous studies of SEA 

domains in mucins have revealed that the post-translational autoproteolytic α/β-

processing event can only occur if the domain is correctly folded,126 due to the 

necessity of a precisely strained loop to permit the serine in the cleavage sequence 

to nucleophilically attack the neighboring glycine. Thus, we utilized SEA-domain 

α/β-processing as an indication of correct protein folding to map the minimal 

functional unit of dystroglycan’s proteolysis domain and devised a series of 

constructs of human dystroglycan including the SEA-like domain and its 

neighboring cad-like domain. Dual-epitope tagged full-length and truncation 

constructs of dystroglycan’s proteolysis domain were designed using predicted 

secondary structure as a guide and secreted into conditioned media of HEK293T 

cells (Figure 3.1A). The construct also included a C-terminal Fc-Fusion tag to 

enable immunoprecipitation with Protein A beads.  
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Figure 3.1 Dystroglycan α/β-processing requires both cad-like and SEA-like 
domains (A) Infographic of constructs used to map the dystroglycan 
proteolysis domain. Constructs comprised of cad-like (orange) and SEA-like 
(purple) domains contain N-terminal FLAG and C-terminal HA epitope tags 
as well as a C-terminal Fc-fusion. Sites of α/β-processing, MMP cleavage, 
and disease-related mutations (red asterisks) are depicted (B) α-HA Western 
blot comparing unprocessed and α/β-processed protein levels in 
dystroglycan truncation constructs depicted in panel (A) secreted into 
conditioned media and immunoprecipitated with Protein A beads. 

 

The protein was enriched from the conditioned media with protein A beads 

and Western blotted for the C-terminal HA tag. Two potential α-HA-tagged protein 

species were expected: a band of ~50 kDa corresponding to the correctly α/β-

processed C-terminus for all of the constructs and a variable-sized larger band 

corresponding to the full-length unprocessed protein. The construct containing the 

entire cad-like domain in addition to the SEA-like domain showed a dominant 50 

kDa band and faint 75 kDa band, reflecting >90% α/β-processing. (Figure 3.1B). 

However, the N-terminal truncation constructs exhibited an increasing ratio of 

unprocessed to processed dystroglycan, and the construct containing solely the 

SEA-like domain showed the lowest degree of α/β-processing. These data suggest 

that the cad-like domain folds in concert with the SEA-like domain to support 
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dystroglycan α/β-processing. We will term the portion of dystroglycan comprised 

of the full cad-like and SEA-like domains the dystroglycan “proteolysis domain.” 

 

MMP cleavage of the dystroglycan proteolysis domain is conformationally 

regulated 

We next wanted to ask whether the MMP cleavage, predicted to occur ~25 

amino acids external to the transmembrane domain,187,188 was conformationally 

regulated in the context of the isolated proteolysis domain, as in Notch receptors. 

To study the accessibility of dystroglycan’s proteolytic site(s) to exogenous MMPs, 

dual-epitope tagged full-length proteolysis domain and SEA-like domain constructs 

used in the mapping studies were expressed and secreted from HEK-293T cells. 

The immunoprecipitated dystroglycan constructs were incubated with increasing 

amounts of activated MMP-2 and MMP-9 for 1 hour, eluted from the beads, and 

Western blotted against the HA tag. Upon addition of exogenous MMPs, the full-

length dystroglycan proteolysis domain remains a single band on the α-HA western 

blot while a faster-migrating species appears for the SEA-like domain alone 

construct (Figure 3.2). This suggests that the MMP site is exposed when the cad-

like domain is not present, likely due to incorrect folding of the domain, which is 

consistent with the truncation studies in Figure 3.1B.  
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Figure 3.2 MMP cleavage of the dystroglycan proteolysis domain is 
conformationally regulated. (A) α-HA western blot of full length dystroglycan 
proteolysis domain (cad-like and SEA-like domains) versus SEA-like domain 
only. Increasing concentrations of activated MMP-2 and MMP-9 were reacted 
in MMP buffer with protein secreted from conditioned media and 
immunoprecipitated with Protein A beads. m= MMP buffer only. (B) α-HA 
western blot of secreted dystroglycan proteolysis domains harboring 
disease mutations. Reactions were performed in MMP buffer and 0.73 μg/ml 
activated MMP-2 and 40 μM BB-94 were added as noted. (C) α-HA western 
blot of secreted dystroglycan proteolysis domains harboring disease 
mutations in the context of blocked α/β-processing (S654A mutation). 
Constructs were secreted from HEK293T cells and enriched using Protein A 
beads. Reactions were performed in MMP buffer and 0.73 μg/ml activated 
MMP-2 and 40 μM BB-94 were added as noted. 

 

Since protection of the MMP site in the context of isolated proteolysis 

domains relies on the correct conformation of the domain, we next wanted to test 

whether mutations associated with muscle disease found in humans and model 
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organisms alter the conformation of the domain and expose the protease site. To 

date, three disease-related mutations within the dystroglycan proteolysis domain 

are associated with muscular dystrophy,180,183,189 but how they contribute to 

disease pathogenesis is unclear. I593D, a mutation located in the cad-like domain, 

was identified in a forward screen for muscular dystrophy mutations in zebrafish.189 

Since we saw that the cad-like domain was essential for proper SEA-like domain 

processing, we were interested to see whether the mutation impacted α/β-

processing or MMP cleavage. The S654A mutation blocks α/β-processing and has 

been observed to cause a muscular dystrophy phenotype in mice.183 We wanted 

to include this mutation to determine whether dystroglycan’s SEA-like domain can 

still fold properly to occlude the proteolysis site, akin to mucin SEA domains. 

Finally, the C669F mutation located near the C-terminus of the SEA-like domain, 

which disrupts a putative disulfide linkage, was discovered in patients with a severe 

form of muscular dystrophy.180 However, the mechanism of how this mutation 

impacts dystroglycan function has not been elucidated.  

It should first be noted that decreased α/β-processing is observed for the 

three mutations (Figure 3.2). While expected for the S654A mutant in which the 

cleavage site is abolished, the incorrect processing of C669F and I593D suggests 

that they disrupt the structure of the domain, much like the truncation constructs 

described in Figure 3.1B and Figure 3.2A. Indeed, the addition of exogenous 

MMPs to proteolysis domains harboring the I593D and C669F mutations resulted 

in the appearance of an MMP-cleaved species that was abrogated by the addition 
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of batimastat (BB-94), a global metalloprotease inhibitor (Figure 3.2B). In contrast, 

previous structural work of mucin SEA domains has shown that mutating the α/β-

processing cleavage site as in S654A does not impact the overall fold of the SEA 

domain.126 Thus, the S654A cleavage mutant is not cleaved by MMPs, suggesting 

an intact proteolysis domain. Similar levels of MMP cleavage were observed in 

double mutants where α/β-processing was fully blocked by creating I593D/S654A 

and C669F/S654A constructs (Figure 3.3C). 

 

Proteolysis to the 31-kDa β-dystroglycan cleavage fragment also depends 

on the structural integrity of the proteolysis domain 

We next asked whether the MMP resistance phenotype of the wild-type 

proteolysis domain and the proteolysis sensitive phenotype observed in truncation 

and muscular dystrophy disease mutants was recapitulated in the full-length 

receptors. Full-length dystroglycan constructs (Figure 3.3A) were transiently 

transfected into Cos7 cells (Figure 3.3B), HEK293T, and U2OS cells (Figure 3.3C). 

Cell lysates were Western blotted for β-dystroglycan. Full-length wild-type 

dystroglycan undergoes normal α/β-processing and no appreciable lower 

molecular weight species are observed, as expected. In contrast, the I593D and 

C669F mutations both disrupt α/β-processing and a new 31 kDa fragment appears, 

which corresponds to the size of β-dystroglycan that is cleaved by MMPs. To 

confirm that this band corresponds to a proteolytic fragment of the correct size, we 

expressed a construct termed “39-end” beginning 39 amino acids outside of the 



 

 80 

transmembrane domain, approximately corresponding to the expected MMP-

cleaved species. This construct migrated similarly to the observed 31 kDa 

fragment. To further test that the new species corresponds to proteolytic events 

near the C-terminus of the SEA-like domain and is not just an artifact of 

overexpression, we created a construct Δ39 in which the putative MMP cleavage 

sites were deleted (removal of amino acids 711-749 directly before the 

transmembrane domain). When this deletion is present in the context of the C669F 

mutation, the 31 kDa species is abolished (Figure 3.3B). Moreover, in the context 

of a construct termed “ΔIgΔSEA” that removes all of the proteolysis domain except 

amino acid 711-749 in which one might expect constitutively exposed proteolysis 

sites, a large fraction of β-dystroglycan is further proteolyzed into the 31 kDa 

species.  
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Figure 3.3 Presence of the 31-kDa B-dystroglycan proteolytic fragment 
depends on the structural integrity of the proteolysis domain. (A) Schematic 
of full-length dystroglycan constructs. Red asterisks denote location of 
disease mutations. Dashed lines denote domain deletions. (B) β-
dystroglycan western blot of full-length dystroglycan constructs transiently 
transfected in Cos7 cells. Full-length β-dystroglycan migrates at 42 kDa 
while proteolytically-cleaved β-dystroglycan migrates at 31 kDa. T192M, 
I593D, and C669F disease-related mutations and deletion of the entire 
proteolysis domain save putative protease sites (ΔIgΔSEA) show a 31 kDa 
proteolysis product. Deletion of protease sites Δ39 in the context of C669F 
abolishes 31 kDa band. The 39-end construct provides an approximate size 
marker for the expected proteolytic fragment. (C) β-dystroglycan western 
blot of full-length dystroglycan constructs transiently transfected in 
HEK293T, Cos7, and U2OS cells. Full-length β-dystroglycan migrates at 42 
kDa while proteolytically-cleaved β-dystroglycan migrates at 31 kDa. I593D, 
S654A, and C669F are disease-related mutations. 
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Modulation of Dystroglycan proteolysis alters cell migration 

Thus far, we have observed that proteolysis of dystroglycan depends on the 

structural integrity of the “proteolysis domain.” Wild-type receptors and receptors 

where putative cleavage sites have been deleted are resistant to cleavage while 

domain truncations and disease-related mutations sensitize dystroglycan to 

proteolytic cleavage. To determine if this proteolysis is relevant to dystroglycan’s 

critical roles in the cell, we next asked whether modulating dystroglycan proteolysis 

results in cellular phenotype changes related to dystroglycan’s role as an adhesion 

receptor. Dystroglycan mutations/truncations tested for proteolysis in the western 

blot as well as siRNA knockdowns of dystroglycan were tested for effects on cell 

migration in a wound-healing assay and a Boyden chamber assay (Figure 3.4). 

Three Dicer-Substrate siRNA (DsiRNA) constructs with reported specificity for 

mouse dystroglycan were purchased from IDT (mm.Ri.Dag1.13.1, 

mm.Ri.Dag1.13.2, and mm.Ri.Dag1.13.3) to knock down endogenous 

dystroglycan in murine 3T3-L1 cells, and each DsiRNA was tested individually or 

pooled together. We co-transfected the DsiRNAs with either an empty vector 

control or WT dag to test rescue, and cell lysates were collected 24 hours post-

transfection (Figure 3.4A and B). mm.Ri.Dag1.13.3 (specific for the 3'UTR) 

showed robust knockdown while scrambled DsiRNA had no effect. We were not 

able to observe robust rescue of knockdown by dystroglycan constructs, even after 

creating a construct without the presence of the 3' UTR (Figure 3.4C and D), 

extensive troubleshooting, and confirmation that the human rescue constructs 
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should not be targeted by the murine siRNA sequence. Nevertheless, we 

proceeded with select rescue experiments in wound healing and Boyden chamber 

assays. 

 

Figure 3.4 siRNA knockdown and rescue of dystroglycan in 3T3 cells. (A) β-
dystroglycan western blot of 3T3s transfected with empty vector control or 
wild-type dystroglycan. Vinculin was used as a loading control (B) 
Normalized signal of β-dystroglycan western blot. β-dystroglycan signal was 
first normalized in respect to vinculin loading control, and then the signal of 
empty vector with no siRNA condition was set to 1. (C) β-dystroglycan 
western blot of 3T3s transfected with empty vector control or wild-type 
dystroglycan construct without a 3' UTR. (D) Normalized signal of β-
dystroglycan western blot. β-dystroglycan signal was first normalized in 
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respect to vinculin loading control, and then the signal of empty vector with 
no siRNA condition was set to 1.  

 

For the wound healing assay, we used two cell lines known to produce 

ECMs containing the major dystroglycan ligand laminin during normal cell culture 

conditions.190,191 Constructs were transiently transfected into 3T3-L1 fibroblast 

cells and U251 glioblastoma cells (Figure 3.5), and a scratch was introduced after 

24 hours. Migrating cells were imaged at different time points up to 18 hours post-

scratch, and the wound area was calculated. Analysis of three areas of the wound 

in duplicate wells at each time point were performed and averaged, and consistent 

results were obtained over at least four separate experiments performed on 

different days. Representative images of wounds for Dag WT, Dag + BB-94 and 

Dag C669F in U251 cells are shown in Figure 3.5A. By 12 hours, over-expression 

of wild-type dystroglycan in 3T3 cells had little effect on cell migration rates, likely 

due to high endogenous levels of dystroglycan in these cells (Figure 3.5B). On the 

other hand, siRNA knockdown of dystroglycan drastically increased the rate of 

wound healing, while scrambled siRNA had no effect. Treating the wild-type-

overexpressing cells with BB-94 significantly slowed down wound-healing, 

suggesting that broadly blocking proteolytic cleavage in cells alters the balance of 

adhesion versus migration to favor adhesion. Conversely, cells transfected with 

disease-related mutations C669F, I593D, and the truncation mutant ΔIgΔSEA 

migrated at a significantly faster rate than wild-type, suggesting that the alterations 

of the proteolysis domain that enhance proteolysis favor cellular migration at the 
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expense of adhesion. Treating C669F expressing cells with BB-94 rescued the 

enhanced migration phenotype, as expected. Rescue experiments of siRNA 

treated cells with Dag and DagC669F did not provide enhancement of phenotypes 

observed in overexpression experiments. 

 

Figure 3.5 Modulation of dystroglycan proteolysis alters cell migration. (A) 
Representative Brightfield images of wounds scratched in U251 cells 
transiently transfected with dystroglycan constructs at t=0 hours and t=12 
hours. Red outline denotes wound edges. (B) Fraction of wound closed in 
wound healing assay at 12 hours. Wound areas were calculated for 8-12 
images for each construct at each time point, averaged, and normalized to 
wound area at t=0. Error bars represent the SEM of 8-12 measurements, and 
statistical significance was determined with a two-way ANOVA followed by 
a post hoc Bonferroni test in Graphpad Prism. (C,D) Readout of Calcein AM 
fluorescence in Boyden chamber assay. (C) Conditions with siRNA 
knockdown and rescue with wild-type or mutated dystroglycan. Each 
condition was performed in triplicate (D) Conditions with overexpression of 
wild-type or mutated dystroglycan. Each condition was performed in 
triplicate  
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Since global metalloprotease inhibitors are not specific and are likely 

blocking proteolysis of other receptors in the cells, we also tested Dag Δ39 

constructs in which the putative MMP sites are deleted. The deletion of the putative 

proteolytic cleavage sites rescues the effect of the C669F mutation on migration, 

as cells migrate similarly to wild-type (Figure 3.5B). This result suggests that 

proteolytic cleavage of C669F near the C-terminus of the proteolysis domain alters 

a cell’s migration phenotype to favor faster migration/less adhesion, linking 

enhanced proteolysis to a disease-relevant cellular phenotype. 

