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New Tools to Probe Notch Signal Transduction 

 

Abstract 

This dissertation presents approaches to reconstitute and observe specific 

biochemical events fundamental to Notch signaling. The Notch pathway is an 

example of direct cell-cell communication that governs cell fate during development 

and homeostasis in metazoans (Artavanis-Tsakonas et al., 1995; Artavanis-

Tsakonas et al., 1999). Recent work (Gordon et al., 2015; Langridge and Struhl, 

2017) suggests that Notch receptors are activated in response to the application of 

mechanical force by bound ligand. This thesis focuses on new methods to deliver, 

modulate, and analyze the effect of applied force to Notch receptors, or their isolated 

mechanosensors. 

In Chapter 2, I develop a multiplexed single-molecule flow-extension sorting 

technique to identify singly-tethered substrates, and perform single-molecule 

enzymology with tobacco etch virus N1a protease and ADAM17. In Chapter 3, I 

carry out preliminary optical trapping experiments on the Notch1 mechanosensitive 

domain, and observe discontinuities in some of the force-extension curves. These 

features may be attributable to unfolding transitions, such as disengagement of the 

autoinhibitory interface that masks the metalloprotease cleavages site (S2), or 

unfolding of the HD domain. In Chapter 4, I describe the construction and 
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functional testing of a Delta-like ligand 4 (DLL4) chimeric protein that acts as a 

building block for a two-component system (designed by David Baker and co-

workers (Ben-sasson, 2019)) that self-assembles into hexagonal protein arrays. This 

DLL4 chimeric “A” component can bind to Notch1 on cells, and form polymeric 

arrays with its “B” component partner. Arrays formed with the DLL4 chimera 

suppress Notch1 receptor endocytosis, and interfere with entry of the DLL4 

chimeric protein into Notch1-expressing cells. 
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Chapter 1 

Introduction 
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1-1 Contact-dependent surface receptor signaling 

Carefully coordinated cell-to-cell communication is essential for multicellular 

organisms. This coordination between cells is essential to pattern the embryo, and 

to form tissues and organs.  Thus, cellular signaling is the language governing one 

of the most fundamental principles in biology, the ability of “one group of cells to 

change the behavior of an adjacent set of cells, causing them to … change fate” 

(Perrimon et al., 2012). 

In the organism, each cell senses its environment using a large assortment of 

membrane-localized surface receptors that interact with molecular components of 

the extracellular space. Ligands for surface receptors can be soluble in the 

interstitial fluid, immobilized in the extracellular microenvironment, or presented 

on the surface of neighboring cells. Soluble ligands, like growth factors and 

hormones, can simply bind and exert a response on their receptor(s). Immobilized 

ligands in the extracellular matrix (ECM) or on neighboring cells rely on contact-

dependent signaling, which is often called juxtracrine signaling when the ligand is 

presented by an adjacent cell (Gilbert, 2000). 

Archetypal examples of contact-dependent signaling pathways include the 

immunological synapse formed by either T cell receptor (Alcover et al., 2018; Gaud 

et al., 2018) or B cell receptor (Dal Porto et al., 2004; Pierce and Liu, 2010), cell-cell 

juxtracrine signaling by Notch receptors and their Delta/Serrate/LAG-2 (DSL)A 

ligands (Artavanis-Tsakonas et al., 1995; Artavanis-Tsakonas et al., 1999) as well 

 
A The DSL is an umbrella term for all Notch ligands. The acronym is derived from D. melanogaster 
ligands Delta and Serrate, and the Caenorhabditis elegans ligand LAG-2. 
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as Eph (erythropoietin-producing hepatocellular) receptors and ephrin ligands 

(Himanen and Nikolov, 2003; Kania and Klein, 2016), adhesion signaling through 

cell-cell interactions of the cadherin family of proteins (Leckband and de Rooij, 

2014; Lecuit and Yap, 2015), and cell-cell or cell-matrix interactions of integrins  

with their diverse ligands (Hynes, 1987, 2002; Luo et al., 2007; Tamkun et al., 

1986). 

In both soluble and contact-dependent signaling, ligand binds to receptor and 

the ligand-receptor complex can transduce signal by one or more of the following 

biochemical processes (Lee and Yaffe, 2016): conformational change (Lee et al., 

1995; Venkatakrishnan et al., 2016; Weis and Kobilka, 2018), change in oligomeric 

state (Carraway and Cantley, 1994; Schlessinger, 1988, 2000), change in sub-

cellular localization [for example, into privileged membrane microdomains  or cell-

cell synapses (Cantrell, 2015; Harder and Simons, 1997; Hemler, 2005; Maxfield, 

2002), and signaling from an endosomal compartment (Di Guglielmo et al., 1994; 

Lefkowitz and Shenoy, 2005; Slessareva et al., 2006)], post-translational 

modification [phosphorylation of Smoothened (Jia et al., 2004) downstream of 

Hedgehog ligand binding to its receptor Patched, in Hedgehog signaling (Ingham 

and McMahon, 2001); phosphorylation of LRP5/6 (Tamai et al., 2004) upon Wnt 

ligand binding to the LRP5/6B and Frizzled coreceptor in Wnt/β-Catenin signaling 

(MacDonald et al., 2009)], and regulated proteolysis [sequential proteolysis of the 

Notch receptor, first in its ectodomain by ADAM10 (Pan and Rubin, 1997) and then 

by intramembrane proteolysis by the γ-sectrease complex (Mumm et al., 2000)].  
 

B LRP5/6 = (LDLR)-related protein 5/6 
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For many examples of contact-dependent signaling, mechanical cues derived 

from the ligand are integral to the signal (Sachs, 2018). For example, for the ECM 

mechanical signals are commonly related to the materials properties of the matrix, 

like stiffness (DuFort et al., 2011; Ingber et al., 2014). Alternatively, cues can be 

inherent to the microenvironment itself, one example being the shear forces that 

blood exerts on vascular endothelium (Gimbrone and Garcia-Cardena, 2013). The 

mechanical cue can also be directly generated by the sending cell, such as when a 

DSL ligand stimulates a Notch receptor in an endocytosis-dependent manner 

(Langridge and Struhl, 2017; Meloty-Kapella et al., 2012; Wang, 2005; Wang and 

Struhl, 2004).  

This dissertation is primarily concerned with developing new tools to study 

juxtacrine Notch signaling at the single-molecule level (Chapters 2 and 3) and in 

cell-based assays (Chapter 4).  
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1-2 Notch signaling is mechanically gated  

A wing phenotype denoted ‘perfect notched’ was first described by Dexter 

(Dexter, 1914) and the evidence pointing to the existence of a gene responsible for 

the ‘notch’ phenotype in Drosophila melanogaster was reported shortly thereafter by 

Morgan (Morgan et al., 1919). Subsequently, the gene encoding Drosophila Notch 

was cloned both by Wharton, Artavanis-Tsakonas and coworkers (Wharton et al., 

1985) and independently by Kidd, Kelley, and Young (Kidd et al., 1986). In humans, 

NOTCH1 (initially called TAN-1) was cloned from a locus on chromosome 9 

associated with a t(7;9)(q34;q34.3) translocation found in a case of acute T cell 

lymphoblastic leukemia (T-ALL) (Ellisen et al., 1991). 

Notch signaling is a direct, linear juxtacrine pathway without a signal 

amplification step. Notch signaling requires cell-cell contact, because both Notch 

receptors and DSL ligands are type-1, single-pass transmembrane proteins. Ligands 

activate Notch if presented by a neighboring cell (in ‘trans’) and are typically 

inhibitory when presented in the same cell (in ‘cis’). A DSL ligand is thus on a 

signal-sending cell and the Notch receptor is on the signal-receiving cell.  

The key biochemical events required for Notch signal transduction are: (i) ligand 

binding, (ii) ligand endocytosis, (iii) relief from autoinhibition, (iv) metalloprotease 

cleavage, (v) intramembrane proteolysis, and (vi) transcriptional activation (Arnett 

et al., 2018) (Figure 1-1); for a mechanistic review see Henrique and Schweisguth 

(Henrique and Schweisguth, 2019), as well as several reviews from the perspectives  
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Figure 1-1. Overview of Notch signaling components. The sending cell (top) is 

shown with its cytoplasm (gray) and plasma membrane (brown double line with 

hashes), followed by an extracellular space (white) in the middle, and a receiving 

cell (bottom) that also depicts a nuclear envelope (brown broken double line with 

hashes) and nucleoplasm (light yellow). (Top, sending cell) On the sending cell, 

the two classes of DSL ligands (Delta in light green and Jagged in dark green) are 

shown, with individual domains as indicated. The sending cell also depicts Mind 

bomb 1 with its MZM-Rep (browns), ANK (gray), and RNG domains (gray circles, 

RNG3 has catalytic activity). (legend continued on next page) 
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Figure 1-1 (continued) 

(Bottom, receiving cell) On the receiving cell, the Notch receptor (yellow, reds, 

blue), ADAM10 metalloprotease, and γ-secretase complex are depicted. The N-

terminal Notch extracellular domain (NECD) is composed of two regions: the EGF 

repeat domain (yellow) the negative regulatory region (NRR) with LNRs (yellow-

orange-red) and HD-N/C (maroon-purple). After the transmembrane domain, the C-

terminal intracellular portion of Notch (ICN; blue) is depicted in the cytoplasm with 

RAM, ANK, TAD, and PEST regions indicated. Notch also contains three proteolytic 

sites: site S1 (cut by furin during maturation), site S2 (cut by ADAM10), and site S3 

in the TM (cut by γ-secretase). Mature ADAM10/17 metalloprotease is shown with 

extracellular catalytic MP (light blue) and regulatory DC (dark blue) domains, a 

transmembrane segment, and a cytoplasmic tail. The four-component γ-secretase 

complex contains Presenilin (PS2) the catalytic aspartyl protease subunit (light 

blue), Aph-1 (gray-blue), Pen-1 (teal), and Nicastrin (dark blue). (Bottom, 

receiving cell nucleus) Left: the “off” state at a Notch-dependent transcription 

site, showing RBPJ (magenta) bound to a transcriptional co-repressor (gray circle) 

on DNA. Right: the “on” state with ternary DNA binding complex containing ICN 

(blue), RBPJ (magenta), and MAML (orange) along with a CBP/p300 co-activator. 