We next performed Boyden chamber assays, which is another readout of 

cell migration. Briefly, 3T3 cells were transfected with constructs, and cells were 

serum starved 24 hours post-transfection using media with 0.5% FBS. 48 hours 

post-transfection, cells were counted and plated in the top chamber with 0.5%FBS 

and were allowed to traverse to the bottom chamber containing 10% FBS for 13 

hours. After 13 hours, the bottom and top chambers were washed, and the cells in 

the bottom chamber were dissociated and were quantified using Calcein AM, a 

dye that is converted into a fluorescent compound inside live cells. The 

fluorescence is correlated to the number of cells that migrated. 

We observe similar trends in the Boyden chamber assay as the wound 

healing assay (Figure 3.5C and D). siRNA knockdown of dystroglycan results in 

higher fluorescence signal, correlating with an increased cell migration through the 

barrier. Interestingly, the rescue of siRNA knockdowns had stronger phenotypes 
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than the overexpressed constructs in this experiment (Figure 3.5C). For instance, 

empty vector with siRNA had an increase in cell migration, which was also seen 

during wound healing. Moreover, Dag C669F and I593D mutations had 

significantly more cell migration in comparison to wild-type Dag with siRNA. This 

further supports that these mutations increase cell migration, which was also seen 

in the wound healing assay. Similar trends were observed for overexpressed 

constructs but with lower statistical significance (Figure 3.5D).  Conversely, fewer 

cells migrate in the context of wild-type dystroglycan. BB-94 only had an effect in 

the DsiRNA samples in the Boyden chamber assay in contrast to wound healing 

assay. 

Another cellular phenotype that is affected by dystroglycan levels is 

filopodia formation. Cos-7 cells have been used to study filopodia formation192  and 

dystroglycan localization within filopodia has also been reported.193–195 siRNA 

knockdown of dystroglycan has been used to abrogate the “hairy” cell phenotype 

observed at normal or high dystroglycan expression levels. Thus we asked 

whether mutants that enhance dystroglycan proteolysis also reduce filopodia 

formation in Cos7 cells. Indeed, numerous filopodia are observed in Cos7 cells 

overexpressing dystroglycan and treated with BB-94 (Figure 3.8), while very few 

can be counted in the Dag C669F and Dag ΔIgΔSEA mutants.  
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Figure 3.6 Filopodia formation in Cos7 cells overexpressing wild-type or 
mutated dystroglycan. (A-D) Representative immunofluorescence image of 
Cos7 cell overexpressing dystroglycan constructs. The primary antibody is 
against the C-terminal tail of dystroglycan. Red arrow denotes counted 
filopodia. (A) Wild-type dystroglycan (B) Dystroglycan C669F (C) Wild-type 
dystroglycan exposed to BB-94 (D) Cells expressing ΔIgΔSEA. (E) 
Quantitative analysis of dystroglycan immunofluorescence images. 
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Cancer mutations in dystroglycan’s proteolysis domain enhance proteolysis 

and alter cell migration 

Thus far we have shown that muscle disease-related mutations in the 

proteolysis domain enhance dystroglycan cleavage to the 31-kDa fragment which 

correlates with faster cell migration. A faster cell migration phenotype has also 

been observed in the context of hypoglycosylation/reduced laminin binding of 

dystroglycan in the context of cancer.167 This suggests that proteolysis may 

provide an alternative mechanism relevant to disease pathogenesis for breaking 

the dystroglycan mechanical link. We were thus inspired to test whether cancer 

mutations within dystroglycan’s proteolysis domain exhibit abnormal 

proteolysis/migration akin to dystroglycan glycosylation defects. The COSMIC 

database reports 123 missense mutations of dystroglycan, and the FATHMM 

algorithm196 predicts that 120 mutations are pathogenic. 19 of these map to the 

proteolysis domain. We selected mutations from the COSMIC database that 

spanned the cad-like and SEA-like domains and were flagged as “pathogenic” by 

FATHMM prediction (Table 3.1). 

 

Table 3.1 Disease-related mutations used in this study 

Mutations 

studied 

Location in 

proteolysis 

domain 

Disease 

context 

α/β- 

processing 

Extent of 

proteolysis 

to 31 kDa 

Rate of 

wound 

healing  

Reference  

WT - - +++ + +  
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Y575H cad-like Adenocarc

inoma 

+++ +++ +++ generated 

by the 

TCGA 

Research 

Network 

I593D cad-like Muscular 

Dystrophy 

+ ++++ +++ 189  

R640Q SEA-α Adenocarc

inoma 

+++ +++ +++ 185 

S654A Autoproteo

lysis site 

Muscular 

Dystrophy 

none +  197 

C669F SEA-β Muscular 

dystrophy 

+ ++++ +++ 180 

G676V SEA-β Glioblasto

ma 

+++ ++ ++ generated 

by the 

TCGA 

Research 

Network 

S678G SEA-β Malignant 

melanoma 

+++ + + 186 

D738H SEA-β Diffuse 

large B 

cell 

lymphoma 

+++ + +++ 184  
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and 

Adenocarc

inoma 

R739W SEA-β Glioblasto

ma 

+++  ++ generated 

by the 

TCGA 

Research 

Network 

 

We first transfected full-length dystroglycan constructs harboring missense 

mutations into Cos7 cells to detect the 31-kDa proteolytic fragment. Interestingly, 

unlike the muscular dystrophy mutations, all of the cancer mutants displayed 

normal α/β-processing, suggesting that these mutations do not disrupt the fold of 

the proteolysis domain to the same extent as the muscular dystrophy related 

mutations (Figure 3.7A). Comparing the ratio of the 31 kDa proteolysis fragment 

to the sum of unprocessed and processed β-dystroglycan bands to calculate 

fraction proteolyzed reveals that most of the cancer mutants enhance proteolysis 

compared to wild-type dystroglycan, though not to the same extent as the muscle 

disease C669F/I593D mutations. We next tested a subset of these mutations, 

particularly the mutations with enhanced proteolysis in the wound healing assay. 

Indeed, most of the mutations tested resulted in statistically significant increases 

in the rate of wound closure (Figure 3.7B). This suggests that enhanced proteolysis 
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of dystroglycan via mutation of the proteolysis domain could represent a new 

therapeutic avenue to investigate.  

 

Figure 3.7 Cancer mutations in dystroglycan proteolysis domain enhance 
proteolysis and wound healing. (A) β-dystroglycan western blot of full-length 
dystroglycan constructs transiently transfected in Cos7 cells. Full-length β-
dystroglycan migrates at 42 kDa while proteolytically-cleaved β-
dystroglycan migrates as a doublet at 31 kDa. Fraction proteolyzed was 
calculated by taking the ratio of the 31-kDa band and the sum of the 
processed and unprocessed bands using gel quantitation features in 
ImageJ. (B) Several cancer mutations were evaluated in a wound healing 
assay of constructs transiently transfected in 3T3 cells. Bar graphs denoting 
fraction of wounds remaining for dystroglycan constructs at different time 
points. Wound areas were calculated for 9 images for each construct at each 
time point, averaged, and normalized to wound area at t=0. Error bars 
represent the SEM of 9 measurements, and statistical significance was 
determined with a two-way ANOVA followed by a post hoc Bonferroni test in 
Graphpad Prism. Statistical significance of fraction of wound healed at a 
given condition with respect to wild-type is depicted as **** (p<0.0001), * 
(p<0.05) or n.s. p> 0.05. 
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Discussion 

The adhesion receptor dystroglycan provides a critical mechanical link 

between the ECM and the actin cytoskeleton, most notably in muscle and brain 

cell types. In muscle, dystroglycan is at the core of the multi-protein DGC, acting 

as a shock-absorber to protect muscle cells from contractile forces. In the brain, 

dystroglycan organizes laminin in the basal lamina to maintain the blood brain 

barrier as well as provide the cortical infrastructure necessary for neuronal 

migration. Disruption of the mechanical link via impairment of dystroglycan binding 

to the ECM or to the actin-adaptor dystrophin is associated with diseases such as 

muscular dystrophy and cancer.51 The ECM to cytoskeleton anchor that 

dystroglycan provides can also be disrupted by proteolytic cleavage of 

dystroglycan by MMPs just outside of the transmembrane domain, and several 

lines of evidence suggest a role for abnormal dystroglycan proteolysis in disease 

pathogenesis. Thus our study aimed to shed light on how proteolysis is regulated 

in order to provide critical insights into dystroglycan’s multiple functions as a 

mechanical link and adhesion receptor in the cell and to provide insights into 

disease pathogenesis.  

The first conclusion of this work is that dystroglycan proteolysis by MMPs is 

conformationally regulated by a juxtamembrane “proteolysis domain”, analogous 

to regulation of proteolysis in Notch receptors. First, we find that dystroglycan’s 

SEA-like domain, which harbors both the α/β-processing site and the putative 

MMP cleavage sites, cooperates with its adjacent cad-like domain to support the 
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non-covalent complex formed from α/β-processing during receptor maturation. 

Autoproteolysis, which depends on correct folding of the domain, does not occur 

in the SEA domain alone and only occurs in the presence of its neighboring cad-

like domain. While MUC1198 and MUC16199 SEA domains and the SEA-like domain 

of the receptor tyrosine phosphatase IA-2200 exist in the absence of neighboring 

domains, the dystroglycan SEA-like domain appears to be more similar to the SEA-

like domains of Notch35,37,123 and EpCAM,201 which extensively interact with 

neighboring N-terminal domains. We find that the dystroglycan proteolysis domain 

in isolation is resistant to exogenous metalloproteases, but becomes susceptible 

to proteolysis when the domain is truncated or encodes muscle disease-related 

mutations, much like in Notch receptors (Figure 3.8).36,124 A similar trend is 

observed in full-length receptors; low levels of the 31 kDa fragment are observed 

for the wild-type receptor, but levels are dramatically increased for constructs in 

which a majority of the proteolysis domain has been removed and for receptors 

encoding disease-related mutations. Moreover, the aberrant proteolysis in the 

C669F mutant is abrogated when the putative metalloprotease sites are deleted 

from the construct. 
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Figure 3.8 Model for conformational control of dystroglycan proteolysis in 
wild-type and mutated dystroglycan. Wild-type dystroglycan provides an 
important mechanical connection between the ECM and actin cytoskeleton. 
Mutations, such as C669F, destabilize the proteolysis domain, rendering it 
sensitive to proteolysis and increasing cell migration rates. Cellular factors 
characterizing pathogenic states, such as increased ECM stiffness and 
increased MMPs, may also increase dystroglycan proteolysis rates and 
contribute to pathogenicity. 

 

The second conclusion of this work is that mutations in the dystroglycan 

proteolysis domain destabilize the domain, resulting in sensitization of the 

proteolysis domain to proteolytic cleavage and thus disruption of the critical ECM 
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to actin tether (Figure 3.8). Only two mutations in the Dag1 gene have been 

reported in patients with muscular dystrophy; the T192M mutation near the 

dystroglycan N-terminus, which leads to hypoglycosylation and thus deficits in 

ECM binding,64 and the C669F proteolysis domain mutation reported in two 

patients,180 with unknown mechanism of disease pathogenesis. We also examined 

previously uncharacterized dystroglycan mutations mined from cancer data sets in 

COSMIC and TCGA (Table 3.1). The muscle disease related mutations disrupt 

α/β-processing, suggesting that they drastically alter the fold of the SEA-like 

domain and expose the normally occluded protease sites. Isolated proteolysis 

domains harboring these mutations are cleaved by exogenous MMPs, and a large 

fraction of the receptor is cleaved into the 31 kDa species in the context of the full-

length receptor. On the other hand, the cancer mutations we investigated generally 

exhibit normal α/β-processing, suggesting that the structure of the SEA-like 

domain is not drastically altered. Further work is need to explore the mechanism 

of proteolytic exposure in the cancer mutants, but the observed graded structural 

disruption is similar to observations of leukemia-derived mutations found in the 

NRR of Notch receptors.36 Nevertheless, mutations of both classes result in 

enhanced proteolysis in the context of the full-length receptor that correlates with 

increased cellular migration rates.  

Finally, the third conclusion of this work is that proteolysis of dystroglycan 

by MMPs outside of the transmembrane region phenocopies loss of dystroglycan. 

Both increased migration and loss of filopodia are observed for mutants that show 
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increased proteolysis, similar to loss of dystroglycan by siRNA knockdown. 

Exploiting the tunable proteolytic sensitivity of the constructs used in this work, we 

found that mutants that lead to increased proteolysis results in faster migration 

phenotypes while mutants that block proteolysis are linked to slower migration 

phenotypes similar to effects of pan-metalloprotease inhibitors. This effect was 

observed in both human fibroblast and glioblastoma cells, which are known to 

produce ECM laminin when cultured.190,191 This migration phenotype is also 

supported by the change in filopodia formation in Cos7 cells (Figure 3.6). Filopodia 

are involved in diverse cell functions, from migration to adhesion.202 

The finding of an increased migration phenotype when proteolysis disrupts 

the dystroglycan mechanical link is similar to previous studies in cancer cell lines 

in which increased cell migration was observed when dystroglycan was hypo-

glycosylated and thus defective in binding the ECM in several cancer cell lines167  

or when an antibody was used to block dystroglycan binding to laminin in prostate 

cancer cell lines.203 Interestingly, hypo-glycosylated and/or reduced dystroglycan 

expression has been associated with more metastatic cancers.167,173,204,205 

Moreover, patients harboring the C669F mutation, which has been observed in two 

siblings,180 exhibit severe muscle-eye-brain phenotypes that are characterized by 

neuronal migration defects providing another link between the observed cellular 

phenotype and disease pathogenesis. On the other hand, overexpression of 

dystroglycan in breast cancer cells reduces tumorigenicity,206 hinting that restoring 

broken dystroglycan links could be a therapeutic option. Indeed re-expressing 
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deficient glycosyltransferases, which restores dystroglycan linkage to the ECM 

and rescues the fast migration phenotype in glycosylation-deficient dystroglycan 

contexts, is being pursued as a therapeutic avenue.207 

Together, our findings that proteolysis is normally controlled by the 

conformation of the domain, that mutations destabilize the domain and aberrantly 

increase proteolysis, and that enhanced proteolysis is correlated with a cellular 

phenotype linked to disease pathogenesis, suggest that blocking dystroglycan 

proteolysis may be a potential therapeutic avenue. Indeed, treatment of muscular 

dystrophy mouse models with protease inhibitors ameliorates symptoms.149,176,177 

However, our study provides a rationale and platform for developing specific 

inhibitors of dystroglycan proteolysis. Since dystroglycan proteolysis is increased 

in disease mutations and disease states, developing an antibody that yields 

dystroglycan protease resistant could be of interest. This strategy has been 

successfully employed in Notch receptors38,40 and with MICA.121 The results of this 

work also beg further investigations into the cellular stimuli leading to aberrant 

proteolysis of dystroglycan in cases where the receptor is not mutated.  
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Chapter 4  

Protein production of dystroglycan proteolysis domain 

This chapter is intended for future publication of a dystroglycan proteolysis 

structure 

 

Abstract 

Dystroglycan is an extracellular matrix receptor that forms a connection 

between the extracellular matrix and actin cytoskeleton through binding partners 

and is cleaved within its proteolysis domain in disease states, such as muscular 

dystrophy and cancer. Solving the structure of dystroglycan’s proteolysis domain 

would aid in understanding how dystroglycan proteolysis is regulated and inform 

the design of modulating antibodies to prevent proteolysis. This work describes the 

protein expression, purification optimization, and initial crystal screening that is 

required for any future follow-up projects relating to the structure of the proteolysis 

domain in dystroglycan. 