Abbreviations in Figure 1-1 legend: EGF, epidermal growth factor; LNR, Lin-12/Notch Repeat; HD, 
heterodimerization; MZM-Rep, Mib-Herc2, ZZ, Mib; RNG, really interesting new gene; ADAM, a 
disintegrin and metalloproteinase; PEN1, presenilin 1; Aph-1, anterior pharynx-defective 1; Pen-2, 
presenilin enhancer 2; RAM, RBPJ-associated molecule; ANK, ankyrin domain; TAD, transcription 
activation domain; PEST, Pro/Glu/Ser/Thr domain; RBPJ, Recombining binding protein suppressor 
of hairless; MAML, mastermind-like; CBP, CREB binding protein.   
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of genetics, development, structural biology, and etiology of disease (Bray, 2006; 

Gordon et al., 2008; Guruharsha et al., 2012; Kopan and Ilagan, 2009; Masek and 

Andersson, 2017; Siebel and Lendahl, 2017). 

 There are 5 DSL ligands in humans: three homologs of D. melanogaster 

Delta, called Delta-like 1 (DLL1), Delta-like 3 (DLL3)C, and Delta-like 4 (DLL4), 

and two homologs of D. melanogaster Serrate, called Jagged1 (JAG1) and Jagged2 

(JAG2). All DSL ligands contain an N-terminal MNNL domain (or C2 domain), a 

DSL domain and 6–16 EGF repeatsD in their extracellular portions. Jagged ligands 

are distinguished by an additional membrane-proximal von Willebrand Factor type-

C domain (VWC). The MNNL and DSL domains are minimally required for DLLs to 

bind Notch (step i) (Cordle et al., 2008; Luca et al., 2015; Rebay et al., 1991). A 

larger region of both the DLL and Jagged ligands, however, is required for full 

stimulation of Notch in cell-based assays (Andrawes et al., 2013). The adjacent EGF 

repeats 1–2 are required for high-affinity binding of Jagged ligands when the rat 

proteins are used (Cordle et al., 2008; Luca et al., 2017; Shimizu et al., 1999).  All 

DSL ligands also include short, natively unstructured cytoplasmic domains (also 

known as ‘tails’) that are essential for ligand-stimulatory, ubiquitin-dependent 

endocytosis (step ii) (Musse et al., 2012; Sun and Artavanis-Tsakonas, 1996). These 

cytoplasmic regions include recognition motifs for the E3 ligases   

 
C Delta3 has been reported to be unable to stimulate the Notch receptor (Heuss et al., 2008). 
D Delta1 and Delta4 have 8 EGF repeats. Jagged1 and Jagged2 have 16 EGF repeats. 
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Figure 1-2. Notch binding and endocytosis of DSL ligand. Step (i): ligand 

binding of DSL ligand (green ectodomain) to Notch receptor (yellow EGF region) in 

trans, with minimal binding interface indicated in red. Step (ii): Mind bomb 1 

ubiquitylation of DSL ligand tail, and ligand endocytosis while engaged with Notch 

in trans, with regions required for maximum stimulation highlighted in red.  
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Mind bomb (Lai et al., 2005) and Neuralized (Lai et al., 2001), which can catalyze 

transfer of ubiquitin to the tails (Itoh et al., 2003; McMillan et al., 2015). In 

mammalian systems, Mind bomb 1 appears to be the most important E3 ligase in 

Notch signal transduction (Koo, 2005; Koo et al., 2007). 

There are four orthologs of Drosophila Notch in humans. Each of the human 

receptors has between 29–36 epidermal growth factor-like (EGF) repeats. In 

Notch1, as in Drosophila Notch, ligand binding requires the presence of EGF 

repeats 11–12. Additional EGF repeats (starting with EGF repeat 8), however, are 

required for full activation of Notch1 in cellular signaling assays (Andrawes et al., 

2013; Xu et al., 2005). C-terminal to the EGF region, there is a negative regulatory 

region (NRR) which folds into a globular tertiary structure consisting of several sub-

domains: three Lin-12/Notch repeats (LNR-A, -B, and -C) (Vardar et al., 2003) and a 

heterodimerization domain (HD) (Gordon et al., 2009a; Gordon et al., 2007; Gordon 

et al., 2009b; Xu et al., 2015). The HD domain is cleaved at site S1 by the furin 

metalloprotease, leading to its division into HD-N and HD-C subdomains after 

processing (Blaumueller et al., 1997; Logeat et al., 1998). The HD domain contains 

the site S2 (Notch1 P1’ residue is Val1721) that is cleaved by an ADAM (a 

disintegrin and metalloproteinase) family protease after ligand stimulation (step iv) 

(Brou et al., 2000; Weng et al., 2004). The S2 site is buried in the basal, 

autoinhibited state of the receptor (Gordon et al., 2007; Greenwald and Seydoux, 

1990; Kopan et al., 1996), in which the LNRs stabilize the HD and directly mask the 

cleavage site (Tiyanont et al., 2011; Tiyanont et al., 2013).   
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Figure 1-3. Ligand dependent relief of autoinhibition and S2 proteolysis of 

Notch receptor. Step (iii): Ligand dependent exposure of site S2 (red highlight) 

within the negative regulatory region (NRR, yellow/orange/red-maroon/purple). 

Transition of NRR from well-defined autoinhibited (closed, compacted) to an ill-

defined activated (opened, extended) state where extension is shown by unbinding 

of all three LNR repeats from HD. Step (iv): Proteolysis of site S2 by mature 

ADAM10 (blue). 
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 Ligand-dependent exposure of S2 (step iii) is also thought to depend on the 

concurrent delivery of mechanical force to the ligand-bound Notch protein. 

Published data suggest that approximately 5 pN of tensile force is sufficient to 

expose S2 in vitro (Gordon et al., 2015). Additional studies suggest that a value ≤ 9 

pN of mechanical tension is necessary to activate ligand-bound Notch in cell culture 

(Chowdhury et al., 2016; Seo et al., 2016; Wang and Ha, 2013) and in flies 

(Langridge and Struhl, 2017). After S2 cleavage, intramembrane proteolysis at site 

S3 (Notch1 P1’ residue Val1744) is catalyzed by the γ-secretase complex (step v) 

(Mumm et al., 2000; Struhl and Adachi, 1998), releasing the intracellular Notch 

(ICN) from the plasma membrane. 

The transcriptional-induction activity of ICN after transit from membrane to 

nucleus (step vi) is responsible for the effect of the pathway on cell identity and cell 

fate. ICN is an accessory transcription factor that regulates gene expression 

(Lecourtois and Schweisguth, 1998; Schroeter et al., 1998; Struhl and Adachi, 1998) 

as part of a core three-component complex (Nam et al., 2006; Wilson and Kovall, 

2006) that includes ICN, the DNA binding protein RBPJ (Recombining binding 

protein suppressor of hairless; also known as CSLE), and mastermind in flies 

(Petcherski and Kimble, 2000) or a Mastermind-like (MAML) transcriptional co-

activator in mammals (Wu et al., 2000; Wu et al., 2002). ICN contains four domains, 

two of which, the RBPJ-associated module (RAM) and the ankyrin repeat (ANK)  

 
E CSL is an acronym of CBF1/RBPJ, Suppressor of Hairless (Su(H), LAG-1 that is derived from 
orthologous protein names from Humans, D. melanogaster and C. elegans. 
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Figure 1-4. S3 Intramembrane proteolysis of Notch and intracellular Notch 

activity. Step (v): Regulated intramembrane proteolysis of the Notch 

transmembrane domain at site S3 by the γ-secretase complex. Explicit depiction of 

RBPJ and co-repressor at an arbitrary inactive locus (off-state). Step (vi): Nuclear 

translocation of ICN, assembly of the Notch nuclear transcription complex (NTC) 

with RBPJ, MAML1 and p300, and depiction of an arbitrary active locus (on-state). 
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domains, directly participate in forming the three-component core DNA binding 

complex (Figure 1-4, right). 

The last two domains of ICN are called the transcription activation domain 

(TAD) and proline/glutamine/serine/threonine-rich domain (PEST), where TAD 

binds co-activators (like CBP/p300) in the nucleus to regulate transcription and 

PEST regulates turnover and degradation. ICN-dependent nuclear activity leads to 

expression of various genes, and depends on many other cofactors for its activity 

(Bray, 2006). One well described class of canonical Notch target genes are the HES 

[Hairy, enhancer of split E(spl)] family of basic-helix-loop-helix transcription factors 

(Barolo and Posakony, 2002; Davis and Turner, 2001; Fischer and Gessler, 2007; Iso 

et al., 2003). ICN has a short half-life and its turnover is regulated by E3 ligases 

(Lai, 2002). 

There is a large and diverse community of scientists studying Notch 

signaling. This field originated in fruit flies and, in 2019, Notch signaling is not only 

the subject of intense investigation in developmental biology, but also oncology, 

drug discovery, systems biology, and biophysics. In this work, I focus on the first 

three steps in Notch signaling: (i) ligand binding, (ii) ligand endocytosis, and (iii) 

relief of autoinhibition. The studies reported here use both single-molecule 

biophysics and fluorescence imaging with an emphasis on the development of new 

methodology.  
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1-3 Observation of contact-dependent events with force spectroscopy 

Reconstitution of a biochemical process in vitro has traditionally been a 

powerful approach to probe mechanism in biology (Liu and Fletcher, 2009). In 

particular, reconstitution of a process can demonstrate what components are 

minimally sufficient for a certain biological activity. For contact-dependent 

processes, like Notch signaling (Section 1-2), reconstitution of certain signaling 

events requires the use of a surface of some kind, like an immobile dish or coverslip 

or dispersed colloidal particleF. Notably, adhesive interactions have been studied by 

binding ligand on a coverslip surface and measuring the frequency of bound 

lymphocytes or bacteria (Alon et al., 1995; Thomas et al., 2002). 

Early mechanistic studies (Fehon et al., 1990) showed that Notch-expressing 

cells aggregate specifically with Delta-expressing cells, and that Notch and Delta 

can interact within the membrane of a single cell. Later studies (Klueg and 

Muskavitch, 1999; Parks et al., 2000) found that the extracellular portion of Notch 

could undergo trans-endocytosis into ligand-expressing cells, leading to the idea 

that bound ligand might apply mechanical force to the receptor in order to activate 

it. A number of studies have since focused on the question of whether Notch 

proteins are mechanosensors, and on the related question of how signal-sending 

cells might deliver a pulling force to the bound receptor (see below). 

Single-molecule force spectroscopy methods have been used to probe a 

number of events in contact-dependent signaling, including von Willebrand Factor 
 

F A colloid is broadly defined to include liposomes as well as inorganic particles (for example, 
quantum dots, iron oxides, silica, and gold nanoparticles) and organic particles (for example, 
crosslinked polystyrene beads) 
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proteolysis under shear stress (Zhang et al., 2009), collagen proteolysis under 

tension (Adhikari et al., 2011), adhesive properties of selectins (Marshall et al., 

2003), T cell receptor complex signal transduction (James and Vale, 2012), focal 

adhesion signaling through talin (Yao et al., 2016), receptor-ligand adhesion (Luca 

et al., 2017), and Notch receptor proteolysis (Gordon et al., 2015). 