 

Introduction 

Dystroglycan is a highly conserved extracellular matrix (ECM) receptor that 

forms a connection between the ECM and the actin cytoskeleton through binding 

partners. The regions that are directly involved are its mucin-like domain and its C-

terminal tail. The mucin-like domain of dystroglycan is heavily and 
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heterogeneously glycosylated,51 and these sugars moieties are responsible for its 

interaction with laminin G domain-containing proteins, such as laminin,58,59 agrin,53 

and pikachurin,61 that in turn bind the ECM. Dystroglycan also binds to dystrophin 

or utrophin with its C-terminal tail, which interact with the actin cytoskeleton. 

Dystroglycan functions as a component of a larger complex called the 

dystrophin glycoprotein complex (DGC), which includes dystrophin, the 

sarcoglycan complex, sarcospan, and syntrophins. It functions as a shock 

absorber in muscle cells, preventing contraction-induced damage.46,47 

Dystroglycan is also expressed throughout the body and is involved in other 

biological processes, such as blood-brain barrier maintenance,133 axon 

guidance,62 and myelination.208–210 

Hypoglycosylation of the mucin-like domain in dystroglycan causes a 

breakage in the link between the ECM and actin cytoskeleton, resulting in various 

forms of muscular dystrophy that range in severity and age of disease onset.211,212 

Moreover, one of the two mutations found in dystroglycan found in humans to 

cause muscular dystrophy (T190M) disrupts the binding site of LARGE, the 

glycosyltransferase that adds the key glycan chain (termed matriglycan52) 

responsible for protein interactions.182 Defective dystroglycan glycosylation has 

also been seen in several cancers.167,203  

The link that dystroglycan forms between the ECM and actin cytoskeleton 

can also be destroyed by matrix metalloproteinase (MMP) cleavage in the 

extracellular juxtamembrane region that we have termed the proteolysis domain. 
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This cleavage has been observed in disease states, such as cancer, 135,172,173 a 

mouse model that mimics autoimmune diseases,133 and muscular dystrophy. 134,174 

However, the regulation of this MMP cleavage and its biological impact are not 

known. We are also interested in understanding the proteolysis domain of 

dystroglycan because the other dystroglycan mutation found in humans that 

causes a severe form of muscular dystrophy (C669F) is located within the 

proteolysis domain,180 and its mechanism of action is not known. 

Previous homology models of dystroglycan has shown that the proteolysis 

domain consists of both a cad-like and a SEA-like domain.179,213 Interestingly, 

dystroglycan is predicted to have a similar structure to the Negative Regulatory 

Region (NRR) found in Notch. Notch’s NRR is composed of three Lin12-Notch-like 

repeats followed by a ferredoxin-like fold,35,37,123 which is structurally comparable 

to a Sea-urchin Enterokinase Agrin (SEA) domain. Most importantly, the NRR of 

Notch contains an occluded ADAM10 protease site that is exposed when the 

domain partially unfolds through applied mechanical force.7,29–31,33 

Solving the structure of the proteolysis domain of dystroglycan would 

elucidate where the proteolysis site is in the context of dystroglycan’s proteolysis 

domain, give us insights about how disease-related mutations impact dystroglycan 

structure, and help us understand how dystroglycan proteolysis is regulated. 

Herein describes the efforts of protein expression, purification, and x-ray 

crystallography made for the proteolysis domain of dystroglycan. We 

overexpressed the proteolysis domain in E. coli and in insect cells. While we were 
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able to obtain initial crystals during a high-throughput screen, we were unable to 

scale them to full-sized drops and obtain diffraction-quality crystals. 

 

Materials and Methods 

Materials 

Dystroglycan cDNA purchased from Origene (Cat#: SC117393) was used 

for cloning all constructs. All chemicals to make buffers were purchased from 

Fisher Scientific. 

 

Cloning 

E. coli ptd68-SUMO-dystroglycan constructs were cloned using In-Fusion 

cloning (Clontech). 

For cloning the insect cell vector: Dystroglycan proteolysis domain was 

cloned into pDEST8 vector using In-Fusion cloning with a secretion signal. The 

pDEST8 vector was then transformed into DH10Bac cells, and six positive colonies 

were selected via Blue-gal for bacmid prep. DH10Bac colonies were grown 

overnight, spun down, and the supernatant was removed. Pellets were 

resuspended in 300 uL of solution I (15 mM Tris-HCl pH 8, 10 mM EDTA, 100 

ug/mL RNase A), then 300 uL Solution II (0.2 M NaOH, 1% SDS) was mixed in, 

and the tube was incubated for 7 minutes at room temperature. Then, 300 μL 3 M 

potassium acetate (pH 5.5) were slowly added, mixed, incubated on ice for 10 

minutes, and spun at 17000xg for 10 minutes. The clear supernatant was added 
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to a new tube, and 700 uL 100% isopropanol was added and mixed. The tube was 

spun at 17000xg for 15 minutes, and the supernatant was aspirated off. 1 mL 70% 

ethanol was added, centrifuged for 5 minutes, and aspirated off. The pellet was 

allowed to air dry, then the pellet was resuspended in 40 uL TE buffer. 

 

E. coli expression and purification 

E. coli dystroglycan constructs were transformed into Rosetta 2 competent 

cells (EMD Millipore). The cells were grown in 1 L flasks and induced with 0.5 mM 

IPTG at an OD600 of 0.5, allowed to grow at 37 ᵒC for 3 hours, spun down, and 

frozen until purification. 

Dystroglycan pellets were lysed in lysis buffer (50 mM Tris pH 7.3, 200 mM 

NaCl, 20% w/v sucrose with protease inhibitors (Thermo fisher)) using a sonicator 

and spun at 24000xg for 30 minutes. The supernatant was decanted off. Pellets 

were then resuspended in lysis buffer containing 3 M urea, sonicated, and spun 

down at 24,000xg for 30 minutes. The supernatant was kept, and additional NaCl 

was added to make it 500 mM NaCl, and imidazole and beta-mercaptoethanol 

were added to 15 mM and 5 mM respectively. The supernatant was added to nickel 

beads and rocked at 4 ᵒC for 1 hour. The nickel beads were washed with 15 CV 

high salt wash buffer (3 M urea, 50 mM Tris pH 7.3, 500 mM NaCl), 7.5 mL low 

salt wash buffer with imidazole (3 M urea, 50 mM Tris pH 7.3, 200 mM NaCl, 100 

mM imidazole), and then eluted with high imidazole buffer (3 M urea, 50 mM Tris, 

200 mM NaCl, 250 mM imidazole). 
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The nickel purification elution was then mixed 1:1 with refolding buffer (50 

mM Tris pH 8.5, 200 mM NaCl, 50 mM CaCl2, 2 mM cysteine, 0.5 mM cystine) in 

a 10 kDa cutoff snakeskin (Thermo Fisher) and refolded at room temperature for 

36 hours. After refolding, the constructs were dialyzed into size exclusion buffer 

(50 mM Tris pH 7.3, 200 mM NaCl, 10 mM CaCl2), overnight at 4 ᵒC. ULP-1 was 

added for 3 hours at room temperature, then added to TALON resin for 1 hour at 

4 ᵒC. The flow through and 10 CV of size exclusion buffer was collected, filtered 

with a 0.22 μm filter, and concentrated with a 3 kDa cut off prior to size exclusion. 

 

DSF 

Differential scanning fluorimetry was performed on a 384 plate reader from 

Fluorescence Innovations. Protein at 0.1 mg/mL of protein was added to the 384 

well plate with 2x Sypro Orange, and a temperature ramp from 25-90 ᵒC was read 

out. The melting temperature was calculated using a 6 parameter fit.214  

 

Insect cell expression and purification 

To create the P2 virus: 2E6 of Sf9 cells were plated in six wells of a 6-well 

plate and allowed to adhere. Six tubes of transfection media were produced by 

combining 15 uL of bacmid DNA with Sf-900 II SFM without antibiotics and 10 uL 

CellFectin II (Thermo Fisher) in a 15 mL tube for 15 minutes in a cell culture hood. 

Then, 2.6 mL Sf900 II SFM with antibiotics to each tube. The media from the 6-
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well plate and replaced with transfection media and allowed to incubate for 4 days 

to create the P0 virus. 

The conditioned media from each well was spun at 1000xg for 5 minutes 

and then added to a separate tube of nickel excel beads to collect the secreted 

protein. The beads were spun at 500xg for 5 minutes, and the supernatant 

containing the P0 virus was removed and filter sterilized. The nickel beads were 

then washed with 5 mL PBS, and the protein was eluted with 100 uL PBS+500 mM 

imidazole to subject to a Flag western blot. 

The collected P0 virus from each well was added to separate 10 cm plates 

of adhered Sf9 cells (1E6 cells/mL) and incubated for 3 days. Then, the 

conditioned media from each plate was spun at 1000xg for 5 minutes to remove 

any cells and added to a separate tube of nickel excel beads and rocked for 1.5 

hours at 4 ᵒC. The beads were then spun at 500xg for 5 minutes, and then the 

supernatant containing the P1 virus was collected and filter sterilized. The beads 

were washed with 5 mL PBS, and the protein was eluted with PBS+500 mM 

imidazole for used in a Flag Western blot. 

The P1 virus that was producing the most protein was added to 250 mL of 

1E6 cells/mL Sf9 cells in suspension and incubated for 3 days. The rest of the P1 

virus stocks were stored in light-blocking conical tubes at 4 ᵒC.  

P2 virus and the secreted protein was collected by spinning the suspended 

cells down at 1000xg for 5 minutes and added to nickel excel beads. The flow 
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through containing the P2 virus was collected and filter sterilized for future 

infections.  

Insect dag proteolysis domain protein bound to the nickel beads were 

washed with 50 CV high salt wash buffer (50 mM Tris pH 7.3, 500 mM NaCl, 10 

mM CaCl2), 100 CV low salt buffer with imidazole (50 mM Tris pH 7.3, 500 mM 

NaCl, 10 mM CaCl2, 15 mM imidazole), and protein batch eluted with 10 CV elution 

buffer (50 mM Tris pH 7.3, 200 mM NaCl, 10 mM CaCl2).  

Imidazole was removed via dialysis into size exclusion buffer (50 mM Tris 

pH 7.3, 200 mM NaCl, 10 mM CaCl2), and 3C protease was added and allowed to 

cleave at 4 ᵒC overnight. 3C was removed using Talon resin, and protein was 

cleaned using size exclusion. 

 

X-ray crystallography screening 

Protein was originally sent in a 10 mg/mL stock to the University of 

Minnesota Nanoliter Crystallization facility for screening on the Rigaku 

CrystalMation system. Four screens were performed on E.coli produced protein 

(Crystal Screen 1&2, PEG/Ion HT screen, TOP96, and the PACT Suite). Ten 

crystal screens were performed on insect cell produced protein (PEG/Ion, Crystal 

Screen Cryo, MembFac, SaltRx, TOP96, Morpheus, Midas+, Shotgun, PACT, and 

JCSG+)Crystallization hits were then optimized in a 24-well hanging drop plate 

with 1 uL drops (1 uL protein+1 uL well solution). Crystals were assessed for 
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diffraction at room temperature at the Kahlert Structural Biology Laboratory at the 

University of Minnesota. 

 

Results 

E.coli expression 

Since the structure for dystroglycan’s proteolysis domain is not known, we 

first created the longest construct that starts two amino acids before the predicted 

cad-like domain and ends at the amino acid before the transmembrane domain 

(amino acids 490-749) (Figure 4.1A). While this construct expressed well in 

Rosetta 2 cells, the protein was insoluble (Figure 4.1B). This was predicted to be 

attributed to a disulfide bond within the proteolysis domain, which is not formed 

within the cytoplasm of E. coli. Moreover, Notch’s NRR, which is predicted to be 

structurally similar to the proteolysis domain of dystroglycan, required refolding 

after E. coli expression.35 Dystroglycan was able to be refolded after nickel 

purification (Figure 4.1C) using a buffer containing cysteine and cystine (Figure 

4.1D).  To prepare the protein for crystallization screens, the SUMO tag was 

cleaved off with ULP-1. Since the SUMO tag is similar in size to dystroglycan’s 

proteolysis domain and contaminated the size exclusion fraction, cobalt resin was 

used to remove the SUMO tag (Figure 4.1D). After this step, clean size exclusion 

fractions were able to be obtained and sent for screening (Figure 4.1E). 
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Figure 4.1 Dystroglycan proteolysis domain E. coli expression and 
purification. A. Overview of dystroglycan proteolysis domain construct. 
Amino acids of dystroglycan proteolysis domain in parentheses. B. 
Solubility of dystroglycan proteolysis domain construct. Cells were lysed 
with increasing amount of urea, and the supernatant was run on a 4-20% 
SDS-PAGE gel. C. Refolding and initial size exclusion gel. Samples were run 
on a 4-20% SDS-PAGE gel D. 4-20% SDS-PAGE gel showing samples from 
Talon bead purification. E. Final size exclusion. Samples were run on a 4-
20% SDS-PAGE gel. 

 

While we took the presence of α/β-processing as a positive indication that 

our protein was properly folded, we also performed differential scanning 

fluorimetry (DSF) to assay the melting temperature. The proteolysis domain of 

dystroglycan had a melting temperature of 59.8 ᵒC (Figure 4.2A). We also 

measured the melting temperature of the Notch NRR (79.0 ᵒC) (Figure 4.2 B), 

which is similar to previous reports.215 
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Figure 4.2 Dystroglycan proteolysis and Notch NRR DSF data. A. 
Dystroglycan proteolysis domain raw data on the left and the temperature fit 
on the right. B. Notch NRR raw DSF data on the left and the temperature fit 
on the right. 

 

 While there were many crystal drops that contained precipitate, there was 

one crystal condition that seemed promising (Figure 4.3). We scaled up this up 

and performed an optimization screen in 24-well hanging drop plates. However, 

our best efforts with the minimal amount of protein that we had did not produce 

crystals and only precipitated. Even with protein expression and purification 
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optimization, protein yields were highly variable and scaling was unsuccessful. 

Therefore, we switched to insect cell expression. 

 

Figure 4.3 Dystroglycan crystal screen hit from Rigaku CrystalMation 
system. The most promising crystal hit from the crystal screen of the E. coli 
expressed proteolysis domain (10 mg/mL in size exclusion buffer (50 mM 
Tris pH 7.3, 200 mM NaCl, 10 mM CaCl2), which formed in 16 days. The well 
solution is 0.2 M lithium sulfate, 0.1 M Tris hydrochloride (pH 8.5), 30% (w/v) 
PEG 4000. The condition is found in the PEG/ION screen. 

 

Insect cell expression 

 To overcome the issue of variable protein preps, we turned to an insect cell 

expression system. P2 baculovirus was produced and used to infect Sf9 insect 

cells with a dystroglycan proteolysis domain construct with a secretion signal. 

Conditioned media was nickel purified, showing that the proteolysis domain of 
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dystroglycan was already α/β-processed (Figure 4.4A). Then, we performed a 3C 

cleavage to cleave off the His tag, and the protein was further purified by size 

exclusion chromatography (Figure 4.4B). Extent of glycosylation was also tested 

by adding PNGase F to native dystroglycan proteolysis domain (Figure 4.4C). As 

shown, both α- and β-dystroglycan are N-glycosylated, which has been observed 

previously.45 

 

Figure 4.4 Insect cell expression A. Nickel purification of dystroglycan 
proteolysis domain from insect cell conditioned media. B. Size exclusion of 
dystroglycan proteolysis domain. C. Deglycosylation of native dystroglycan 
proteolysis domain. 

 

Purified glycosylated protein was then sent to the nanocrystallization facility 

(Figure 4.5), and two hits were scaled to 24 well hanging drop plates. 

Crystallization condition optimization using 1 μL drops was also performed by 

varying pH (4-8), protein concentration (5-10 mg/mL), and precipitate percentage 

(18-24% PEG 3350). The sodium tartrate condition yielded a crystal, but it did not 

produce a diffraction pattern. While the potassium chloride made plate crystals in 

the nanocrystallization facility, they did not form when the condition was scaled up 

or during any of the optimizations. 



 

 113 

 

Figure 4.5 Insect cell expression crystal hits from Rigaku CrystalMation 
system. Both hits had a protein concentration of 11 mg/mL in size exclusion 
buffer (50 mM Tris pH 7.3, 200 mM NaCl, 10 mM CaCl2 A. 0.2 M potassium 
sodium tartrate, 20% (w/v) PEG 3350. The condition is in the TOP96 screen. 
Crystals formed in 1 day. B. 0.2 M Potassium chloride, 20% (w/v) PEG 3350. 
The condition is in the PEG/ION screen. Crystal formed in 4 days. 

 

Discussion 

While an x-ray crystal structure was not obtained for the proteolysis domain 

of dystroglycan, protein expression and purification was optimized and can be 

used for any future efforts. Moreover, additional insights on how to optimize the 

dystroglycan proteolysis domain can be drawn from a recent crystal structure.  

The original dystroglycan proteolysis domain construct was based off of the 

structure of Notch’s NRR (Figure 4.6A). Since the beginning of this effort, the 

structure of a similar protein, protocadherin-15, has been solved by a combination 

of cryo-EM and x-ray crystallography.216 The extracellular juxtamembrane region 

of protocadherin-15 was solved by x-ray crystallography, and it has a cadherin-like 

domain followed by an SEA-like domain. While there is low sequence similarity 
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between dystroglycan and protocadherins-15 within this region, this is the same 

domain structure that is predicted for the proteolysis domain of dystroglycan.  

One of the major differences between the crystal structure of protocadherin-

15 (Figure 4.6B) and the homology model of dystroglycan’s proteolysis domain 

(Figure 4.6C) are its N- and C-terminal ends. For instance, the protocadherin-15 

structure end starts at residue 1144, which would correspond to residue 494 on 

the proteolysis domain of dystroglycan (Figure 4.6D). As shown in the mammalian 

secreted dystroglycan domain (Figure 3.1), N-terminal truncations do impact α/β-

processing. However, truncating to amino acid 494 would be conservative as there 

was only a small decrease in α/β-processing when the N-terminus was truncated 

to amino acid 498. The C-terminal end of protocadherins-15 is residue 1386, which 

corresponds to amino acid 733 on the homology model of dystroglycan’s 

proteolysis domain (Figure 4.6D). Trimming these ends, even by a single amino 

acid, can have a large impact on crystallization. 
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Figure 4.6 Comparison of Notch and protocadherin-15 structures with 
dystroglycan homology model. A. Structure of Notch’s NRR (PDB: 3eto)35 B. 
Structure of protocadherin-15 (PDB: 6c10).216 C. Homology model of the 
proteolysis domain of dystroglycan created in I-TASSER217 based on 
protocadherin-15. D. Overlay of the structure of protocadherins-15 (grey) 
with a homology model of dystroglycan (blue). Arrows denote the 
differences in termini positions between the homology model of 
dystroglycan’s proteolysis domain and the crystal structure of 
protocadherin-15. 

 

Mutagenesis and deglycosylation could also be two other strategies to 

employ. There is a cysteine within the proteolysis domain of dystroglycan that is 
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not involved in a disulfide bond (Cys 642) that could be mutated to improve the 

amount of correctly refolded dystroglycan protein in E. coli cells. Moreover, the 

glycans on dystroglycan’s proteolysis domain created in insect cells could be 

impacting crystal formation, so using PNGase F to trim them could be an option. 

However, the structure of protocadherins-15 was solved with glycosylated protein, 

albeit it was produced in HEK293S Nit- cells, a mammalian cell line that lacks 

complex N-glycans. 

 The DSF data produced here can be used to screen additional constructs 

and crystallization conditions. Constructs that trim a few N- and C-terminal amino 

acids can be compared to the original construct to see whether the truncations 

impact protein stability. Moreover, using DSF to screen whether buffer components 

impact protein stability has already been described.218 

Solving the structure of the proteolysis domain of dystroglycan could give 

insights about how MMP cleavage of dystroglycan in disease contexts is important. 

Indeed, MMPs are upregulated in dystrophic muscle.177 However, the impact of 

dystroglycan cleavage, besides the apparent disconnection between the ECM and 

actin cytoskeleton has yet to be explored. Solving the structure of this region could 

be a valuable first step of creating a modulatory antibody that prevents 

dystroglycan cleavage. 
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Chapter 5 

 Characterization of the GAIN domain in Polcystin-1 

This chapter is intended for future publication of polycystin’s GAIN domain. 

 

Abstract 

 Polycystin-1 (PC1) is a putative mechanosensor that is essential in kidney 

and cardiovascular health. The majority of mutations in Autosomal Dominant 

Polycystic Kidney Disease (ADPKD) patients occur within PC1, and mutations are 

found throughout the protein. Preliminary work has been completed characterizing 

the GAIN domain of PC1, which contains an autoproteolysis site that is essential 

for its function. We demonstrated that the GAIN domain consists of the entire REJ 

domain. We also performed a heterodimer stability assay and showed that PC1’s 

GAIN domain is not stable, suggesting that it functions via dissociation. We also 

demonstrated that ADPKD mutations within this domain alter autoproteolysis and 

we began preliminary work on expressing FL PC1 in HEK293T cells.  

 
Introduction 

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a debilitating 

disease with no FDA-approved therapies. It affects 1:400 to 1:1000 people 

worldwide and is caused by mutations in PKD1, which encodes for Polycystin-1 

(PC1), or PKD2, which encodes for Polycystin-2 (PC2).219 Patients develop large 

fluid-filled kidney cysts that cause end stage renal failure220  and are at an 
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increased risk for other conditions, such as hypertension, intracranial aneurysms, 

liver cysts, left ventricular hypertrophy, and mitral valve prolapse .66,221,222 

Polycystin-1 (PC1) and Polycystin-2 (PC2) form a heterotetrameric complex 

on the cell surface that acts as a putative mechanosensitive ion channel within 

primary cilia. PC1 is predicted to sense fluid shear stress, while PC2 is a member 

of the transient receptor potential (TRP) family. PC2 preferentially transports 

sodium and potassium,223 but it can also transport calcium.224–226 Moreover, some 

work has been performed that implicates PC2 as being sensitized by intracellular 

calcium.227,228 Currently, there is evidence of the importance of PC1 and PC2 in 

mechanosensation in kidney cells, smooth muscle cells, and cardiomyocytes. 

The juxtamembrane domain of PC1 is predicted to have a GPCR 

autoproteolysis inducing (GAIN) domain, which is also found in several adhesion 

G-protein coupled receptors (aGPCRs). Previous reports predicted that the GAIN 

domain of PC1 consists of most of a Receptor for Egg Jelly (REJ) domain229 

followed directly by a G-protein-coupled receptor proteolytic site (GPS) domain.230 

PC1 is autoproteolyzed within its GPS domain, and it plays an important role in 

normal PC1 function. Knock-in mice with non-cleavable PC1 developed large 

kidney cysts and died within one month after birth.81 According to the ADPKD 

mutation database, around 20% of the likely or highly likely pathogenic missense 

mutations are located within the Rej-GPS region. Moreover, all of the ADPKD 

disease mutations characterized within either the REJ or GPS domain have been 

found to inhibit autoproteolysis.79,82 
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There is also work describing that the C-terminal tail of PC1 is proteolyzed 

and can translocate to the nucleus84,86,231,232 as well as alter calcium 

homeostasis.233 Later work demonstrated that the C-terminal tail of PC1 is 

proteolyzed by γ-secretase in its last transmembrane domain helix.234 The C-

terminal tail of PC1 has been shown to regulate a variety of pathways including 

TCF, CHOP, mTOR, AP-1, and p21/JAK/STAT.84,86,231,235–240 Dysregulation of 

these pathways result in increased cell proliferation and ion transport, contributing 

to cyst formation.92 Therefore, understanding how the proteolysis of PC1’s C-

terminal tail could be an important drug target. 

 This work is the beginning for additional PC1 work understanding whether 

PC1 is a mechanosensor. Deletion constructs of the GAIN domain of dystroglycan 

demonstrated that the entire REJ domain is necessary for GPS proteolysis. 

Moreover, a urea stability assay demonstrated that the GAIN domain of PC1 is 

susceptible to dissociation. ADPKD mutations within PC1’s GAIN domain all 

impacted autoproteolysis. Moreover, work to express PC1 on the cell surface and 

attach magnetic beads to it. This work can be utilized for future studies of PC1 

function in cells. 

 

Materials and Methods 

Materials 

Antibodies that were used for this study- Flag antibody: Sigma, HA antibody: 

Covance. All electrophoresis supplies were purchased from Bio-Rad. Magnetic 
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Flag beads were purchased from Thermo Fisher Scientific. Other lab supplies were 

purchased from Fisher Scientific 

 

Cloning 

Polycystin-1 and Polycystin-2 Mus musculus cDNA was previously 

purchased. Polycystin-1 GAIN domain deletions were already created in the 

FcFusion vector. ADPKD mutations within polcystin’s GAIN domain were created 

using quikchange primers, Pfu Turbo Polymerase (Agilent), and DpnI. 

 

Western blot 

4-20% SDS-PAGE gels were run with 2 mM sodium thioglycolate in the 

running buffer. The protein was then transferred to a nitrocellulose membrane 

using a Genie Blotter (Idea Scientific) and blocked with 5% milk in TBS-T (20 mM 

Tris (pH 7.6) 150 mM NaCl, 0.1% Tween 20). The antibodies were diluted 1:1000 

in 5% bovine serum albumin (BSA) in TBS-T. A goat-anti mouse HRP conjugated 

antibody (Invitrogen) (1:10000) was used as a secondary antibody in 5% milk in 

TBS-T. Western blots were imaged using chemiluminescent buffer (Perkin Elmer 

Western Lightning Plus ECL) and the Amersham 600UV (GE) with staff support at 

the University of Minnesota-University Imaging Center. 
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Urea assay 

Urea assay was performed as previously described.36 Briefly, PC and Notch 

NRR FcFusion constructs were transiently transfected into a 10 cm dish of 

HEK293T cells. 48 hours post-transfection, the conditioned media was collected, 

spun down to remove any dead cells, and added to protein A beads in n number 

of tubes (where n is the number of urea assay conditions) for 1 hour at 4 ᵒC. The 

beads were washed with wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% 

(w/v) NP-40. Then, wash buffer with urea was added to the tubes and incubated 

at room temperature for 30 minutes. The beads were washed 3 times with 1 mL of 

their respective buffer before being resuspended in 40 uL 2x SDS buffer. The 2X 

SDS buffer was incubated with the beads for 5 minutes before removal from the 

beads. Before running on an SDS-PAGE gel, 50 mM DTT was added to each 

sample and boiled. 

 

Magnetic beads 

24 hours post-transfection, Flag antibody-labeled magnetic beads were 

added to each well and incubated for 30 minutes. Then, a magnetic plate with a 

rare earth magnet was placed on top for 1 hour to remove any non-specifically 

stuck beads. Wells were then washed three times with PBS and imaged in D10 

without phenol red. Cells were imaged using an EVOS microscope (Thermo Fisher 

Scientific). 
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Results 

Minimal PC1 GAIN domain includes all of REJ domain 

 Previous research about GAIN domains suggested that the GAIN domain 

of PC1 began in the middle of its Rej domain. We wanted to confirm this boundary 

by creating truncation constructs with an N-terminal Flag tag and C-terminal HA 

and Fc Fusion tags. This way, we could determine whether autoproteolysis, which 

is essential for proper polycystin-1 function, is occurring. We also created four 

deletion constructs (Figure 5.1). The N-terminus of PC1 was predicted to start at 

position 2635, which is in between deletion constructs 2 and 3. 

 

Figure 5.1 The GAIN domain of PC1 requires all of the REJ domain to 
properly fold. Above, overview of deletion constructs made with an N-
terminal Flag tag and C-terminal Fc-Fusion and HA tags. Amino acid ranges 
are in parentheses. Below, HA western blot of Polycystin-1 constructs 
immunoprecipitated from conditioned media. Processed and unprocessed 
bands are noted.  
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Interestingly, we only saw full autoproteolysis in the construct that contains 

the full Rej domain in both a Western blot against the HA-FcFusion-tagged C-

terminus. The full-length Rej-GPS construct underwent normal autoproteolysis. 

However, the major bands in the HA Western blot were twice the expected size, 

while there was only a minor band at the expected size. This was attributed to the 

FcFusion tag dimerizing. This Western blot demonstrates that the GAIN domain of 

PC1 consists of the entire REJ domain followed by its GPS domain. 

 

Mutations strongly impact PC1 autoproteolysis 

 Previous papers demonstrated that ADPKD mutations within human PC1’s 

GAIN domain impacted autoproteolysis and trafficking to the cell membrane.79,82 

We wanted to test some of these mutations in Mus musculus PC1 to ensure that 

we could observe the same effects. We also wanted to expand on this knowledge 

to see whether this was a regular occurrence in ADPKD mutations. 