Common techniques (for a review, see: (Neuman and Nagy, 2008)) include 

single-particle tracking (Betzig and Chichester, 1993; Geerts et al., 1987), laser 

tweezers (Ashkin, 1970), atomic force microscopy (Binning, 1988), magnetic 

tweezersG (Smith et al., 1992), recent innovations of centrifugal force microscopy 

(Halvorsen and Wong, 2010) and acoustic force spectroscopy (Sitters et al., 2014), 

and highly specialized biomembrane force probes (Evans et al., 1995). Single-

molecule approaches are uniquely suited to study dynamics of sub-populations that 

are lost in ensemble measurements, also termed ‘in bulk.’ 

Early single-molecule biophysicalH studies almost exclusively relied on 

surface binding or bead tethering as a means to readout a process that normally 

occurs in bulk solution, by using spectroscopy (Ha et al., 1996; Lu et al., 1998), or 

tethered particle motion (TPM) (Manson et al., 1980; Schafer et al., 1991). Other 

approaches have been used to measure physical properties of biomolecules, often 

not necessarily inherent to their biological activity. Examples include the stretching   

 
G Considered an initial report of a single-molecule magnetic tweezers experiment, considering that 
magnetic manipulation of cells magnetic materials is much older (Crick, 1950). 
 
H As opposed to early single-molecule measurements. Note that the first condensed phase single-
molecule experiments were pure physical chemistry, using spectroscopy (Moerner and Kador, 1989; 
Orrit and Bernard, 1990). 
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Figure 1-5. Several common single-molecule techniques. A, Tethered particle 

motion (TPM) experiment at equilibrium, depicting a globular protein (red) 

attached to two DNA molecules (black) bound to a PEG-passivated glass coverslip 

(gray rectangle) a gold nanoparticle (orange sphere) through antibody-based 

linkages. The position of the bead is monitored by 2-D or 3-D single-particle 

tracking of video microscopy images recorded with fluorescence for gold 

nanoparticles (also quantum dots), or if using microparticles with visible light 

(scattering or transmitted). The length of the captured substrate is inferred from its 

confined Brownian motion (indicated by the brackets). Laminar flow (not shown) 

can also be applied to exert force parallel to the (legend continued on next page) 
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Figure 1-5 (continued) 

surface. B, Magnetic tweezers, showing a superparamagnetic polystyrene microbead 

(brown sphere) bound to a protein/DNA substrate (red/black) tethered to a PEG-

passivated glass coverslip (gray) with two permanent rare-earth magnets 

(white/black cubes) exerting a magnetic pulling force (FB) normal to the coverslip 

surface, induced by a magnetic field gradient parallel to coverslip surface. Pulling 

force is applied in a controlled manner by varying the position of the magnet 

relative to the surface, with a micrometer or a piezoelectric actuator. Torque can 

also by applied by rotation of the magnets. C, Atomic force microscopy (AFM), 

showing flexible cantilever equipped with a sharp tip (often gold, with a ~10 nm 

point) bound to a protein/DNA substrate (red/black) captured on a planar surface, 

where force is applied by changing the z- position of the surface is controlled by a 

piezoelectric actuator. Position of the cantilever is monitored by deflection of laser 

light onto a quadrant photodiode. D, Laser tweezers (or optical trapping) shown 

with a two-trap configuration (also called a dumbbell assay) with protein/DNA 

substrate (red/black) that binds to the beads. Typically, polystyrene microbeads 

(gray spheres) are captured by a focused infrared laser, and the displacement of the 

bead from the focal point of the laser is monitored, often with backplane 

interferometry. A pulling force (F) is exerted by controlling the position of one trap 

(right) relative to another fixed trap (left), with a piezoelectric actuator mounted 

mirror. Figure 1-5 has been adapted from (Walter et al., 2008).  
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or twisting of double-stranded DNA with an optical trap (Smith et al., 1996) or 

magnetic tweezers (Strick et al., 1996), the monitoring of folding and unfolding 

landscapes of RNA using optical traps (Liphardt et al., 2001), or the evaluation of 

protein structural transitions by atomic-force spectroscopy (AFM) (Rief et al., 1997). 

AFM has also been used for studying polysaccharides under tension (Marszalek et 

al., 2002; Marszalek et al., 1998). Additionally, tethered particle motion (Chung and 

Li, 2013; Fan and Li, 2009; Schafer et al., 1991; Yin et al., 1994) and flow-extension 

(Tanner et al., 2009; van Oijen et al., 2003) experiments have been used to report on 

length changes of biopolymers using single-molecule enzymology and biophysics. 

Now that the single-molecule toolkit is reaching maturity (Neuman and Nagy, 2008; 

Selvin and Ha, 2008; Walter et al., 2008), it is more commonplace for such 

approaches to be used to address biological questions that are not readily resolved 

by another method. 

Magnetic tweezers are capable of measuring substrate length changes, as 

well as, for example, monitoring enzymatic activity of hydrolases (Gambino et al., 

2015; Ramanathan et al., 2009; Seidel et al., 2004), helicases (Dessinges et al., 

2004), topoisomerases (Strick et al., 2000), and polymerases (Maier et al., 2000). 

Magnetic tweezers experiments are relatively straightforward to implement, 

capable of multiplexing (Berghuis et al., 2016; De Vlaminck et al., 2011; De 

Vlaminck et al., 2012; Janissen et al., 2014; Johnson et al., 2017; Ribeck and Saleh, 

2008), and compatible with biological forces of 0.01–100 pN using small, readily 

accessible, and inexpensive rare earth magnets (De Vlaminck and Dekker, 2012; 
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Kilinc and Lee, 2014; Sarkar and Rybenkov, 2016; Vilfan et al., 2009). The 

statistical power of multiplexing is great, but tradeoffs in spatial resolution are 

needed to observe large enough populations of events. When resolution is the focus 

of a given study, however, angstrom-level length changes have been successfully 

detected (Burnham et al., 2014; Dulin et al., 2015; Lansdorp et al., 2013). 

Additionally, precise control of the magnetic field can be used to detect unique 

particle movements (Lipfert et al., 2011), exert torque (Janssen et al., 2012; Lipfert 

et al., 2010; Lipfert et al., 2009b; Lipfert et al., 2014), and access different force 

regimes (Chen et al., 2015; Lipfert et al., 2009a; Liu et al., 2009).  

Laser tweezers (or optical trapping) has also been used to investigate a 

myriad of biochemical processes. Laser tweezers have been used to measure 

conformational changes and unfolding events for a diverse range of macromolecules,  

including DNA hairpins (Woodside et al., 2006a; Woodside et al., 2006b), folded 

RNA structures (Liphardt et al., 2001; Woodside et al., 2008), and native proteins 

(Cecconi et al., 2005; Jagannathan et al., 2012; Shank et al., 2010; Zhang et al., 

2009). Laser tweezers have also been used to characterize of numerous motors and 

processive enzymes, including the action of motor proteins on cytoskeletal filaments 

(deCastro et al., 2000; Finer et al., 1994; Walter et al., 2010; Walter et al., 2012), 

studies of the stepwise action and nascent chain folding associated with ribosomes 

(Goldman et al., 2015; Kaiser et al., 2011), and both RNA and DNA polymerases 

(Abbondanzieri et al., 2005; Fazal et al., 2015; Wang et al., 1998; Yin et al., 1995). 

Trapping experiments are extremely powerful but cannot be multiplexed – 
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measurements must be performed on literally one macromolecule at a time but have 

excellent spatial resolution in the single-digit nanometer range. 

Force-dependent events associated with contact-dependent processes have 

also been probed using engineered surfaces and molecular switches. Engineered 

surfaces have been used to vary the elastic modulus of cell culture substrate 

(Discher et al., 2005; Engler et al., 2006; Saxena et al., 2017). Likewise, a number of 

different molecular switches have been engineered to serve as tension sensors. 

These sensors include spring-like fluorescent tension-sensitive protein probes 

(Dutta et al., 2018; Grashoff et al., 2010; Mekhdjian et al., 2017; Salaita et al., 

2010), DNA switches such as tension-gated tethers (Chowdhury et al., 2016), and 

pincer-style entropic clamps (Nickels et al., 2016). 

The previously described ADAM-dependent cleavage of the Notch S2 site was 

characterized by magnetic tweezers proteolysis. This single-molecule enzymology 

experiment is notable because the kinetic parameters measured vary as a function 

of applied tensile force. Several similar reports have been published on force-

accelerated proteolysis on substrates that do not have a cryptic scissile bond: 

several characterizing MMP dependent cleavage of a short recombinant collagen 

substrate (Adhikari et al., 2011; Adhikari et al., 2012), and one other monitored 

trypsin cleavage of collagen with centrifugal force microscopy (Kirkness and Forde, 

2018). 
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1-4 Frontiers of the study of Notch signal transduction 

This introduction has highlighted of major contributions to our 

understanding of Notch signal transduction from fields of genetics, biophysics, and 

cell biology. Briefly, we emphasize recent seminal contributions. Structural biology 

continues to make progress in this field with reports of  ligand:receptor complexes 

(Luca et al., 2015; Luca et al., 2017), a mature ADAM10 ectodomain (Seegar et al., 

2017), and γ-secretase in the apo state (Bai et al., 2015; Lu et al., 2014) and as holo 

enzyme bound to a Notch substrate (Yang et al., 2019). Systems biology approaches 

have also made a major impact of late, combining experiment with theory to study 

DSL ligand dynamics (Nandagopal et al., 2018), taking inspiration from now classic 

work on cis-inhibition (Sprinzak et al., 2010). Finally, engineered “synthetic” Notch 

receptors are becoming a popular platform since they utilize the modular and 

switch-like behavior of Notch for insight into mechanism (Gordon et al., 2015; 

Langridge and Struhl, 2017), as well as cellular engineering (Hayward et al., 2019; 

Morsut et al., 2016), and genetic engineering (He et al., 2017).  

Despite numerous published studies, our understanding of the steps from 

ligand binding (i) to regulated intramembrane  proteolysis (iv) remains incomplete. 