 We chose nine ADPKD mutations that were predicted to be either likely or 

definitely pathogenic and whose amino acids were conserved between humans 

and mice. We created the mutations in the PC1 FcFusion vector, transfected them 

into HEK293T cells, collected the conditioned media, immunoprecipitated with 

protein A beads, and then ran the eluted protein an SDS-PAGE gel and performed 

an HA Western blot. All of the mutations that we tested have a medium to strong 

impact on autoproteolysis (Figure 5.2). Moreover, some of them had an impact on 
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expression levels. The lack of proteolysis and lower expression levels of the 

mutations from the Qian82 and Araç241 papers (E2766K, T3028I, R2762C) were 

also consistent. All of these mutations appeared to have no GAIN domain 

processing, and R2762C was expressed at a lower level in comparison to the other 

mutations, which was also observed. This is moderately unsurprising because 

human and mouse PC1 GAIN domain have an 82% sequence identity. However, 

it is an important control so that our data could be compared with the previous 

literature. Moreover, we also expanded the mutations that have been studied in 

PC1’s GAIN domain. 

 

Figure 5.2 HA Western blot of all Polycystin-1 ADPKD mutations tested. 

 

PC1’s GAIN domain is unstable 

 To get the sense of whether the GAIN domain of PC1 is similarly stable to 

the SEA-like domains found in Notch and dystroglycan, we performed a urea 

assay, which has been previously used to characterize Notch’s NRR.36 We used 

the same vector used in Figure 3.1 and cloned in Notch’s NRR.  
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 Since Notch and PC1 constructs all exist as non-covalent units, protein 

dissociation is measured by the intensity of the N-terminal Flag tag. As shown in 

Figure 5.3, the NRR domain in Notch dissociates ~3-4 M urea. This is in stark 

contrast to the GAIN domain in PC1, which dissociates in less than 1 M urea. This 

suggests that PC1’s GAIN domain dissociates more readily than Notch’s NRR and 

may be used for signaling. 

 

Figure 5.3 PC1’s GAIN domain is less stable in urea than Notch’s NRR Above: 
Constructs for Notch NRR and Polycystin-1 GAIN domain used in urea 
assay. Below: Flag and HA western blots from urea assay. 

 

Preliminary bead attaching experiments 

 Ideally, pulling on PC1 in the context of cells would be the most beneficial 

way to study the potential mechanosensitive properties of PC1. A pilot experiment 

was performed to see whether it would be possible to express full-length PC1 with 
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an N-terminal Flag tag and attach a magnetic bead to the N-terminus of PC1. Since 

PC1 and PC2 have been shown to work as a complex, full-length PC1 with an N-

terminal Flag tag and PC2 were co-transfected in HEK293T cells. Then, magnetic 

beads coated with a Flag antibody were incubated with the cells. The beads were 

thoroughly washed, and the cells were imaged. As shown in Figure 5.4, some non-

specifically bound beads remained after washing. However, there are significantly 

more beads stuck to cells transfected with PC1 and PC2.  

 

Figure 5.4 Brightfield images of magnetic Flag beads attached to HEK293T 
cells expressing PC1 and PC2. Cells transfected with an empty vector 
control are shown as a negative control.  

 

Discussion 

 Previous mappings have been performed in human PC1, showing that a 

constructs that delete everything N-terminal to the start of the REJ domain can still 

be properly cleaved.82 Our Mus musculus PC1 data also supports this (Figure 5.1). 

This shows that despite previous work that hypothesized that the GAIN domain of 

PC1 started in the middle of its REJ domain,242 most of the REJ domain is probably 
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necessary for proper GPS cleavage. More fine-tuned truncations can be performed 

to define the minimal GAIN domain.  

 The dissociation of PC1’s GAIN domain in low molar urea could indicate 

that dissociation rather than proteolysis by an MMP could regulate its signaling. 

This is in agreement with how an aGPCR, GPR56, is postulated to function. The 

GAIN domain of PC1 consists of a PLL domain followed by a GPS domain.243 

GPR56 signaling involves dissociation of GPR56’s GAIN domain, exposing a β-

sheet called the Statchel sequence that binds to transmembrane domain loops and 

activates GPR56 signaling pathways. It is possible that PC1 behaves in a similar 

manner. 

 Future experiments with cell-based magnetic tweezer assays aimed at 

understanding the consequences of disease mutations in the context of signaling 

pathways would be a worthwhile pursuit. The C-terminal tail of PC1 is involved in 

many signaling pathways that can be read out in live cells, such as mTORC1244 

and AP-1.245 Other pathways that are implicated in ADPKD, such as dysregulation 

of cAMP and calcium levels,92 could also be monitored. Moreover, Gal4 could be 

fused to the C-terminal tail of PC1 to create a luciferase-based reporter assay, 

similar to our SNAPS assay from Chapter 3. 

 

 

 



 

 129 

Chapter 6 

Sequence-Directed Covalent Protein-DNA Linkages in a 

Single Step Using HUH-Tags 

 

Lovendahl, Klaus N, Hayward, Amanda N, Gordon, Wendy R. 

 

Amanda Hayward carried out the molecular cloning, expression, purification, and 

biochemical assays used for Figure 6.6A. She also performed the biochemical 

assays for Figures 6.1A, 6.1B, 6.1D, and edited the manuscript.  

 

This chapter was reprinted with permission from JACS 

Abstract 

We present a robust strategy to covalently link proteins and DNA using 

HUH-endonuclease domains as fusion partners (HUH-tags). We show that HUH-

tags react robustly with specific sequences of unmodified single-stranded DNA, 

and we have identified five tags that react orthogonally with distinct DNA 

sequences. We demonstrate the versatility of HUH-tags as fusion partners in 

Cas9-mediated gene editing and the construction of doubly DNA-tethered proteins 

for single-molecule studies. Finally, we demonstrate application to cellular imaging 

in live and fixed cells. 
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Introduction 

Combining the prolific functional properties of proteins with the highly 

programmable nature of DNA has been exploited in diverse applications such as 

precise DNA-guided control of protein localization and function, 97–101 single-

molecule manipulation of proteins tethered to DNA structures, 102,103 cellular 

imaging (e.g., DNA-PAINT)104 and barcoding,105 and “smart” delivery of 

therapeutic proteins.106 Though improvements in cost and efficiency of 

constructing DNA nanostructures are proceeding at a breakneck pace, the full 

potential of protein–DNA chimeras has not been realized due to difficulties in 

specifically attaching proteins to DNA. Current strategies to link DNA to proteins 

using aptamers246 or zinc-finger-binding motifs247 offer specificity but are non-

covalent. Conversely, covalent linkage of proteins to DNA using thiol and amine 

chemistry lacks specificity.248 Popular SNAP107 (New England Biolabs) and Halo249 

(Promega) fusion tags provide both covalent and specific linkages between 

proteins and DNA, but require incorporation of expensive modified target bases 

into oligos and additional purification steps. Moreover, current technology is limited 

to two or three orthogonal attachment sites.  

We explored the potential of using HUH-endonuclease domains as new 

fusion tags for covalent protein/DNA conjugation. HUH-endonucleases, so-named 

because they contain a conserved pair of metal-coordinating histidines (H) 

separated by a hydrophobic residue (U), participate in cellular processes involving 

a transition from double-stranded to single-stranded DNA, such as rolling-circle 
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replication in viruses and bacterial plasmid conjugation .108 The endonuclease first 

nicks single-stranded DNA at a specific sequence at the origin of replication (ori) 

followed by formation of a covalent phosphotyrosine intermediate, whereby the 5′ 

end of the DNA strand becomes linked to a specific tyrosine in the HUH-protein. 

While the phosphotyrosine linkage is an intermediate in vivo, purified HUH-proteins 

are able to form stable covalent bonds in vitro with synthetic oligonucleotides 

bearing their ori sequence.108  

HUH-tags offer several advantages over current methods, including specific 

covalent coupling without the requirement for unnatural DNA bases in conjugation 

sequence and the possibility of massive orthogonality, given that the rapid 

evolution of viruses and mobile plasmids has yielded many examples of these 

proteins in nature with distinct target sequences. Here we have adapted members 

of the diverse HUH-endonuclease protein family as fusion-tags and demonstrate 

their uses in vitro and in cultured cells. We establish that HUH-tags do not disrupt 

the function when fused to several examples of nuclear, cytoplasmic, and cell-

surface target proteins, that the chemistry occurs robustly in vitro and in 

mammalian cells, and that multiple proteins can be labeled simultaneously in vitro 

and in cells. 

 

Materials and Methods 

All coding sequences were obtained as codon-optimized synthetic DNA 

from Life Technologies or Integrated DNA Technologies. Staple strands for the six-
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helix bundle were purchased from Life Technologies. All other oligonucleotides 

were purchased from Integrated DNA Technologies. Restriction enzymes, T4 

ligase, M13mp18 ssDNA, and Hi-Fi DNA Assembly Master Mix were acquired from 

New England Biolabs. In-Fusion HD Cloning Mix was purchased from Clontech. 

Salmon sperm DNA was purchased from Life Technologies. All common 

chemicals and media reagents were purchased from Fisher Scientific unless 

otherwise specified. All fluorescent imaging reagents were purchased from Life 

Technologies unless otherwise specified. 

Electrophoresis supplies were purchased from Bio-Rad unless otherwise 

specified. 

 

Protein expression and purification 

SUMO-HUH proteins: Linear coding DNA was inserted into vector 

pTD68_6xHis-SUMO at the BamHI and XhoI sites using restriction-based ligation, 

Infusion, or Hi-Fi DNA Assembly (Table 6.1). Sequenced constructs were 

transformed into Escherichia coli BL21(DE3) cells and grown in in LB 

supplemented with 100 µg/mL ampicillin; at OD600 0.8 the cells were induced with 

500 µM isopropyl p-D-1-thiogalactopyranoside (IPTG) and allowed to express for 

3h at 37°C or overnight at 18°C. Cells were harvested, the pellet resuspended in 

6xHis Lysis buffer (50 mM Tris-HCl, pH 8.0, 350 mM NaCl, 5 mM β-

mercaptoethanol, 10 mM imidazole), and lysed by sonication. 
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Table 6.1 Amino acid sequences of HUH-tags 

HUH 

protein 

Amino acid sequence 

FBNYV MARQVICWCFTLNNPLSPLSLHDSMKYLVYQTEQGEAGNIHFQGY
IEMKKRTSLAGMKKLIPGAHFEKRRGTQGEARAYSMKEDTRLEGP
WEYGEFVP 

NES MAMYHFQNKFVSKANGQSATAKSAYNSASRIKDFKENEFKDYSNK
QCDYSEILLPNNADDKFKDREYLWNKVHDVENRKNSQVAREIIIGL
PNEFDPNSNIELAKEFAESLSNEGMIVDLNIHKINEENPHAHLL 
CTLRGLDKNNEFEPKRKGNDYIRDWNTKEKHNEWRKRWENVQN
KHLEKNGFSVRVSADSYKNQNIDLEPTKKEGWKARKFEDETG 

TraI MMSIAQVRSAGSAGNYYTDKDNYYVLGSMGERWAGRGAEQLGL
QGSVDKDVFTRLLEGRLPDGADLSRMQDGSNRHRPGYDLTFSAP
KSVSMMAMLGGDKRLIDAHNQAVDFAVRQVEALASTRVMTDG 
QSETVLTGNLVMALFNHDTSRDQEPQLHTHAVVANVTQHNGEWK
TLSSDKVGKTGFIENVYANQIAFGRLYREKLKEQVEALGYETEVVG
KHGMWEMPGVPVEAFSGRSQTIREAVGEDASLKSRDVAALDT 
RKSKQHVDPEIKMAEWMQTLKETGFDIRAYRDAADQR 
ADLRTLTPGPASQDGPDVQQAVTQAIAGLSER 

PCV SPSKKNGRSGPQPHKRWVFTLNNPSEDERKKIRDLPISLFDYFIVG
EEGNEEGRTPHLQGFANFVKKQTFNKVKWYLGARCHIEKAKGTD
QQNKEYCSKEGNLLMECGAPRSQGQR 

DCV MAKSGNYSYKRWVFTINNPTFEDYVHVLEFCTLDNCKFAIVGEEK
GANGTPHLQGFLNLRSNARAAALEESLGGRAWLSRARGSDEDNE
EYCAKESTYLRVGEPVSKGRSSDLAEATSAV 

RepB MAKEKARYFTFLLYPESIPSDWELKLETLGVPMAISPLHDKDKSSIK
GQKYKKAHYHVLYIAKNPVTADSVRKKIKLLLGEKSLAMVQVVLNV
ENMYLYLTHESKDAIAKKKHVYDKADIKLINNFDIDRY 

RepBm MSEKKEIVKGRDWTFLVYPESAPENWRTILDETFMRWVESPLHDK
DVNADGEIKKPHWHILLSSDGPITQTAVQKIIGPLNAPNAQKVGSAK
GLVRYMVHLDNPEKYQYSLDEIVGHNGADVASYFELTA 

mMobA MAIYHLTAKTGSRSGGQSARAKADYIQREGKYARDMDEVLHAESG
HMPEFVERPADYWDAADLYERANGRLFKEVEFALPVELTLDQQKA
LASEFAQHLTGAERLPYTLAIHAGGGENPHCHLMISERINDGIERPA
AQWFKRYNGKTPEKGGAQKTEALKPKAWLEQTREAWADHANRA
LERAGH 

 

Soluble protein was batch-bound to nickel-NTA agarose (Thermo Scientific) 

and washed with five column volumes 6xHis Hi-salt wash (50 mM Tris-HCl, pH 8.0, 
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1 M NaCl, 5 mM β-mercaptoethanol, 10 mM imidazole), then eluted with 6xHis 

Lysis buffer containing 250 mM imidazole. The purified protein was dialyzed 

overnight against 50 mM Tris-HCl, pH 8.0, 350 mM NaCl, and 5 mM β-

mercaptoethanol or directly concentrated for injection onto size exclusion column. 

Proteins were further purified by size-exclusion chromatography using a Bio-Rad 

SEC650 column using 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, and +/- 2 mM EDTA. 

Proteins were concentrated and buffer-exchanged using GE Vivaspin columns. To 

remove the his6-Smt3 fusion tag in the case of TraI36, his-tagged Ulp1 protease 

was included in the dialysis bag and incubated overnight at 4°C. The protease and 

Smt3 were then removed by running the solution over nickel-NTA agarose and 

subsequent size- exclusion chromatography as described above. 

Cas9 proteins: Cas9 was expressed from the plasmid pET15_SP-Cas9 (a 

gift from Niels Geijsen, Addgene plasmid #62731). PCV-Cas9 was constructed by 

inserting the Cas9 coding sequence between the SUMO and PCV2 proteins at the 

BamHI site in pTD68_SUMO-PCV2 using Infusion cloning. Cas9 and Cas9-PCV2 

were purified according to the method of Anders & Jinek.250 Proteins were 

expressed in E. coli BL21(DE3) grown in autoinduction media for ~8 hours at 37°C, 

then shifted to 25°C for 24 hours. Cells were collected by centrifugation, 

resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM 

imidazole, 0.4 mM AEBSF), and lysed by sonication. Soluble protein was bound 

to Ni-NTA agarose (Thermo Fisher), washed with ~15 column volumes lysis buffer, 

and eluted in 20 mM Tris, pH 8.0, 500 mM NaCl, and 500 mM imidazole. Elution 
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was dialyzed against 20 mM HEPES, pH 7.5, 150 mM KCl, 1 mM EDTA, 1 mM 

DTT, 10% glycerol overnight at 4°C. The SUMO tag of Cas9-PCV2 was removed 

with recombinant Ulp1 protease during dialysis. Dialyzed protein was bound to a 

HiTrap SP HP column (1 mL, GE Healthcare) equilibrated in 20 mM HEPES, pH 

7.5, 100 mM KCl and eluted with a linear KCl gradient from 0.1-1 M KCl. Purified 

protein was snap-frozen in aliquots. 

  SDS-PAGE of reactions between HUH-tags and ssDNA oligos. Unless 

otherwise noted, gel-shift assays were performed in HUH buffer; 50 mM HEPES 

pH 8, 50 mM NaCl, 1 mM MgCl2 and 1 mM MnCl2, incubated at 37°C for 15 minutes 

unless otherwise noted, and quenched with 4X loading buffer. The reactions were 

analyzed by electrophoresis on 4-20% polyacrylamide gels and stained with either 

Coomassie Blue or Bio-Rad Stain-Free gels. For comparison of covalent adduct 

formation of SNAP and DCV, 25 pmol of SNAP/DCV proteins were mixed with 100 

pmol respective DNA-oligo in SNAP/HUH buffer. 4x SDS loading buffer was added 

at indicated times to quench. SNAP buffer: 50 mM HEPES pH 8, 50 mM NaCl, and 

5 mM β-mercaptoethanol. Specificity reactions of HUH-proteins with each target-

oligo were performed in HUH buffer with 150 mM NaCl. For one-pot reaction of 

double-HUH tagged protein, HUH-reaction was performed as usual. Then, tubes 

were split in half. To one half (minus MMP-2), MMP assay buffer was added (50 

mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% (w/v) Brij 35, pH 7.5). To other half, 

added 36.7 ng activated MMP-2 was added. 220 ng of MMP-2 was activated using 

2 mM APMA in MMP assay buffer for 1 hour at 37°C. 4x SDS loading buffer and 
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run on 4-20% SDS-PAGE gel. Imaging was performed on Typhoon with Cy3 and 

Cy5 channels. 

 

 Fluorescence de-quenching assays 

Oligonucleotides were purchased with a 5’ quencher and 3’ FAM or Cy3 

from IDT and dissolved at 100 µM in water. Oligos were diluted to designated 

concentration (125-500 nM) in water and 50 µl was added to wells in black 96-well 

plates. Proteins were dissolved at designated concentration in desired buffer, and 

50 μl added to wells containing fluorophore-quencher oligo. Fluorescence of FAM 

or Cy3 was measured on a fluorescence plate reader (Molecular Devices, Gemini). 

For experiments using different buffers, each trace was corrected for fluorescence 

of oligo alone in designated buffer. 

 

Oligonucleotide labeling 

Amino-modified oligonucleotides were obtained from Integrated DNA 

Technologies with standard desalting and resuspended in MilliQ water to 200 µM 

concentration. N-hydroxy-succinimide (NHS) ester dyes were obtained from Life 

Technologies and resuspended to 10 mg/mL in anhydrous DMSO. Labeling was 

performed by mixing 20 µL dye solution, 20 µL DNA, 20 µL 0.5M HEPES, pH 8.5, 

and 40 µL water and incubating the mixture overnight at room temperature. Excess 

dye was removed by repeated ethanol precipitation and purification using G-50 

spin columns (IBI Scientific). The SNAP substrate was prepared as above using 
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an amino oligo and the NHS-ester of benzylguanine (NEB). The reaction was 

purified on a DNA-Pac column on a Bio-Rad NGC purification system and 

concentrated using 3k MWCO protein concentrators. 

Guide RNA preparation. The EGFP sgRNA was synthesized using an 

EnGen® sgRNA Synthesis Kit, S. pyogenes (NEB) with the primer 

GFP_AS_sgRNA_1, or in vitro transcribed from a PCR product derived from a 

PCR template kindly provided by Eric Hendrickson. 

 

GFP targeting and analysis. 

GFP knockdown comparison of Cas9 and PCV-Cas9 was performed in a 

doxycycline inducible GFP cell line, a kind gift from Peter Gordon. Briefly, these 

cells were made by using In-Fusion HD Cloning (Clontech) to insert GFP into the 

pLVX-TetOne vector (Clontech). This vector was then used to generate lentiviral 

particles. 

HT1080 cells (ATCC) were then transduced with lentiviral particles for 48 

hours and then selected with puromycin in order to generate doxycycline-inducible 

GFP HT1080 cells. Cells were seeded to ~70% confluency in clear bottom 96-well 

plates. 10 pmol of Cas9 or PCV2-Cas9 were treated with 50 pmol 3’ Cy5 labeled 

PCV2 target oligo for 5 minutes in Opti-MEM supplemented with 1 mM MgCl2. 

Reactions were split in half and water or 10 pmol GFP sgRNA added for 10 minutes 

at room temperature. Reactions split in half and 0.5 µl RNAiMax (Life 

Technologies) added to half of the reactions for 15 minutes. RNP/liposome mixes 
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were then added to cells in full-media minus antibiotics. 12 hours later, 1M 

doxycycline was added to wells. Cells were imaged using GFP and Cy5 channels 

on an EVOS-FL-AUTO 4-10 hours later. Analysis of GFP knockdown and Cy5 

intensities was performed in ImageJ. 

 

Six-helix bundle preparation 

The construct was designed using CadNano2. Staple strands were mixed 

at 10-fold excess with 10 nM m13mp18 scaffold in TEM Buffer (10 mM Tris HCl, 

pH 8.0, 1 mM EDTA, 10 mM MgCl2) and folded by cooling from 80°C to 60°C over 

80 minutes, then 60°C to 24°C over 15 hours. Excess staples were removed by 

diluting the reaction ten-fold in TEM buffer and concentrating it using 100k MWCO 

columns (Amicon) spun at 1,000xg, with two changes of buffer. 

 

DNA origami labeling 

1nM six-helix bundle was incubated with 10-fold excess of the selected 

proteins under standard reaction conditions. The products were analyzed on 2% 

agarose in 0.5X TBE + 11 mM MgCl2 and stained with SYBR Safe (Invitrogen). 

 

 

Mammalian vector construction 

Constitutive expression vectors (denoted pcDNA3_Name) were 

constructed by inserting the coding sequence into the BamHI site of pcDNA3 
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(Invitrogen) using Hi-Fi DNA Assembly (NEB). Actin vectors were constructed by 

inserting the coding sequence of human β-actin into pcDNA3_mTraI36 and 

pcDNA3_mmobA using BamHI and XhoI, to create a C-terminal in-frame fusion. 

For cell-surface fusions, existing Flag-Notch1-Gal4 Notch vectors7 were cut with 

Kpn1 between the Flag-tag and EGF-1, and the codon optimized HUH-tag was 

inserted by Infusion (Clontech). The tandem HUH-tag cell surface receptor, called 

HA-Rep-mMob-CellSurf, was cloned by inserting DNA fragments containing an, 

Protein G, RepBm, a 40 amino acid linker, mMobA, a CD8 domain into an existing 

vector encoding a portion of the DLL4 cell surface receptor7 and an N-terminal HA-

tag and FKBP domain in place of the FKBP domain. 

Cell lysate labeling 

HEK293T cells were grown in DMEM/FBS (Corning) to 90% confluency in 

12-well plates and transfected with 1 µg of vector (pcDNA3) using Lipofectamine 

3000 (Life Technologies). Transfected cells were grown for 48 hours before being 

lysed with 300 µL Pierce IP Lysis Buffer (Thermo Scientific) according to 

manufacturer’s instructions. 10 µL of cell lysate was incubated at 37°C for 30 

minutes with 1 µL TAMRA-labeled target DNA with or without the addition of 20 

mM MgCl2 and MnCl2. The reactions were then separated by SDS-PAGE and 

imaged using a Typhoon FLA9500 imager (GE). 
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Fixed-cell labeling 

U2OS cells were grown either on glass coverslips in 6-well dishes or 12-

well chambered cover glass (MatTek) at 37°C with 5% CO2. At 30-50% confluence 

the cells were transfected using Lipofectamine 3000. After 24 hours of expression 

the cells were fixed and permeabilized by the following protocol: 15 minute fixation 

in 4% paraformaldehyde (Thermo Fisher) in CBS (10 mM MES, pH 6.1, 138 mM 

KCl, 3 mM MgCl2, 2 mM EGTA, 0.32 M sucrose), 3 x 2 min wash with TBS+0.3 M 

glycine, permeabilization with Permeabilization/Blocking buffer (TBS+0.025% 

saponin+1% BSA+5 mM MgCl2 ,MnCl2), 30 minute labeling by addition of 100 nM 

Alexa 647 oligo to the permeabilization buffer, 2 x 3 min wash with TBS+0.5 M 

NaCl, 1x min wash with TBS and 2 drops of NucBlue Fixed-Cell Stain (Life 

Technologies), mounting in Slowfade Diamond (Life Technologies). 

 

Live cell surface labeling 

U2OS or HEK293T cells were transiently transfected with full-length Notch 

receptors harboring an N-terminal Flag plus mMobA, RepBm, or SNAP fusion tag 

and intracellular Gal4 fusion for transcriptional assays in 96-well plates using 

Lipofectamine3000, or cell-surface receptors harboring tandem RepBm and 

mMobA (HA-Rep-mMob-CellSurf). 100 ng of plasmid was used per well, or 10 ng 

for reporter assays. 24-48 hours later, cells were washed 2x with PBS, and labeling 

solution added. Standard labeling solution used a base of standard DMEM+10% 

FBS + 1% PennStrep with added 0.5 mM MnCl2 and 0.5 mM MgCl2 and 1:20 
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Salmon Sperm DNA and 200-250 nM fluorescent oligonucleotide. APC-anti-Flag 

or Dylight488-anti-HA (Pierce) were added as required at 1:750. Reactions were 

performed at 37°C for 20 minutes. Cells were then washed 2x with PBS and media 

was replaced with Fluorobrite containing FBS with 2 µg/ml Hoechst. Luciferase 

assays were performed by co-transfecting luciferase reporter plasmids, and plating 

cells in wells coated with 10 µg/ml Jagged1 (R&D Systems). Cells were lysed and 

Dual Luciferase Assay (Promega) was performed according to manufacturer’s 

instructions. 

 

Special oligos that were used: 

Fluorescent oligos: 

Mmob3: 5’-CCAGTTTCTCGAAGAGAAACCGGTAAGTGCACCCTCCC-Cy3-3’ 

RepB: 5’-TGCTTCCGTACTACGACCCCCCA-Cy3-3’ 

Donor quencher oligos: 

PCV2-fluorophore_quencher: 5’-IowaBlackFQ -AAAGTATTACCAGA-FAM-3’ 

Mmob_fluorophore_quencher:5’: 

IowaBlackFQACCCAGTTTCTCGAAGAGAAACCGGTAAGTGCACCCTCCCA-

Cy3-3’ 

Trai fluorophore quencher: 5’-IowaBlackFQ-TTTGCGTGGGGTGT-GGTGCTTT-

FAM-3’ 

Amino oligos: 

Mmob3: 5’-CCAGTTTCTCGAAGAGAAACCGGTAAGTGCACCCTCCC- NH2-3’ 
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RepB: 5’-TGCTTCCGTACTACGACCCCCCA-NH2-3’ 

PCV/DCV/FBNYV: 5’- AAGTATTACCAGAAA-NH2-3’ 

TraI: 5’-TTTGCGTGGGGTGT-GGTGCTTT-NH2-3’ 

Cas9 sgRNA sequences:  

GFP_AS_sgRNA_1: 5’-TTCTAATACGACTCACTATAGCACTGCACGCCGTA 

GGTCAGTTTTAGAGCTAGA-3’ 

 

Results and Discussion 

We identified a panel of HUH-endonuclease domains for initial studies 

from literature and sequence similarity databases (Error! Reference source not 

found.), focusing on proteins with known structures. We selected endonucleases 

that represent the different biological functions that the HUH-endonucleases 

exhibit in nature. Despite similar catalytic mechanisms, different classes of HUH-

proteins exhibit potentially useful differences when used as a fusion tag. For 

example, the HUH-endonucleases that participate in rolling circle replication in 

viruses are generally quite small (10−12 kDa) but have less sequence specificity 

than the relaxases, which are much larger (25−30 kDa). Moreover, the tyrosine at 

the site of covalent attachment is near the C-terminus in the viral classes while it 

is near the N-terminus in the relaxase class, which could have important 

implications for the design of molecules for single-molecule measurements or 

FRET biosensors. It should be noted that during preparation of this manuscript, a 

subset of HUH-endonucleases from the relaxase family were used to assemble 
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proteins on DNA.251 We will refer to the HUH-tags by their shortened names 

depicted in Table 6.2. 

Table 6.2 HUH-Tags Used in This Study 

HUH-tag full name PDB 

ID 

MW(kDa) pI ori sequence 

PCV2 porcine 

circovirus 

2HW0 13.4 9.5 aagtattaccagaaa 

DCV duck 

circovirus 

- 13.4 5.4 “ 

FBNYV fava bean 

necrosis 

yellow virus 

2HWT 11.3 8.6 “ 

RepB Replication 

protein RepB 

Streptococcu

s agalactiae 

3DKY 15.2 9.4 tgcttccgtactacgacccccca 

RepBm RepB 

Fructobacillu

s tropaeoli 

- 14.7 5.5 “ 

TraI conjugation 

protein TraI 

1P4D 36.4 5.6 tttgcgtggggtgtggtgcttt 
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Escherichia 

coli 

mMobA mobilization 

protein A 

Escherichia 

coli 

2NS6 20.9 6.3 ccagtttctcgaagagaaac 

cggtaagtgcaccctccc 

NES nicking 

enzyme 

Staphylococc

us aureus 

4HT4 25.9 6.7 acgcgaacggaacgttc 

gcataagtgcgcccttacgggatt

taac 

 

We first evaluated the biochemical requirements for formation of covalent 

adducts between the HUH-tags and single-stranded DNA (Figure 6.1). We 

expressed HUH endonucleases in E. coli in fusion with an N-terminal His6- SUMO 

domain, and purified them using affinity chromatography and size exclusion 

chromatography. Reacting recombinant SUMO−DCV with a single-stranded oligo 

bearing its target sequence in the presence of Mn2+ results in formation of a 

characteristic covalent adduct,252 which runs slower on SDS-PAGE (Figure 6.1A). 

Treating the protein first with EDTA results in no covalent adduct, as previously 

shown.252  
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Figure 6.1 Covalent protein−DNA adduct formation using HUH-tags. (A) 
Cartoon of reaction chemistry showing catalytic tyrosine in HUH- 
endonuclease nicking ssDNA and forming a covalent phosphotyrosine 
adduct. SDS-PAGE showing formation of covalent adduct between DCV and 
target ori oligonucleotide in the presence of Mn2+ and EDTA (B) Timecourse 
of covalent adduct formation of the HUH-tag DCV and the SNAP-tag with 4-
fold excess of target DNA using SDS-PAGE. (C) Dequenching assays 
monitor nicking of an HUH-target oligo flanked by donor and quencher dyes, 
which leads to appearance of fluorescence. Here, varying concentrations of 
FBNYV HUH-tag (62.5−2500 nM) were added to 125 nM quenched PCV-target 
oligo, and FAM fluorescence monitored as a function of time using a 
fluorescence plate reader (D) Comparison of covalent adducts formed by 
reaction of five HUH-tags with 10-fold excess of respective target oligos for 
15 min at 37 °C on SDS-PAGE. Yield of covalent adduct was calculated for 
three replicates using ImageJ gel-band quantitation functions. Error bars 
report standard error. (E) Heat map of DNA target sequence preferences of 
HUH-tags. Indicated HUH-proteins were incubated individually with a 10-fold 
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excess of preferred oligonucleotide target sequences for each HUH-protein; 
the reaction products were analyzed by SDS-PAGE and quantified. 