The following questions highlight outstanding areas for inquiry: What are the 

identitiesI and biochemical properties of chaperones that direct subcellular 

localization of Notch, DSL ligand, ADAM10, and the γ-secretase complex? What is 

the stimulus for Mind bomb-dependent ubiquitylation of DSL ligand tails? During 

 
I Some of these are known, including C8 family of tetraspanins (Dornier et al., 2012), protein O-
fucosyl transferase 1 (Li et al., 2017), and furin (Gordon et al., 2009b; Logeat et al., 1998). 
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relief of autoinhibition, how much membrane invagination of a clathrin coated pit is 

required to transmit the mechanical signal to the NRR in a Notch:DSL complex – 

and why is epsin of particular importance? What is the average number of 

Notch:DSL pairs that are typically present in each clathrin coated pit event during 

the ligand endocytosis step? What is the biological importance of the described 

catch-bond behavior of the Notch1:DSL interaction? What is the molecular basis for 

ADAM10 recognition of the open NRR as a substrate?  

Some of these questions can be answered with traditional means; however, 

recent advances in imaging with structured illumination (Gao et al., 2014) and 

unbiased proximity labeling combined with mass spectroscopy (Lam et al., 2014) 

should enable characterization of many of these events. Additionally, a challenge in 

the study of Notch activation is the lack of a easily deliverable soluble factor that 

can initiate native ligand-dependent signaling, although a rapamycin induced 

initiation of a synthetic form of step (i) using chimeric FKBP-DSL ligand and FRB-

Notch receptorJ (Gordon et al., 2015), and a controlled initiation of intramembrane 

proteolysis step (iv) to release ICN for study of transcriptional events by γ-secretase 

inhibitor washout is widely used (Weng et al., 2006). 

With respect to open questions in Notch signal transduction, this thesis is 

primarily concerned with: (1) What is the molecular and biophysical basis for site 

S2 processing of Notch, and (2) What is the effect of receptor and ligand clustering 

on Notch trans-activation and cis-inhibition? Three new tools are presented towards 

 
J FRB = FRB domain of mTor. FKBP = FK506 binding protein. Rapamycin is a small molecule that 
induces a ternary complex of FRB:rapamycin:FKBP 
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answering those questions. To investigate the first question, I explore the use of two 

tools. In Chapter 2, I present a multiplexed, highly sensitive, robust method to 

reconstitute ADAM-dependent proteolysis at site S2 in a bead-tethered assay with 

magnetic tweezers, and then in Chapter 3 I provide preliminary studies using high 

resolution laser tweezers force-spectroscopy of the NRR. To investigate the second 

question, in Chapter 4 I use a two-component array-forming protein material (Ben-

sasson, 2019) to cluster DLL4 for study.  
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2-1 Abstract 

Regulated proteolysis of signaling proteins under mechanical tension enables 

cells to communicate with their environment in a variety of developmental and 

physiologic contexts. The role of force in inducing proteolytic sensitivity has been 

explored using magnetic tweezers at the single-molecule level with bead-tethered 

assays, but such efforts have been limited by challenges in ensuring that beads are 

not restrained by multiple tethers. Here, we describe a multiplexed assay for single-

molecule proteolysis that overcomes the multiple-tether problem using a flow 

extension (FLEX) strategy on a microscope equipped with magnetic tweezers. 

Particle tracking and computational sorting of flow-induced displacements allows 

assignment of tethered substrates into singly-captured and multiply-tethered bins, 

with the fraction of fully mobile, single-tethered substrates depending inversely on 

the concentration of substrate loaded on the coverslip. Computational exclusion of 

multiply-tethered beads enables robust assessment of on-target proteolysis by the 

highly specific tobacco etch virus protease and the more promiscuous 

metalloprotease ADAM17. This method should be generally applicable to a wide 

range of proteases and readily extensible to robust evaluation of proteolytic 

sensitivity as a function of applied magnetic force. 
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Figure 2-1. Cover art for Biochemistry May 2019.  

Image credit: Andrew Anthony Drabek and Sara Anne Irene Drabek. © 2019 

American Chemical Society. (legend continued on next page) 
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Figure 2-1 (continued) 

The cover illustration depicts trajectories for individual, fully mobile beads held by a 

single tether in a single-molecule flow-extension experiment. Under flow, DNA 

tethered beads move from their initial position on the left to their extended position 

at the right. The background shows the pixels corresponding to a single bead from 

the first frame of the experiment, highly-magnified from a darkfield microscopy 

image. 
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2-2 Introduction 

Force-dependent proteolysis of tension-sensing domains is a fundamental 

mechanism for signal transduction in biology (Haining et al., 2016; Henrique and 

Schweisguth, 2019; Sadler, 2005; Wirtz et al., 2011). For example, in response to 

shear forces in the vasculature, von Willebrand Factor undergoes proteolysis in its 

force-sensing domain to regulate blood clotting (Tsai, 1996; Zhang et al., 2009). At 

sites of cell-cell contact, a mechanosensing domain in the Notch receptor undergoes 

regulated proteolysis in response to tension applied by bound ligand, influencing 

cell fate decisions during development (Gordon et al., 2015; Langridge and Struhl, 

2017; Parks et al., 2000). In the cellular response to the extracellular matrix, force-

induced cleavage of talin is essential for mechanosensation and the adhesion 

response (Franco et al., 2004; Saxena et al., 2017). 

Given the importance of force-dependent proteolysis in biological signaling, 

we sought to develop a robust, single-molecule assay for proteolytic cleavage that 

can be readily adapted for probing proteolytic sensitivity in response to force. In this 

regard, single-molecule magnetic tweezers methods enable direct, multiplexed 

observations of tension-dependent biochemical processes, in cell-based assays or in 

purified systems in vitro (Vilfan et al., 2009). These approaches typically rely on the 

capture of a substrate between a probe and anchor surface, normally a colloidal 

bead and glass coverslip, respectively. One problem that can confound these assays 

is the simultaneous capture of one bead by more than one immobilized substrate 

molecule, the so called “multiple-tether problem,” which has not been directly 
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accounted for in previous multiplexed single-molecule proteolysis studies (Adhikari 

et al., 2011; Gordon et al., 2015; Kirkness and Forde, 2018). 

To address the multiple tethering problem, Dekker and coworkers used 

micropatterning to separate anchor points based on the contour length of a simple 

DNA substrate. Although the approach enriches for single tethers, it does not 

eliminate multiply tethered particles (De Vlaminck et al., 2011). In studying 

unzipping of DNA nanoswitches, Wong and colleagues used tethered particle motion 

and a length change signature to perform sorting for centrifugal force spectroscopy 

(Yang et al., 2016). This approach is highly specialized, however, and requires 

complex custom instrumentation that is not yet commercially available. 

We present here a simple, readily accessible approach to identify 

monovalently tethered substrates for single-molecule enzymology and force 

spectroscopy, and apply our method to visualize single-molecule proteolysis in real 

time using a standard, inverted microscope equipped with magnetic tweezers 

(Figure 2-2). We capture beads onto chip-bound protease substrates in a 

microfluidic chamber, and computationally sort tracked substrate-tethered beads 

that are flow-stretched, showing that characteristic displacements under flow, or 

flow extension (FLEX) signatures, are a reliable method to identify beads tethered 

to a single substrate molecule. We then demonstrate specific proteolysis of bead-

tethered substrates for two different classes of proteases. This technique should be a 

universal approach to sort putative substrates for a wide range of proteases, or 

other hydrolytic enzymes, and should be applicable to studies investigating 
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proteolytic sensitivity as a function of force as well as to classic force-clamp 

spectroscopy experiments measuring the strength of adhesion bonds.
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Figure 2-2. Schematic of the flow extension (FLEX) cleavage assay. Details of 

the FLEX approach are described in the text. FB, magnetic force; FD, drag force; L0, 

contour length. 
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2-3 Materials and Methods 

Chemicals. Sulfo-SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl)-

cyclohexane-1-carboxylate; 22322), and APMA (4-aminophenylmercurial acetate; 

A9563) were from Sigma. BB-94, or batimastat, was from Calbiochem (196440). 

NeutrAvidin (31000) was from Thermo Fisher. The anti-digoxigenein Fab was 

purchased from Roche (11214667001). Nano-strip was from KMG (210034). Key 

reagents for the single-molecule working buffer were bovine serum albumin, heat 

shock fraction (A7906) and Pluronic F-127 (P2443) from Sigma. M-280 Tosyl 

activated Dynabeads (14203) were from Invitrogen. SDS-PAGE analysis was 

performed with either Bolt 4-12% Bis-Tris Plus gels (Life Technologies, 

NW04125BOX) or 4-20% tris-glycine gels (Bio-Rad, 456-1096). Denaturing PAGE of 

oligonucleotides and their conjugates was performed with Novex 15% TBE-Urea 

gels (Life Technologies, EC6885BOX). PD-10 desalting columns were from GE 

(95017-001). P-6 (7326221) and P-30 (7326223) Micro Bio-Spin columns were 

obtained from Bio-Rad. 

Lambda (λ) DNA dam(-) was purchased from New England Biolabs (N3013L). 

3-aminopropyltrimethoxysilane was purchased from Sigma (281778-100ML) and 

stored under Argon at 4 °C. Methyl-PEG5000-succinimidyl valerate (mPEG5000-

SVA) and biotin-PEG5000-SVA (bioPEG5000SVA) were acquired from Laysan 

Biosciences and stored dessicated at -20 °C. 

Enzymes. T4 polynucleotide kinase (M0201S), T4 DNA ligase (M0202S), 

XbaI (R0145L), and XhoI (R0146S) were obtained from New England Biolabs. The 
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enhanced activity SrtA pentamutant was expressed and purified from bacteria 

using the pET29-eSrtA vector (Addgene, #75144) as previously reported (Dorr et al., 

2014). TEV NIa protease was also expressed recombinantly in bacteria using the 

pTrc-7H-PRO plasmid and purified as described (Parks et al., 1995). The catalytic 

domain of ADAM17 (residues 215–477) was isolated after recombinant expression of 

its precursor form (1–477) with a C-terminal hexahistidine tag using a baculovirus 

expression system in insect cells. Purification was carried out in the presence of 

APMA as described (Milla et al., 1999). Enzyme activity was confirmed in bulk 

solution using a fluorogenic substrate (Mca-PLAQAV-Dpa-RSSSR-NH2; R&D 

systems, ES003) (Minond et al., 2012). Enzymes were snap frozen and stored at -80 

°C in aliquots before use. 

Custom synthesized biopolymers Oligonucleotides listed in Table 2-1 

were custom synthesized from Integrated DNA Technologies (IDT). Peptides listed 

in Table 2-1 were custom synthesized from Genscript and supplied at 95% 

minimum purity. SMCC-activated amine-oligonucleotides (activated 

oligonucleotides, Table 2-1) were produced by mixing sulfo-SMCC (7.5 mM, 

dissolved in dimethylformamide) with 300 µM amino-oligonucleotide at 25 °C in 10 

mM phosphate buffer, pH 7.2, containing 150 mM NaCl (PBS). After a 3–5 h 

reaction time, the activated oligonucleotide was purified away from residual free 

crosslinker on a PD-10 desalting column(s) pre-equilibrated in PBS, concentrated on 

a 3 kDa molecular weight cutoff centrifugal filter, and used immediately for peptide 

conjugation.
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Table 2-1. Peptides, oligonucleotidesa, oligonucleotide-peptide conjugatesb, 

and fluorogenic peptides used in this study. 