 

We next compared the rate of covalent adduct formation with the well-

known SNAP-tag.107 Notably, linking SNAP-tagged proteins to DNA involves 

additional steps compared to the HUH-tags; we first chemically linked the 

benzylguanine SNAP substrate to a DNA-oligo to result in a substrate that would 

produce a shift on SDS-PAGE analogous to the HUH-tag. We then reacted 

recombinant SNAP-tag and SUMO−DCV in their respective optimal buffers with 4-

fold excess of their respective target oligos and analyzed the reaction by SDS-

PAGE (Figure 6.1B). Both reactions robustly form covalent adducts, with the DCV 

reaction achieving maximal yield in under 5 min, compared to 10 min for the SNAP-

tag. To further explore the activity of the enzyme, we took advantage of the HUH-

tag’s nuclease activity and monitored the cleavage reaction using an oligo 

containing a donor-fluorophore and quencher flanking the HUH nicking site (Figure 

6.1C and Figure 6.2). Nicking results in dequenching of the fluorophore, allowing 

activity to be monitored by fluorescence. Reacting such an oligo with varying 

concentrations of SUMO-FBNYV shows efficient cleavage even at 1:1 HUH:oligo 

and achieving maximal cleavage rates at ∼4x HUH protein (Figure 6.1C). We used 

this assay to explore the optimal conditions for HUH-endonuclease activity, where 

we found an optimal pH range of 7−8 for both FBNYV and mMobA (Figure 6.2) 

and determined that additives such as reducing agents, calcium, and BSA do not 

appreciably affect the enzymatic activity (Figure 6.2).  
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Figure 6.2 Testing optimal conditions of FBNYV (A-C) and mMobA (D, E) HUH 
nicking reaction using fluorophore/quencher-containing oligonucleotides. 
50 μL of FAM-quencher oligo (125 nM final concentration) in water was added 
to 50ul buffers of variable composition +/- designated concentrations of 
FBNYV or mMobA HUH-protein. Increase in fluorescence as the HUH-tag 
containing protein cleaved the oligo measured using a fluorescence plate 
reader (Molecular Devices, Gemini) in 96-well plate format. Each trace 
resulted from subtracting Buffer+oligo control from Buffer + oligo + HUH-
protein (A) Buffers of varying pH: 100 mM designated buffer, 100 mM NaCl, 
1 mM Mn2+, 1 mM Mg2+,. (B) Buffers of varying [NaCl] in 100 mM Tris pH 8, 1 
mM Mg/Mn.  (C) Buffer additives in 100 mM Tris pH 8, 100 mM NaCl 1 mM 
Mg/Mn. (D) Cleavage rates of DNA oligo as a function of excess protein. All 
traces resulted from subtracting a blank containing no added MMobA. Buffer 
was 50 mM Tris pH 8, 100 mM NaCl, 1 mM Mn/Mg. (E) Buffers of varying pH: 
100 mM designated buffer, 100 mM NaCl, 1 mM Mn2+, 1 mM Mg2+. Each trace 
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resulted from subtracting Buffer+oligo control from Buffer + oligo + HUH-
protein. 

 

In nature, the protein−DNA conjugate is reversible. We tested whether we 

could reverse this reaction in vitro by adding an excess of the cleavage product of 

the endonuclease reaction with a free 3′-OH group that is not covalently conjugated 

(Figure 6.3). At stoichiometries close to 1:1 with respect to the HUH-protein, no 

reversibility is observed. However, high molar excesses of 3′-OH oligo do indeed 

reverse the covalent complexes of both DCV and mMobA, which could be useful 

for some labeling applications. A significant advantage of using HUH-tag fusion 

partners is that there are several classes of HUH-endonucleases with divergent 

structures, DNA recognition motifs and functions which allow them to recognize 

distinct sequences of ssDNA,108 leading to the potential for highly multiplexed 

labeling of multiple species in a single reaction.  

 

Figure 6.3 Testing stability and reversibility of HUH-DNA conjugates. (A) 10 
pmol of SUMO-DCV or SUMO-mMobA was reacted with 100 pmol of target 
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DNA in standard HUH-conditions for 15 minutes at 37oC. Oligos with free 3’-
OH corresponding to the product of HUH-endonuclease activity that is not 
covalently attached were added in increasing amounts of molar excess with 
respect to HUH protein to test reversibility of protein-DNA conjugates formed 
in vitro. Both conjugates can be reversed at high molar excess of free 3’-OH 
containing oligo, which could be useful for some applications. Quantities of 
free 3’-OH containing oligo on the order of the stoichiometry of the HUH 
protein (~1X) do not reverse the protein-DNA conjugates. (B) SUMO- PCV was 
reacted with 10-fold excess of its target oligo conjugated to Cy5 under 
standard HUH conditions. The reaction was then mixed with 10-fold excess 
of conditioned media from HEK293T cells to simulate physiologic 
conditions. Aliquots were quenched at several time points and the presence 
of the HUH-oligo conjugate visualized by Typhoon imaging an SDS-PAGE 
gel. The band representing the intact PCV-oligo-Cy5 can only be present if 
the protein and oligo are both intact. There is no significant degradation after 
64 hours. (C) PCV and MMobA-DNA conjugates were treated to pH 4, pH 9.5, 
4M urea for 1 hour, with not significant loss of protein-DNA conjugate. 

 

We tested five SUMO-HUH fusions for their ability to form covalent adducts 

by SDS-PAGE (Figure 6.1D), though it should be noted that TraI required the 

removal of the SUMO tag prior to reaction with target DNA due to the involvement 

of its N-terminal methionine in DNA-binding.253 All reactions resulted in covalent 

adduct formation, with yields ranging from 25 to 80%. The most efficient HUH-tag, 

PCV2 (and its homologues DCV and FBNYV) has activity similar to the heavily 

engineered SNAP protein. We next tested the sequence specificity of these tags. 

We reacted each HUH-protein with a 10-fold excess of each target DNA, and 

quantitated the formation of covalent adducts (Figure 6.4), as displayed in the heat 

map (Figure 6.1 E). The HUH-tags generally displayed stringent sequence 

specificity, with the exception of slight cross-reactivity between PCV2 and RepB.  
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Figure 6.4 Gels used to create Figure 6.1E. HUH-reactions were performed 
as described in Methods. Gel bands were quantitated using ImageJ. 

 

We originally observed cross-reactivity between NES and the mMobA ori 

sequence. However, we were able to both improve the formation of covalent 

adduct and abrogate cross-reactivity with NES by altering single nucleotides in the 

mMobA target sequence (Figure 6.5).  
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Figure 6.5 Optimization of mMobA target sequence. (A) Sequences of oligos 
used in this figure aligned at nick site. (B)(top) mMobA or (bottom) NES was 
reacted with ~5fold excess of denoted oligos for 15 minutes at 37 degrees 
and run on SDS-PAGE. For oligos mMob0-4 reacting with mMobA protein, % 
covalent adduct was calculated by quantitation of bands in ImageJ. Please 
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note **- oligo mMob0 contains the original ori sequence for mMobA.  This 
forms a covalent adduct with mMobA to a 40% extent (top) BUT also cross 
reacts extensively with NES (bottom).  A single bp substitution in oligo 
mMob3 enhances covalent adduct to 52% (top) and abrogates cross-
reactivity with NES (bottom). 

 

We next aimed to fuse HUH-tags to recombinant proteins of interest where 

it could be potentially beneficial to covalently attach ssDNA (Figure 6.6Figure 6.6. 

One application that could benefit from an efficient strategy to covalent tether DNA 

to recombinant proteins is single-molecule force spectroscopy (Figure 6.6A). DNA 

handles are routinely added to proteins using cysteine chemistry to isolate them 

from surfaces and beads as well as to provide a mechanical signature. However, 

cysteine chemistry requires mutation of internal cysteines in a protein, does not 

permit control over orientation and is not permissive for disulfide containing 

proteins.  
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Figure 6.6 Uses of HUH-tagged recombinant proteins: covalent tethering of 
ssDNA to Cas9. (A) A recombinant tandem HUH- tagged protein containing 
DCV and mMobA domains linked by a protein sequence containing an MMP-
2 cleavage site was expressed and purified from E. coli. Two oligos bearing 
the appropriate target sequence and Cy3 or Cy5 dyes were added under 
normal HUH reaction conditions. Half of each reaction was subjected to 
mock or MMP-2 enzyme. Reaction products were run on SDS-PAGE and 
imaged on a Typhoon gel imager. (B) Testing function of Cas9 fusion to HUH-
tag. Cy5-conjugated oligo bearing the PCV target sequence was reacted with 
recombinant Cas9 or PCV-Cas9 and delivered to HT1080 cells stably 
expressing inducible GFP with and without a sgRNA targeted to the GFP 
locus. GFP expression was induced 12 h after Cas9 treatment, and GFP and 
Cy5 fluorescence measured by fluorescence microscopy 4−8 h later. 

 

We envisioned sandwiching a protein of interest between two HUH-tags for 

use in this application. As a proof-of-concept for this strategy, we prepared a 

recombinant protein comprised of tandem HUH-tags linked by a protein sequence 
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containing an MMP-2 proteolytic cleavage site. We then added two oligos with 

distinct target sequences containing Cy3 or Cy5 dyes. Fluorescent imaging shows 

robust dual labeling of the protein, and treating the protein with MMP-2 protease 

results in splitting of the dual-tagged protein into two single tagged proteins. This 

molecule can now be attached to two double-stranded DNA containing 

complementary overhangs254 to the oligos conjugated to the protein or in a similar 

way to complementary oligos presented by a DNA nanoswitch.102 We also tested 

the assembly of proteins on DNA nanostructures using HUH-tags (Figure 6.7A). 

We observed a shift of the tetrahedron DNA in the presence of PCV2 and RepB 

and observed a similar shift of mMobA on a larger six-helix bundle nanostructure 

(Figure 6.7B), consistent with recent work.251 

 

Figure 6.7 Reactions of HUH-tagged proteins with DNA origami structures. 
(A) Proteins were incubated in 10-fold excess with a DNA tetrahedron 
bearing target ssDNA on its corners; the reaction products were analyzed by 
5% TBE-PAGE supplemented with 0.1% SDS and stained with SYBR Gold 
(Invitrogen). (B) The DNA origami six-helix bundle (6HB) was folded and 
purified by repeated centrifugation in Amicon 100k MWCO filters. The 
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structure was incubated with the indicated HUH proteins for 30 minutes at 
37°C with 2 mM MnCl2. Reaction products were separated on 2% agarose in 

0.5X TBE supplemented with 11 mM MgCl2. 

 

The next example we thought of is Cas9, which is routinely delivered to cells 

as a recombinant protein via transfection or electroporation as a ribonucleoprotein 

(RNP) with in vitro transcribed guide RNA.255 We reasoned that we could use the 

HUH-tag to specifically label the RNP with organic fluorophores for quantitation 

purposes or for potential multiplexed covalent labeling of genomic loci256,257 with 

an organic fluorophore or other modification that can be encoded on an oligo. We 

first tested that the recombinant PCV-Cas9 (Figure 6.8) was functional by 

measuring its ability to cleave and disrupt GFP fluorescence in a stably expressing 

GFP cell line (Figure 6.6B). The number of GFP expressing cells was reduced by 

∼80% for both Cas9 and PCV-Cas9 (Figure 6.8C). In addition to exhibiting similar 

levels of GFP knockdown, the PCV fusion tag allowed us to also co-deliver a Cy5-

labeled oligo into the cells. Interestingly, while the Cy5-oligo tethered to Cas9 was 

most efficiently delivered into cells when delivered with cationic lipid (Figure 6.6B), 

an appreciable amount of the RNP-oligo complex also entered the cells even in 

the absence of cationic lipid, suggesting that the additional positive charges from 

the PCV enhance its ability to cross the cell membrane (Figure 6.8B, D, E). 
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Figure 6.8 Utilization of HUH-tags to attach guide oligo to Cas9 (A) 
Recombinant PCV-Cas9 reaction with 200bp oligo containing target site and 
standard target oligo, using standard HUH reaction conditions, as described 
in Methods. (B-E) PCV-Cas9 + pcv-target oligo- Cy5 knockdown of GFP. 
HCT119 cells stably expressing inducible GFP were treated in 96-well plates 
with 10 pmol of PCV-Cas9 pre-reacted with 50 pmol Cy5 oligo, plus or minus 
10 pmol GFP-gRNA, plus or minus 0.5 μl RNAiMax. 12 hours later, GFP was 
induced with doxycycline. 12 hours later, cells were imaged on an EVOS-FL-
AUTO at 10x. (C, D, E) To quantitate GFP knockdown, GFP images (raw 
images shown above) were loaded into ImageJ as a stack, and converted to 
8-bit greyscale. A 2σ Gaussian blur was applied, followed by background 
subtraction. The images were threshholded, and then the number of cells 
counted (C, D). For intensity analysis (E), a 400x400 pixel region was 
analyzed for integrated intensity density for background subtracted images 
(GFP) or raw images (CY5). 

 



 

 157 

We next tested the activity of HUH-tags in mammalian cells (Figure 6.9) for 

potential use in cellular imaging applications such as barcoding105 and DNA-

PAINT.104 We expected that characteristic high isoelectric points/embedded 

nuclear localization signals would make their use in mammalian cells difficult. We 

were able to identify a subset of HUH-tags to be compatible with proper localization 

in mammalian cells—mMobA, TraI, and RepBm, a homologue of RepB with lower 

isoelectric point.  

 

Figure 6.9 Uses of HUH-tags in live and fixed cellular imaging. All images were 
collected on an EVOS-FL-AUTO widefield fluorescence microscope using 
standard Plan Fluorite objectives (A) Intracellular imaging. U2OS cells were 
transfected with vectors expressing HUH-actin fusion proteins, fixed after 24 
hours, and stained using Alexa647-labeled target oligonucleotides (red in 
merge). Cellular actin filaments were stained with Alexa488- phallodin (green 
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in merge) and DNA stained with DAPI. (B) Attaching magnetic beads to Cell-
surface Notch receptors. Full-length N-term Flag- tagged Notch receptors 
with or without an HUH-tag were transfected into U2OS cells. After 24 h, cells 
were treated with an APC-conjugated antibody recognizing the Flag epitope 
tag and magnetic beads coated with oligos harboring the mMobA target 
sequence. Excess magnetic beads were washed from cells and live cells 
imaged in brightfield and Cy5 channels. (C) Orthogonal labeling of tandem 
HUH-tags on the cell surface. A transmembrane construct encoding tandem 
HUH-tags was transiently transfected in HEK293T cells. After 24 h, the cells 
were labeled in full media with Cy3- and Cy5-labeled oligonucleotides 
harboring the target sequences of two HUH-tags. Cells were washed once in 
PBS and imaged in clear- bottom 96-well plates. After washing they were 
stained with Hoechst and imaged live. 