Biopolymer ID Sequence Description Source 

peptide 1 H2N-GGG[K-(5-

FAM)]GC-COOH 

Sortase donor 

peptide with ε-[5-

amino-fluorescein 

(5-FAM)]-Lys (6aa) 

Genscript 

peptide 2 H2N-

CNIPYKIEAVQSLP

ATGGH-COOH 

Human Notch1 S2 

containing peptide 

(19aa) 

Genscript 

peptide 3 H2N-

CGENLYFQGLPRT

GGH-COOH 

TEV consensus 

containing peptide 

(16 aa) 

Genscript 

oligo-peptide 

conjugate 1 

(1) 

H2N-GGG{K-(5-

FAM)}G{C-[SMCC-

HN-(oligo 1)-3’]}-

COOH 

Polyglycine-

oligonucleotide 

Sortase donor 

peptide 

(6 aa-17 nt) 

This 

study 
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oligo-peptide 

conjugate 2-N 

(2) 

H2N-

CNIPYKIEAVQSLP

AT-GGG[K-(5-

FAM)]G{C-[SMCC-

HN-(oligo 1)-3’]}-

COOH 

Notch1 S2 oligo-

peptide conjugate, 

intermediate 

(20 nt-23 aa-17 nt) 

This 

study 

oligo-peptide 

conjugate 2-T  

(2) 

H2N-

CGENLYFQGLPRT-

GGG{K-(5-

FAM)}G{C-[SMCC-

HN-(oligo 1)-3’]}-

COOH 

TEV oligo-peptide 

conjugate, 

intermediate 

(20 nt-19 aa-17 nt) 

This 

study 

oligo-peptide- 

conjugate 3-N 

(3) 

H2N-{[3’-(oligo 2)-

NH-SMCC]-C}-

NIPYKIEAVQSLPA

T-GGG{K-(5-

FAM)}G{C-(SMCC-

HN-(oligo 1)-3’)}-

COOH 

Notch1 S2 double 

oligo-peptide 

conjugate 

(20 nt-23 aa-17 nt)  

This 

study 
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oligo-peptide 

conjugate 3-T 

(3) 

H2N-{[3’-(oligo 2)-

NH-SMCC]-Cys}-

GENLYFQGLPRTG

GG[K-(5-FAM)]G{C-

[SMCC-HN-(oligo 1)-

3’]}-COOH 

TEV double oligo-

peptide conjugate 

(20 nt-19 aa-17 nt) 

This 

study 

oligonucleotide 1 /5AmMC6/GTAAAA

CGACGGCCAGT 

5’-amino-

oligonucleotide, 

from M13F 

sequencing primer 

(17 nt) 

IDT 

activated 

oligonucleotide 1 

4-(N-

maleimidomethyl)-

cyclohexane-1-amide-

HN-5’-(oligo 1) 

5’-maleimide-

oligonucleotide 1 

(17 nt) 

This 

study 

oligonucleotide 2 /5AmMC6/G*TCAGA

GGTGGCGAAACCC 

5’-amino-

oligonucleotide, 

derived from 

pUC19 vector ori 

(19 nt) * indicates 

IDT 
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phosphorthioate 

bond 

activated 

oligonucleotide 2 

4-(N-

maleimidomethyl)-

cyclohexane-1-amide-

HN-5’-(oligo 2) 

5’-maleimide-

oligonucleotide 2 

(20 nt) 

This 

study 

oligonucleotide 3 CTAGACTGGCCGT

CGTTTTAC 

5’ XbaI overhang-

containing 

bridging 

oligonucleotide, 

contains the 

reverse-

complement to 

M13F primer (oligo 

1) (21 nt) 

IDT 

oligonucleotide 4 /5DigN/CAGGGTCG

GAACAGGAGAGC 

5’-digoxigenin-

oligonicleotide 

from the pUC19 

ori, HPLC purified 

(20 nt) 

IDT 
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oligonucleotide 5 GCTTAATTAACGA

CAGGACTATAAAG

ATACCAGGCGTTT

CCCCCTGGAAGCT

CCCTCGTGCGCTC

TCCTGTTCCGACC

CTG 

Forward strand of 

the 100 bp duplex 

from pUC19 ori, 

with 3’ overhang 

complimentary to 

dig-oligonucleotide 

4, contains a 

unique PacI site 

(81 nt) 

IDT 

oligonucleotide 6 GCACGAGGGAGCT

TCCAGGGGGAAAC

GCCTGGTATCTTTA

TAGTCCTGTCGTTA

ATTAAGCGGTTTC

GCCACCTCTGAC 

Reverse strand of 

the 100 bp duplex 

from pUC19 ori 

with 3’ overhang 

complimentary to 

oligonucleotides 2 

and 8, contains a 

unique PacI site 

(80 nt) 

IDT 

oligonucleotide 7 GGGCGGCGACCT/3

BioTEG/ 

3’-biotin-

oligonucleotide 

from λ phage 

IDT 
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a Listed 5’ to 3’. Purified by desalting except where HPLC purification is 

indicated. 

b SMCC: the portion of crosslinker remaining after Sulfo-SMCC reaction with an 

amino oligo (R1) and cysteine (C) containing peptide (R2).

cohesive site, cosR 

(12 nt) 

oligonucleotide 8 CTAGGTCAGAGGTG

GCGAAACCC 

5’ XbaI overhang-

containing 

bridging 

oligonucleotide 

from pUC19 vector 

ori, for the all-

DNA substrate (23 

nt) 

IDT 
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Other materials. Tubing was PE60 (Stoelting, 51162), coverslips were No. 

1.5 VistaVision (VWR, 16004-312), double sided tape (Grace Bio-Labs, 620001), and 

1 mm quartz tops were from Technical Glass Products. 

Preparation of coverslips and flow chambers. Coverslips were prepared 

by first etching with stabilized piranha solution for 2 h, then silanized with pre-

hydrolyzed 3-(aminopropyl)trimethoxysilane in acidic methanol, and passivating by 

alkylation with PEG5000-succinimide containing two to six mol% biotinylated PEG 

(Chandradoss et al., 2014; Tanner and van Oijen, 2010). Coverslips were stored 

under vacuum before use. To generate flow cells, 15 × 5 mm channels were cut into 

double-sided tape, the tape was placed between the coverslip and a glass slide, and 

inlet and outlet ports were attached to the glass with epoxy as described (Gambino 

et al., 2016; Tanner and van Oijen, 2010) . 
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Figure 2-3. Scheme showing the route used to prepare DNA-conjugated 

peptide substrates for single-molecule proteolysis.  

(legend continued on next page)  
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Figure 2-3 (continued) 

A. Synthetic route to the double oligonucleotide-coupled peptide conjugate. Product 1 

is a polyglycine conjugate made with a fluoresceinated lysine residue and a C-

terminal thiol (green), coupled to a 5’-maleimide-oligo (magenta). Product 2 is the 

Sortase A-catalyzed conjugation of the substrate peptide containing a C-terminal 

LPXTG sortase acceptor motif (red) to the polyglycine-oligo (green-magenta). Product 

3 (boxed) is the double oligonucleotide peptide conjugate made from linking the N-

terminal cysteine of 2 to the 5’-maleimide-oligo (cyan). B. Synthesis of the 

digoxigenin-peptide-biotin substrate. Product 4 (boxed) is produced by an annealing 

and ligation reaction of a 5’ digoxigenin-containing oligonucleotide, a short (100 bp) 

DNA duplex and the N-terminal oligonucleotide end of the double oligo-peptide 

conjugate, along with simultaneous ligation of the C-terminal-end oligonucleotide to 

the XbaI-cleaved 24.0 kbp fragment of phage λ, and a terminal biotinylated 

oligonucleotide. 
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Synthesis of double oligonucleotide peptide conjugates. The oligo-

peptide conjugate (1) (Figure 2-3; oligo-peptide conjugate 1, Table 2-1; and Figure 2-

4) was synthesized by conjugation of the H2N-GGGK*GC-COOH (where the K* 

residue is ε-[5-amino-fluorescein (5-FAM)]-lysine) sortase donor peptide to a 5’-

maleimide activated 17 bp oligonucleotide (activated oligonucleotide 1 and peptide-

oligo conjugate 1, Table 2-1) (Hermanson, 2013). The conjugation reaction was 

allowed to proceed for 3 h at 22–25 °C in PBS buffer pH 7.2 (10 mM phosphate, 150 

mM NaCl) with 1 mM TCEP, containing 2 mM (~15 eq.) peptide 1 (Table 2-1) and 

130 µM (1 eq.) activated oligonucleotide 1 (Table 2-1). To purify the conjugate (1) 

(oligo-peptide conjugate 1, Table 2-1) from free peptide, the reaction was exchanged 

into in HBS buffer (25 mM HEPES, pH 7.5, 150 mM NaCl) with a gravity desalting 

column and purified by size-exclusion chromatography to apparent homogeneity as 

assessed by TBE-Urea PAGE. The conjugate was stored at -80 °C until use. The 

yield of oligo-peptide conjugate (1) from the oligonucleotide 1 starting material in 

this step is typically ~10%. 

To produce the oligo-peptide conjugate (2) (Figure 2-3; oligo-peptide 

conjugates 2-N and 2-T, Table 2-1; and Figure 2-4), conjugate (1) was coupled to the 

C-terminus of either the Notch S2 peptide (peptide 2, Table 2-1) or the TEV 

substrate peptide (peptide 3, Table 2-1) in a transpeptidation reaction using SrtA. 

The SrtA transpeptidation was performed over 4 h at 42 °C in HBS pH 7.5 with 10 

mM MgCl2 and 4 µM NiCl2 reaction buffer using 15 µM (1 eq.) of oligo-peptide 

conjugate 1 (1), 150 µM (10 eq.) peptide 2 or 3, and 15 µM (1 eq.) eSrtA, similar to 
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previously reported methods (David Row et al., 2015; Levary et al., 2011). After 

coupling, the conjugate (2) was further purified using a desalting column, which 

also was used for buffer exchange into HBS [25 mM HEPES pH 7.5, 150 mM NaCl]. 

The formation of this product was monitored, and its purity was assessed by 

appearance of a new band corresponding to this material on TBE-Urea PAGE. 

Conjugate (2) was stored at -80 °C until use. 

The double oligo-peptide conjugate (3) was formed by attaching the N-

terminal cysteine of conjugate (2) to a 5’-maleimide functionalized 20 bp 

oligonucleotide (activated oligonucleotide 2, Table 2-1), essentially as described 

above for synthesis of conjugate (1) except that activated oligonucleotide 2 was used 

in vast molar excess during this step. The Notch1 S2 and TEV double oligo-peptide 

conjugates (3) (Figure 2-3; oligo-peptide conjugates 3-N and 3-T, respectively, Table 

2-1; and Figure 2-4) were purified using size-exclusion chromatography to apparent 

homogeneity, as assessed by denaturing TBE-Urea PAGE, and were stored at -80 

°C. We estimate the yield of the double oligo-peptide conjugate (3) at ~5% from 

conjugate (2) as starting material.  
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Figure 2-4. SDS-PAGE analysis of  the double oligo-peptide conjugate 

intermediate for TEV cleavage. 15% TBE-Urea PAGE analysis showing: (A) in gel 

fluorescence of an unstained gel to detect the fluorescein label, and (B) in gel UV 

excitation fluorescence, of a SybrSafe stained gel to enable DNA detection. 

Abreviations above lanes: M, low MW DNA marker (NEB); P1, peptide 1; O1, 

oligonucleotide 1; (1)  oligo-peptide conjguate 1; (2) partially purified oligo-peptide 

conjugate 2-T; A2, activated oligonucleotide 2; (3)C crude double oligo-peptide 

conjugate 3-T; (3) double oligo-peptide conjugate 3-T.  
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Production of duplex DNA single-molecule substrates. Each double-

oligonucleotide peptide conjugate (3) was annealed to a bridging oligonucleotide 

(oligonucleotide 3, Table 2-1), a 100 base-pair 5’-digoxigenin containing sequence 

from the pUC19 ori region (oligonucleotides 4, 5, and 6; Table 2-1), an XbaI digested 

fragment from the phage λ genome (λXbaI, 23,998 base-pairs, 3.75 nM, at 250 µg 

scale), and a 3’-biotin cohesive site cosR sequence (oligonucleotide 7, Table 2-1) in 20 

mM HEPES buffer, pH 7.5 (annealing temperatures and times were similar to 

previously published methods (Kim and Loparo, 2016)). Prior to annealing, all 

annealed oligonucleotides with free 5’ ends were treated with T4 polynucleotide 

kinase in 1× PNK buffer for 1 h at 37°C and purified with a Qiagen nucleotide 

cleanup kit). The annealed assembly was ligated with 0.16 U/µL T4 DNA ligase for 

2 h at room temperature. The fully ligated substrate was purified away from lower 

molecular weight contaminants (removal of the free biotinylated oligonucleotide is 

critical) by buffer exchange into HEPES-buffered saline (HBS), pH 7.5, using a 

centrifugal filter with a molecular weight cutoff of 100 kDa. The all-DNA control 

substrate (5) (Figure 2-5) was produced using the same assembly and ligation 

procedure, using a DNA insert (oligonucleotide 8, Table 2-1) in place of the double 

oligonucleotide conjugate. The final yield of substrate from synthesis at 500 µg scale 

of λXbaI yields a concentrated substrate stock sufficient for performing several 

hundred FLEX experiments at a working concentration of 0.2 pM. 	
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Figure 2-5. Scheme for assembly of DNA-only control substrate. Product (5) 

(boxed) is produced by annealing and ligation of a 5’ digoxigenin-containing 

oligonucleotide, a short (100 bp) DNA duplex, a bridging oligonucleotide 

(oligonucleotide 8, cyan and black), the XbaI-cleaved 24.5 kbp fragment of phage λ, 

and a terminal biotinylated oligonucleotide.  
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Substrate capture and bead tethering procedure. Flow chambers were 

mounted on the stage of an Olympus IX51 inverted microscope on an air table 

(Technical Manufacturing Corporation), with off-axis LED gooseneck illuminator 

(Fisher), and custom-built magnetic tweezers, as previously described with minor 

modifications (Gordon et al., 2015). The chambers were also equipped with a syringe 

pump (Harvard Apparatus) controlled using a stopcock valve and a 50 mL air 

spring to regulate fluid flow through the flow-cell. All images were acquired with a 

QIClick-R-F-M-12 Mono CCD camera (QImaging) controlled with Micro-Manager 

software (Edelstein et al., 2014). 

Prior to capture of substrates on the flow-cell surface, the flow-cell chamber 

was first treated for a minimum of 10 min with 500 µL blocking buffer (HBS 

containing 0.5% (w/v) BSA and 1% (w/v) Pluronic F127) drawn manually into the 

flow cell. Then, the chamber was incubated for 3–5 min with 80 µL of NeutrAvidin 

(0.1 mg/mL in HBS) drawn manually into the chamber, and washed with 500 µL 

working buffer (HBS containing 0.1% (w/v) BSA and 1% (w/v) Pluronic F127) at a 

flow-rate of 100 µL/min. Substrate was diluted into working buffer (0.15–15 pM 

final concentration), and a total volume of 100 µL of substrate was drawn into the 

chamber first at 20 µL/min for 1 min to clear the inlet tubing, and at 5 µL/min 

thereafter before incubating in the chamber for an additional 2–5 min. The chamber 

was then washed with working buffer for 10 min at a flow rate of 50 µL/min. 

To prepare beads for capture, tosyl-activated 2.8 µm Dynabeads were 

conjugated to anti-digoxigenin Fab, and stored in PBS with 0.01% (w/v) BSA at 4 °C, 
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as described (according to manufacturer’s Protocol and Tanner, N. and van Oijen, A. 

(2010) (Tanner and van Oijen, 2010)). Immediately before use, beads were diluted to 

10 µg/mL in working buffer, vortexed, and sonicated to minimize clumping. The 

suspended beads (~250 µL) were then drawn into the chamber at 20 µL/min. The 

chamber was aligned in the direction of flow to make sure that a bead in motion 

across the chamber did not move more than half its diameter across the entire field 

of view (fov). The chamber was then washed with 400 µL of working buffer at 30 

µL/min. After the washing step, the flow was halted to allow beads to relax from 

their extended position (typically for five to ten min). After the syringe pump was 

turned off, a single 5 mm NdFeB cube magnet on a hinged mount was positioned at 

9 mm above the coverglass with a micrometer (equivalent to approximately 0.6 pN 

of applied force normal to the coverslip) in order to keep the beads above the 

surface. The magnet was positioned with its dipole parallel to plane of the flow cell 

as depicted in Figure 2-2. Note that orienting the dipole normal to the coverslip 

results in precession of the bead around its centered axial position. Force was 

estimated with a digoxigenin-λ-biotin (48,502 bp, full length prepared as described 

in (Kim and Loparo, 2016)) tether based on the variance in bead position (〈#$%〉) in 

the direction transverse to applied force, according to the method published by 

Strick and colleagues (Strick et al., 1996). 

Single-molecule flow-extension procedure. For proof-of-concept flow 

extension experiments (Figure 3, Movie 2-1), additional buffer was added to the 

inlet after substrate loading and bead capture, and the valve was opened and closed 
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to allow pressure equilibration of the flow cell. Data acquisition was then initiated 

at 2 frames per second, initially in the absence of flow, but with the magnet in 

position (Figure 2-2), to allow determination of the initial position of each tracked 

bead. At the time of valve opening (at t = 200 s), the buffer was drawn into the 

chamber at 5 µL/min using a syringe pump to induce flow-extension. The extension 

under flow reaches equilibrium at approximately 4 min. At the 5 min time point, 

the position of the bead at extension was recorded. 

Analysis and sorting of flow extension bead profiles. Time-lapse data 

sets were analyzed with custom MATLAB scripts written for this work, available 

upon request1. Detected particles were identified and analyzed with colloidal 

particle tracking algorithms developed by Crocker, J.C. and Grier, D.G. (Crocker 

and Grier, 1996) that were adapted for MATLAB by Kilfoil, M. (Pelletier et al., 

2009). The trajectories of monodisperse particles were inspected manually to ensure 

high-quality tracking output, using the msdanalyzer suite created by Tinevez, J.-Y. 

(Tarantino et al., 2014). 

The flow-extension trajectory of each monodisperse bead was analyzed to 

determine its linear displacement. Specifically, only bead trajectories that started at 

the first frame (t = 0 s) of acquired data and that persisted through the time 

required for bead extension (t = 200 s) were scored. The mean initial (0–200 s) and 

extended (300–350 s) positions were determined by fitting the bead positions to a 

Gaussian distribution. Linear flow-displacements were calculated by measuring the 
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distance between these mean positions. The displacements were measured to sub-

pixel accuracy (σσRMSE) and precision (	,〈σx,y2〉	) (Yin et al., 1994). 

Based on their mean displacements, the analyzed beads were sorted into 

accepted (fully mobile [8.7–4.8 µm]) and rejected (partially mobile [4.8–1.6 µm] and 

immobile [1.6–0 µm]) populations. The histogram of displacements for a population 

of tethered substrates was always inspected to qualitatively assess the character of 

the distribution relative to the fraction in each population. The mean extension for a 

high-quality fully mobile population was typically between 6.0–6.5 µm (L/L0 = 0.73–

0.79) assuming L0 = 8.20 µm. 

Single-molecule proteolysis with TEV. Immediately before use, TEV 

protease was buffer-exchanged into TEV cutting buffer (25 mM HEPES pH 7.5, 25 

mM NaCl, and 0.01%(w/v) Pluronic F-127) with a P-6 spin column to remove 

residual TCEP present during storage, and then diluted to a concentration of 20 µM 

before introduction into the flow cell. After substrate loading and bead capture, TEV 

was introduced into the flow cell at 5 µL/min and bead trajectories were monitored 

for assignment into mobile, partially mobile, or immobile categories. The field of 

view was then monitored for bead loss as a function of time to produce the cleavage 

plots in Figure 2-7 (see also Movie 2-2). 

Single-molecule proteolysis with ADAM17. ADAM17 was diluted to the 

appropriate concentration into metalloprotease cutting buffer (HBS with 4 µM 

ZnCl2 and 1%(w/v) Pluronic F-127) immediately before use, and flowed into the 

chamber to generate the cleavage plots in Figure 2-8. Flow of enzyme into the 
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chamber was halted after ~25 min, but trajectories were tracked for a total of 45 

min to extract the rate constant for the slow exponential phase. To confirm that 

cleavage was due to ADAM17, the metalloprotease inhibitor BB-94 was used at 20 

µM. 