 

We initially transfected U2OS cells with HUH-tags cloned in pcDNA3 for 

constitutive expression. Standard preparation of cell lysates followed by incubation 

with a 100 nM solution of 3′-TAMRA target oligonucleotides and Mn2+ showed 

labeling of mMobA and TraI by fluorescent SDS-PAGE (Figure 6.10). To assess 

the use of HUH-tags for labeling in fixed cells and effects on cellular localization, 

we fused TraI and mMobA to the N-terminus of human β-actin and expressed the 

constructs in U2OS cells. Labeling the fixed TraI/mMobA-β-actin cells with 3′-

Alexa647 target oligos showed expected labeling of both actin filaments and 

cytoplasmic actin; counterstaining with phalloidin-Alexa488 showed that the fusion 

protein was efficiently incorporated into actin filaments (Figure 6.9A, Figure 6.11). 

Control cells, transfected with EGFP-β-actin and mock labeled with either 

fluorescent target, showed no fluorescence in the far-red region, indicating that 

nonspecific sticking of the DNA is not responsible for labeling (Figure 6.11). 
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Figure 6.10 HUH-tag labeling in cell lysate. Soluble lysate labeling HEK293T 
cells expressing the indicated proteins were lysed and reacted with 1 mM 
TAMRA-labeled target oligonucleotide in the presence of either 10 mM NiCl2 

(left lane) or 10 mM MgCl2 and 10 mM MnCl2 (right lane) and imaged using 
Typhoon Imager. A* is the GeneA HUH-endonuclease domain, which was not 
used in any other experiments in the manuscript. 
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Figure 6.11 Fixed cell imaging controls. U2OS cells were transfected with 
EGFP-actin vector, grown for 24 hours, and fixed, permeabilized, and labeled 
according to the described protocol. (A-D) Cells labeled with mmob3-
Alexa647; (E-H) cells labeled with trai_Alexa647. Panels are, clockwise from 
top left, GFP, DAPI, merge, Alexa647 

 

We next tested HUH-tags in live-cell labeling. We first fused mMobA and 

RepBm to the N-terminus of cell-surface Notch receptors also containing a FLAG-

tag.7 Both fusions exhibited good cell-surface trafficking in U2OS cells and normal 
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capability to signal in comparison to a SNAP-fused Notch receptor, as shown by 

labeling the FLAG-epitope tag with an APC conjugated antibody and in luciferase 

signaling assays7 (Figure 6.12). Treating the cells expressing HUH-fusion tags with 

magnetic beads coated with oligos bearing the target sequence (Error! Reference 

source not found.B) or Cy3 containing target oligos (Figure 6.12) only labeled the 

HUH-tag containing receptors.  
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Figure 6.12 HUH-tagged Notch receptors function normally. (A) Cell surface 
expression and labeling of full- length Notch receptors encoded with N-
terminal HUH-tags. U2OS cells were transfected with N-terminal Flag- tagged 
Notch constructs also containing SNAP, mMobA, and RepBm fusion tags 
between the Flag tag and EGF1.  24 hours post-transfection, cells were 
labeled for 30 minutes with an APC-a-Flag antibody (1:750) and a 3’-Cy3 oligo 
containing mMob or Rep target sequence. The cells expressing SNAP-
tagged receptors were labeled with the mMob Cy3 oligo. (B) Luciferase 
reporter assay of HUH-tagged Notch molecules with plated ligand.  U2OS 
cells were reverse-transfected with Flag-, Flag-mMob- or Flag-RepBm-
Notch1-Gal4 and reporter constructs containing a Gal4 response element 
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upstream of Firefly luciferase, and a control renilla luciferase plasmid in 96 
wells containing PBS or wells precoated with 10 μg/ml Jagged1 in PBS. 24 
hours later, luciferase reporter assays were performed according to 
manufacturers’ instructions (Promega Dual luciferase). Luciferase activity 
was calculated from the ratio of firefly to renilla luciferase luminescence. 
Fold activation was calculated by dividing luciferase activity on plated 
Jagged-1 by luciferase activity of cells plated on untreated wells. Error bars 
reflect the standard error of triplicate measurements. 

 

To test the orthogonality of labeling HUH-tags in the cellular context, we 

expressed a transmembrane receptor encoded with tandem HUH-tags in the 

extracellular domain. We added 3′Cy3-oligos and 3′Cy5-oligos bearing mMobA 

and RepBm respective target sequences (Figure 6.9C, Figure 6.13), which results 

in fast (Figure 6.14) and robust “one-pot” live-cell labeling. Cells expressing 

receptors containing only one HUH-tag are only labeled by the oligo containing the 

correct target sequence (Figure 6.13) and only cells that also are immunostained 

with an anti-HA antibody are labeled in the case of HA-tag containing receptors, 

showing that nonspecific sticking of DNA is not responsible for labeling. Optimal 

labeling occurred using 200–250 nM fluorescent target oligo in standard serum-

containing media, supplemented with Mn2+ and salmon sperm DNA, for 15–20 

min at 37 °C. Regarding live-cell fluorescent labeling of intracellular targets, 

oligonucleotides do not freely travel into cells. However, we performed proof-of-

concept live-cell labeling of cells transfected with TraI-β-actin by delivering its 

fluorophore-conjugated target oligo using cationic lipid (Figure 6.15). Multiplexed 

intracellular labeling could be further optimized by exploring alternative methods 

to deliver oligos into cells. 
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Figure 6.13 One-pot labeling of cell-surface HUH-tags. HEK293T cells were 
reverse transfected with cell-surface receptors harboring HUH and epitope 
tags. After 24 hours, media was removed and cells labeled with a mixture of 
Cy3 and Cy5 HUH-target oligos, a Dylight488 conjugated anti-HA antibody. 
After one wash, media was replaced with imaging media containing no 
phenol red and Hoechst stain was added (1:2500). Images were collected on 
an EVOS-FL-AUTO with a 10x objective under same light settings for every 
image. Images were opened in ImageJ. Low and high intensity values for 
images were set to equal for each filter cube: RFP:20-2000, Cy5: 150-1000, 
GFP: 200-550, Dapi: 500-4000. 
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Figure 6.14 Time course of cell-surface labeling. HEK293T cells were 
transiently transfected with Flag- Rep-Mmob-CD8-TM. 24 hours post-
transfection, media was replaced with labeling solution using the Cy3 
mMobA quencher oligo, and successive images were immediately collected 
at 10 sec, 30 sec, 60 sec, 90 sec, 120 sec, 180 sec and 300 sec. Images were 
imported into ImageJ as a stack, and a montage created. 



 

 166 

 

Figure 6.15 Live-cell fluorescent labeling of HUH-tagged intracellular protein. 
U2OS cells were transiently reverse-transfected with TraI-β-actin in clear-
bottom 96-well plates using standard Lipofectamine 3000 protocols. 24 
hours post-transfection, full-media containing 1μM TraI quencher oligo 
complexed with Oligofectamine cationic lipid was added to untransfected 
(left) and transfected cells (right). Five hours later, cells were washed once 
with PBS and Fluorobrite DMEM containing Hoechst stain was added. 
Images in the GFP and DAPI channels were collected on an EVOS FL-AUTO 
microscope. Images were imported into ImageJ and the DAPI images false 
colored blue. 

 

Conclusions 

We have shown that HUH-endonucleases are ideal fusion tags due to their 

efficient formation of covalent bonds, requirement for a specific sequence of DNA 

rather than expensive modified bases, and potential for multiplexed “one-pot” 

labeling. Moreover, some applications may benefit from the ability to reverse the 

covalent bond under certain conditions. We have demonstrated examples of both 

N-terminal and C-terminal fusions that do not disrupt normal protein function of 

cytoplasmic, nuclear, and cell-surface proteins. The reaction is compatible with a 

variety of in vitro conditions, standard cell-culture media, cellular lysates, and cell 
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fixation. HUH-tags greatly expand the protein-labeling toolkit for in vitro 

applications such as DNA nanotechnology, where one could potentially immobilize 

up to five HUH-tagged proteins expressed in the same cell lysate directly onto a 

DNA origami structure, without intermediate purification steps. DNA-based cellular 

imaging applications such as proximity-ligation assays 258 or DNA-PAINT would 

also benefit from the simplicity and specificity that HUH-tags offer. Tandem HUH-

tags will be useful for single-molecule studies or FRET-biosensors using organic 

fluorophores. Moreover, we have shown that optimization of the target sequence 

for one HUH-tag enhanced both yield of covalent complex and specificity, and 

existing studies provide precedents for mutating amino acids in the HUH-

endonucleases to alter DNA sequence specificity.250,259 This suggests that novel 

protein tags could be created by rational engineering of existing protein/DNA 

sequences, directed evolution strategies, and further exploration of untested HUH-

endonucleases. 
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Chapter 7 

 Conclusions 

Accomplishments 

Method development accomplishments 

The SNAPS assay in Chapter 2 identified that proteolysis in juxtamembrane 

SEA/SEA-like domains is controlled in a switch-like manner in a diverse set of cell 

surface receptors. While this behavior has only been observed in Notch and VWF, 

these data suggest that it is a more general mechanism. Additionally, the 

proteolytic switch-like domains identified in this assay can be implemented into 

synthetic biology constructs, such as the SynNotch system,130 so that a diverse 

range of proteolysis rates can be utilized. SNAPS can also drive the development 

of conformation-specific antibodies that modulate cell surface receptor activity. 

The HUH tags described in Chapter 6 will be important for covalently 

attaching proteins to unmodified single-stranded DNA. This greatly reduces the 

price and the complexity of reaction and allows for additional orthogonality than 

commercial tags such as the SNAP tag. We also demonstrated that HUH tags can 

be used for labeling cell surface receptors and intracellular proteins in mammalian 

cells. Our lab has further demonstrated that single-stranded oligodeoxynucleotide 

covalently attached to Cas9 fused with HUH-tag enhances HDR efficiency in 

multiple cell lines in comparison to Cas9 alone.260  
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Dystroglycan biology accomplishments 

We established the boundaries of the proteolysis domain of dystroglycan 

and showed that its proteolysis is conformationally regulated using the SNAPS 

assay and other biochemical and cell-based assays. Furthermore, muscular 

dystrophy disease-related mutations within the proteolysis domain decrease 

overall conformation and stability of the domain, resulting in increased proteolysis 

rates and a change in cell migration and cell morphology. 

Preliminary work for solving the structure of the proteolysis domain of 

dystroglycan has also been completed. Protein production and purification was 

optimized, which will streamline the process for producing additional truncation 

constructs and expression strategies.  

 

Polycystin biology accomplishments 

 Preliminary work on identifying the GAIN domain of PC1 was completed, 

and defining its boundaries. Moreover, disease-related mutants in the murine PC1 

GAIN domain resulted in an absence of proteolysis, recapitulating the results that 

was already demonstrated in human PC1. 79,82 We also performed preliminary 

work showing that we could attach magnetic beads to full-length PC1 in a cell 

system, which will be used to perform cell signaling assays in the absence and 

presence of force. 
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Future directions 

HUH tag development 

There is more work that can be done to improve HUH-tags. We used wild-

type HUH proteins, and most of them function at a similar level to the heavily 

optimized SNAP tag. Performing either rational mutagenesis based on the 

available crystal structures252,261,270–275,262–269 and sequence homology resources 

available could increase the reaction efficiency. Furthermore, only a subset of 

known HUH proteins have been tested, so additional efforts in characterizing 

others would could improve overall activity, expression in mammalian cells, and 

increase the orthogonality of available HUH-tags.   

HUH-tags could also be combined with SNAPS to increase the number of 

proteolysis domains that can be tested. Currently, SNAPS relies on the ligand 

binding domain of Notch to function, which is ~150 kDa. Having a small protein 

such as an HUH-tag could help overcome some of the expression issues seen in 

the assay. Moreover, the force derived from endocytosis of Notch ligand is smaller 

than the force to activate other switch-like proteins. For example, VWF’s wild-type 

A2 domain requires ~8 pN of force to activate.23,276,277 Therefore, the SNAPS assay 

could miss switch-like proteins that simply require more force to activate.  

Notch’s ligand-binding domain would be replaced with HUH-tag, which 

would be covalently attached to a magnetic bead conjugated with single-stranded 

DNA. The construct could be used in a similar cell-based magnetic bead assay 
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that demonstrated that Notch’s NRR is accessible to ADAM10 under 3.5 pN of 

force.7  

 

Biology of receptors found in SNAPS 

 The results of the SNAPS assay has identified additional switch-like 

proteins for future thesis projects. For instance CD44 has a large number of splice 

variants, some of which have been implicated in cancer pathogenesis.278,279 

SNAPS can be used to test the proteolysis rates in variants and compare it to the 

standard splice variant. There are also additional proteins of interest identified in 

the SheddomeDB that were not tested in SNAPS.8 This future work would support 

the hypothesis that switch-like proteolysis is a general behavior of cell surface 

receptors and occurs in a diverse range of protein domains. 

 Furthermore, a collaboration with a pharmacology lab could also be formed 

to create and test conformation-specific antibodies for the switch-like proteins 

identified in this study. SNAPS would allow for easy, sensitive, and high-throughput 

testing that is necessary for drug screens. Development of conformation-specific 

antibodies to modulate proteolysis rates of cell surface receptors has already 

shown promise in Notch38–44 and MICA,121 suggesting it could be a fruitful avenue 

to investigate. 
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Dystroglycan structure and function 

The structure of the proteolysis domain of dystroglycan is still a worthwhile 

pursuit.  It would definitively indicate where the MMP cleavage sites are located 

(are they buried like the ADAM10 site is in the Notch NRR?), how the cad-like 

domain plays a role in protecting that region, and whether the domain is structurally 

similar to the NRR domain in Notch. The recent structure of protocadherin-15 

described in Chapter 4 will aid in defining the N- and C-terminal boundaries of the 

equivalent of dystroglycan domain. The fairly new mammalian cell line that they 

used (Expi293F) could also provide the expression and minimal glycosylation 

necessary for successful structure determination by x-ray crystallography. 

A mouse model with the C669F mutation could also be created to further 

test how dystroglycan proteolysis rates affect development and cell function. The 

mouse can be compared to the other muscular dystrophy mouse models that are 

currently available, such as the Mdx mouse and the mouse with the S654A 

mutation that developed muscular dystrophy.197  

 

Polycystin biology 

 Understanding the putative mechanosensation of PC1 would broaden the 

range of known cell surface receptors that use proteolysis to convey mechanical 

stimuli. The preliminary cell studies performed here could be elaborated to include 

monitoring signaling pathways that are involved in ADPKD93 in live cells, such as 

mTORC1244 and AP-1.245 We could also create a luciferase-based reporter assay 
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by fusing Gal4 to the C-terminal tail in PC1, similar to our SNAPS constructs from 

Chapter 3. 
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