Curve-fitting for cleavage data. Bead loss curves were fit to a double 

exponential using non-linear least squares fitting, where the fast rate constant 

corresponds to kprot. The start of bead loss was determined for each curve by manual 

inspection. For bead loss curves measured in the absence of enzyme or with 

inhibitor present, fits were to a single exponential over a time course of 15 min. For 

ADAM17 experiments, a plot of kprot as a function of enzyme concentration was fit 

to: 

kprot=
kmax·[E]

EC50 +[E] (1) 

to extract kmax and EC50, which are analogous to kcat and KD, as described 

previously (Adhikari et al., 2011).  
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2-4 Results 

In order to develop a reliable bead-tethered assay for single-molecule 

proteolysis, we developed an approach that relies on the use of flow extension 

(FLEX) to distinguish beads tethered to single substrates from beads with multiple 

tethers or beads that adhere to the flow-cell surface after capture.  There are two 

independent measurements made in this experiment: first, we measure bead 

displacement in a flow extension assay to distinguish among different tether 

configurations, and then we measure bead release in a cleavage assay performed 

with protease (Figure 2-2). Our substrate contains a long DNA tether with an 

embedded polypeptide sequence between digoxigenin- and biotin-labeled DNA 

handles. The substrate is captured on a neutravidin surface using the biotinylated 

DNA end, and α-digoxigenin Fab coated magnetic beads are then tethered to the 

beads at the digoxigenin-labeled end. This bead-tethered substrate is then used for 

multiplexed, single-molecule proteolysis (Figure 2-2).  

The assembly of the DNA-conjugated peptide substrate is schematically 

illustrated in Figure 2-3. First, we linked a single-stranded oligonucleotide to the C-

terminal cysteine residue of a fluorescently labeled acceptor peptide using a 

maleimide-modified nucleotide (1 in Figure 2-3A and Figure 2-4). Second, we 

coupled a substrate peptide containing an N-terminal cysteine to this acceptor-DNA 

conjugate using evolved Sortase A (SrtA) (2 in Figure 2-3A and Figure 2-4). Third, 

using maleimide coupling, we attached a second single-stranded oligonucleotide to 

the N-terminal cysteine of this protein-DNA conjugate to generate a peptide 
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substrate with single stranded oligonucleotides at each end (3 in Figure 2-3A and 

Figure 2-4). After purification on a size exclusion column, this molecule was then 

ligated to a short DNA duplex at the N-terminal end, and to an XbaI-cleaved 

fragment of λ phage (23,998 bp) at the C-terminal end. Ligation of a digoxigenin-

modified oligonucleotide to the short duplex at the N terminus, and a biotinylated 

oligonucleotide to the λ phage fragment, resulted in production of a substrate with a 

biotin handle for surface attachment and a digoxigenin handle for capture of anti-

digoxigenin beads (4 in Figure 2-3B). 

After assembly as above, the final substrate for proteolysis contains a custom 

peptide embedded between DNA duplexes that together total 24,098 base-pairs and 

have a maximal extension length (L0) of 8.2 µm, assuming 0.34 nm per base pair 

and 0.35 nm per amino acid (Figures 2-2 and 2-3B). The modular nature of both N- 

and C-terminal DNA fragments enables the use of numerous surface attachment 

strategies and choice of DNA handles of variable lengths on either side of the 

substrate.  
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Figure 2-6. Tethered bead movement under flow extension as a function of 

tether density. (legend continued on next page)  
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Figure 2-6 (continued) 

A. Semi-log plot of the average number of captured beads in six fields-of-view from 

flow-chambers incubated with increasing amounts of dig-λXbaI-biotin (0.2, 1, 5, 25 

pM), reported as mean ± SEM. B. Graphic representation of the three classes of beads 

that are observed in every experiment alongside an overlay of relative initial (t = 0–

200 s) and extended (t = 300–350 s) position data from four trajectories from each 

class of displacement: fully mobile (4.8–8.7 µm, green), partially mobile (1.6–4.8 µm, 

orange), and immobile (< 1.6 µm, red). C. Probability normalized histograms of the 

linear displacement of bead trajectories at increasing amounts of substrate. The 

number of particle trajectories tracked in 3 replicates (mean ± SEM) are listed above 

each histogram. D. Quantification of the fraction of the total trajectories that were 

sorted into each class of displacement, reported as mean ± SEM See also Table 2-2. 
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To establish proof-of-concept for the FLEX sorting method and to optimize 

conditions for single-bead capture, we first investigated a control all-DNA tether of 

comparable length, assembled similarly (5 in Figure 2-5). We investigated beads 

captured onto these control DNA tethers loaded onto the flow cell at four different 

concentrations, ranging from 0.2–25 pM (Figure 2-6A). At each concentration, we 

performed a FLEX experiment by measuring the position of individual beads in the 

absence and presence of flow to classify bead trajectories into immobile (extension 

<1.6 µm), partially mobile (extension between 1.6–4.8 µm), or fully mobile 

(extension between 4.8–8.7 µm), eliminating clumped beads or trajectories that 

were incomplete over the flow-extension period (Table 2-2). The trajectory data 

show that loading substrates at a concentration of 0.2 pM results in a majority of 

single beads with full trajectories falling into the fully mobile category, and that a 

concentration of 5 pM or greater results in multiple tethering or immobility of 

virtually all loaded beads (Figure 2-6C, D; see also Table 2-2).  For the trajectories 

that are fully mobile, displacements fit to a normal distribution (Figure 3C, D, 

green population) of 6.37 ± 0.54 µm (mean ± SD, n = 518). It is also clear that there 

is an inverse correlation between the fraction of fully mobile and immobile beads as 

the concentration of tethered beads increases, indicating that as more trajectories 

are observed there are sufficient bound substrates to cause multiple tethering for 

nearly every bead (Figure 2-6C, D). Overall, the bead mobility analysis indicates 

that the FLEX signature is a robust method to determine whether a bead is 

tethered to a single substrate molecule. 	



 

 78 

Table 2-2. Relationship between DNA substrate binding density and 

trajectory mobility. 

[substrate], pM 
Total beads 

per fov, count* 

Trackable 

trajectories per fov, 

count* 

Fully mobile 

trajectories* 

0.2 641 ± 93 298 ± 63 60.3 ± 6.5% 

1 1,308 ± 218 418 ± 114 27.9 ± 9.3% 

5 2,561 ± 202 1,038 ± 239 3.2 ± 1.4% 

25 2,475 ± 409 1,206 ± 346 0.3 ± 0.1% 

*n = 3, reported as mean ± SEM 
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We next used our FLEX sorting procedure to assess the single-molecule 

proteolysis of a bead-tethered peptide substrate. For proof-of-concept studies, we 

assembled a double-DNA conjugated 19-residue peptide substrate (Figure 2-3) 

containing a consensus Tobacco Etch Virus (TEV) protease cleavage site 

(Carrington and Dougherty, 1988; Kapust et al., 2001; Phan et al., 2002) 

(ENLYFQ/G, with the scissile bond indicated by a slash), and subjected this 

substrate to cleavage with TEV (Figure 2-7). Beads captured on the DNA-peptide 

substrate show a distribution of FLEX behavior (Figure 2-7A, B), with 63% of the 

tethered beads (76/120) being fully mobile. Upon TEV treatment (Figure 2-7C), the 

population of tethered substrates (black) shows two kinetic phases and a residual 

population of approximately 45% of the beads that remain uncleaved after 10 min. 

Computational sorting of the beads into accepted and rejected beads based on their 

FLEX trajectories shows that the computationally rejected population (gray, 

inclusive of both partially mobile and immobile tracks) resists specific cleavage by 

TEV, whereas the fully mobile population (green) shows more complete cleavage 

with a residual bead population of approximately 20% uncleaved beads after 10 

min. The accepted bead population exhibits a rate of decay that is much faster than 

that of the rejected bead population (Figure 2-7C, compare gray and green decay 

curves). Whereas the accepted population of molecules for the specific peptide 

substrate shows rapid decay with a kloss of 3.09 ± 0.03 × 10-2 s-1 (n = 3, mean ± 95% 

CI), the accepted molecules for control bead-tethered substrates that lack peptide or 

tethered substrates treated with buffer under flow without added TEV exhibit only 
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slow phases of bead loss that are nearly equivalent (kloss = 3.3 ± 0.2 × 10-5 s-1 for the 

DNA-only control substrate, n = 3 mean ± 95% CI) likely attributable to dissociation 

of the anti-digoxigenin/digoxigenin (or neutravidin/biotin) interaction, for which the 

off rates in the literature range from 0.015 s-1 (Neuert et al., 2006) to 1.5 x 10-5 s-1 

(Koussa et al., 2015) (Figure 2-7D). 

We next tested whether our assay system could be used to investigate 

proteolysis at the single-molecule level for a less selective protease, ADAM17. 

ADAM17 catalyzes the cleavage of a number of different proteins involved in 

intracellular signaling, including the epidermal growth factor precursor, tumor 

necrosis factor α, and, under certain pathophysiologic contexts, the force-sensitive 

substrate human Notch1 (Brou et al., 2000; Moss et al., 1997). Unlike TEV, the 

catalytic domain of ADAM17 does not recognize a highly specific consensus 

sequence, and is instead capable of cleaving a wide range of substrates with 

preference only for a bulky aliphatic residue in the P1’ position (i.e. Val or Ile) 

(Caescu et al., 2009; Mohan et al., 2002; Tucher et al., 2014). 
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Figure 2-7. Improved analysis of TEV-catalyzed proteolysis using 

computational sorting of bead mobility. (legend continued on next page)  
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Figure 2-7 (continued) 

A. Distribution of flow extension distances for bead-tethered, TEV substrate 

molecules. The fully mobile population is shown in green, partially mobile in orange, 

and immobile in red. B. Pie chart showing the percentage of accepted, partially 

mobile, and immobile beads in the tethered population. C. Proteolysis of bead-

tethered substrates upon addition of 20 µM TEV protease. The fraction of beads lost 

is plotted as a function of time for the total population (black), the accepted (fully 

mobile) population (green), and the rejected population (gray). D. Cleavage specificity 

analysis. Bead release from cleavage of the tethered peptide substrate is indicated 

with a blue solid line, release of the tethered all-DNA substrate is indicated with a 

purple dotted line, and bead release in the absence of enzyme is indicated in gray. 

Kinetic traces are normalized such that t = 0 min is set to 1 min before the start of 

bead loss, and are shown as mean ± SEM for the number of trials indicated (n = 2 or 

n = 3).  
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The ADAM17 substrate contains a ten-residue sequence from human Notch1 

(NIPYKIEA/VQS, with the scissile bond indicated by a slash) that spans the 

metalloprotease cleavage site (called S2 (Brou et al., 2000; Mumm et al., 2000)) with 

additional short flanking sequences embedded between the N- and C-terminal DNA 

handles (Figure 2-3). Cleavage of the Notch1 substrate by ADAM17 shows both a 

fast phase of bead release, dependent on the concentration of ADAM17 in the 

cleavage buffer, followed by a slow phase (Figure 2-8A). Controls testing for release 

of tethered beads in the absence of enzyme for bead release in the presence of both 

ADAM17 and the metalloprotease inhibitor BB-94, or for ADAM17 dependent 

release of beads tethered to a DNA-only substrate analog show a slow phase of non-

specific bead detachment, confirming that the fast exponential phase for ADAM17-

catalyzed cleavage of the Notch1 substrate is due to specific single-molecule 

proteolysis. This result also strongly suggests that ADAM17 cleavage of Notch 

occurs when the target sequence is in an extended conformation. The rate of 

enzyme-catalyzed bead release plotted as a function of ADAM17 concentration 

shows saturable kinetics (Figure 2-8B), with an estimated kmax of 2.3 ± 0.2 × 10-2 s-1 

and EC50 for [ADAM17] of 3.2 ± 0.7 × 10-6 M (reported as mean ± SEM, analogous 

to values for kcat and KD, as proposed previously (Adhikari et al., 2011)). These 

values for kmax and EC50 compare favorably to reported values of kcat (0.07 s-1) and 

KM  (4.0 µM) for ADAM17 cleavage of a TNFα substrate (Stawikowska et al., 2013). 
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Figure 2-8. Single-molecule proteolysis of a Notch1 substrate by the ADAM17 

catalytic domain. A. Plot of beads released as a function of time using different 

concentrations of enzyme and DNA control (dashed line) or Notch1 peptide substrate 

(solid lines). A cleavage reaction (at an ADAM17 concentration of 10 µM) performed 

in the presence of the metalloprotease inhibitor BB-94 is shown in purple. B. Fit of 

the single-molecule cleavage rates from (A) as a function of ADAM17 concentration 

to the equation kprot = kmax × [ADAM17]/(EC50 + [ADAM17]). Kinetic traces are shown 

as mean ± SEM for the number of trials indicated (n = 2 or n = 3).  
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2-5 Discussion 

Here, we report a method that uses flow extension sorting of tethered beads 

to enable stringent analysis of single-molecule proteolysis for two different enzymes 

and their substrates. The cleavage rates we observe are consistent with published 

studies of these enzymes in bulk proteolysis experiments (Minond et al., 2012; 

Stawikowska et al., 2013). Our approach relies on computational sorting of 

substrate-tethered beads loaded at low density, using their mobility under flow to 

exclude immobile or multiply tethered beads and thereby only analyze beads 

tethered to a single substrate molecule.  

In previous studies measuring proteolysis of bead-tethered substrates, 

approaches to classify different beads within the field of view were not used, and 

therefore it was not possible to make strong claims about monovalency (Adhikari et 

al., 2011; Gordon et al., 2015). Our data show that tether valency is highly sensitive 

to the concentration of substrate used for capture in the flow cell. Even when DNA-

only molecules are used for the flow-extension analysis, a pronounced increase in 

fully mobile beads is readily evident as the decrease in grafting density is reduced 

to the lowest loading concentration (0.2 pM). The FLEX procedure enables empirical 

optimization of substrate concentration to maintain enough beads for multiplexing 

statistics while minimizing the population of beads rejected because of surface 

adsorption or multiple tethering. In the studies reported here, we were able to load 

all-DNA molecules into the chamber so that as many as 202 fully mobile (of 355 

total) DNA-tethered beads were present in a single field of view.  Even the double-
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oligonucleotide conjugate peptide substrates, which are likely to be more adsorption 

prone because of their embedded peptide sequences, can be delivered to the flow cell 

at concentrations sufficient to produce 120 fully mobile (of 165 total) substrate-

tethered beads in a single field of view. We also note that our empirical data are 

consistent with statistical predictions about multiple tethering made using an ideal 

surface model dependent upon the grafting density of substrates and the sum of 

tether contour length and bead diameter (Yin et al., 1994). 

The use of the flow-extension signature to perform computational exclusion of 

beads that are not held by a single tether results in a demonstrable improvement in 

the measurement of substrate cleavage kinetics (Figure 2-7). The approach should 

be particularly valuable in identifying reaction conditions suitable for investigation 

of protein or peptide substrates that are prone to adsorption on surfaces. 

Optimization of reaction conditions can be carried out by selecting blocking 

conditions and substrate variants that minimize the number of transiently or 

permanently adsorbed beads, enriching for the fully mobile beads that report 

faithfully on cleavage of a single substrate molecule during the enzyme-catalyzed 

reaction.  

The assay tools reported here should be readily adaptable for the 

investigation of any tension dependent hydrolytic reaction, simply by using the 

magnetic tweezers to vary the magnitude of applied force, as long as the enzyme 

can be supplied at concentrations on the order of its KM for substrate. Apart from 

testing mechanosensing domains, our assay can be used to study the stability of 
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peptide and foldamer secondary and tertiary structural elements by investigating 

the force-dependence of denaturation of such structural elements using proteolytic 

cleavage as a proxy. Two classes of molecules with changes in cleavage sensitivity 

can be envisioned: those substrates that have cryptic cleavage sites that are exposed 

upon denaturation or conformational change (Cline and Waters, 2009; Stanger and 

Gellman, 1998), or those substrates that only present a productive cleavage site 

when they fold (Bayer et al., 1998; Mossessova and Lima, 2000; Resnick et al., 1991; 

Zasloff, 1987) . 

The FLEX sorting technique should also be applicable to in vitro single-

molecule force-spectroscopy (Liu et al., 2015; Thomas, 2009; Thomas et al., 2008). 

For bond rupture experiments, it is equally important to ensure that only 

monovalent interactions are scored to evaluate catch- or flex-bond versus slip-bond 

behavior (Kim et al., 2010; Thomas, 2008; Thomas et al., 2002). 
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2.6 Associated Movies 

 

Movie 2-1. Flow extension of all-DNA substrate (5) captured at 0.2 pM. The frame 

rate is 45 fps. Scale bar is 10 microns. Flow is from left to right. Flow starts at ~8 

sec. See V1 (file type AVI, url: 

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00106/suppl_file/bi9b00106_si_

002.avi). 

	

Movie 2-2. Single molecule proteolysis of TEV consensus DNA-peptide conjugate 

(4) with TEV protease. The frame rate is 45 fps. Scale bar is 10 microns. Flow is 

from left to right. Flow starts at ~8 sec. Cleavage starts at ~16 sec. See V2 (file type 

AVI, url: 

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00106/suppl_file/bi9b00106_si_

003.avi). 
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Chapter 3 

Force spectroscopy of the Notch1 negative regulatory region 
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3-1 Introduction 

Mechanically gated events in Notch signal transduction. A number of 

cell-surface receptors sense tensile force to perform their biological activity (Uings 

and Farrow, 2000). Adhesion and juxtacrine signaling receptors are among the best 

characterized examples of proteins that rely on tension sensing to carry out their 

functions (Discher et al., 2005; DuFort et al., 2011; Schwartz and DeSimone, 2008).  

Due to its essential role in organismal development, Notch signaling is a 

particularly important example of tension-dependent juxtacrine signaling 

(Henrique and Schweisguth, 2019). Despite the fact that tension is both sufficient 

and necessary to relieve Notch ectodomain autoinhibition, there are three key areas 

that merit additional investigation: (i) the spatiotemporal dynamics of relief of 

autoinhibition, relevant to physiologic signal transduction in vivo and with 

synthetic Notch receptors; (ii) fundamental understanding of the biophysical 

properties of the tension-sensor itself; and (iii) the mechanism by which 

pathological mutations in the mechanosensitive region bypass autoinhibition 

Spatiotemporal dynamics of relief of autoinhibition. Two models were 

proposed to explain the requirement for endocytosis in ligand dependent activation 

of Notch (Musse et al., 2012; Wang and Struhl, 2004; Weinmaster and Fischer, 

2011). The “recycling” model states that ligand endocytosis converts ligands from a 

latent to an active form, and must thus occur prior to engagement with receptor. 

The “pulling” model, on the other hand, posits that endocytosis occurs after ligand 
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engages receptor, with endocytotic pulling of bound ligand acting to stimulate 

proteolytic activation (Parks et al., 2000).  

A number of lines of evidence have accumulated to support the conclusion 

that Notch is a mechanochemically gated surface receptor. First, the ectodomains of 

DSL ligands are inhibitory when presented in soluble form (Fleming et al., 1997; 

Hicks et al., 2002; Hukriede et al., 1997; Varnum-Finney et al., 2000); they are 

stimulatory, however, when surface-bound (that is, as ‘plated ligand’; (Varnum-

Finney et al., 2000)). Similarly, when presented in trans, in cell-based co-culture 

assays DSL ligands require their cytoplasmic domain to maintain stimulating 

potential (Heuss et al., 2008), and are again blocking when lacking their 

cytoplasmic domain or expressed in an endocytosis-deficient cell (Wang and Struhl, 

2004). Additionally, cis-inhibition is a hallmark of Notch signaling (del Álamo et al., 

2011; Sprinzak et al., 2010), highlighting the necessity of endocytosis-derived force 

exerted by a juxtacrine interaction in transA. 

Second, structures of the Notch negative regulatory regions from Notch1, 

Notch2, and Notch3 all show that the ligand-dependent proteolytic site (S2), which 

lies near the C-terminal end of the NRR, is masked in its autoinhibited 

conformation (Gordon et al., 2009a; Gordon et al., 2007; Gordon et al., 2009b; 

Sanchez-Irizarry et al., 2004; Xu et al., 2015). Because the ligand binding portion of 

the Notch extracellular domain (NECD) is distant from the S2 cleavage site, it was 

suggested that mechanical force, rather than allosteric structural reorganization, is 

 
A Cis-inhibiton is autocrine inhibition of Notch when bound to ligand expressed in the same cell as the 
receptor.  
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responsible for ligand-dependent unmasking of site S2 (Gordon et al., 2007), 

although it is certainly possible that allosteric mechanisms play a role in cis-

inhibition. For example, there are point mutations in the Abruptex region (EGF 

repeats 24-29) of Drosophila Notch that cause stronger than wild-type stimulation 

even though they are outside of the ligand-binding domain, and it has been 

proposed that the increased activity associated with these mutations is from cis-

inhibition (de Celis et al., 1993; de Celis and Bray, 2000; de Celis and Garcia-

Bellido, 1994). 

Third, a number of studies using a variety of different biophysical approaches 

have suggested that forces in the physiologic range can promote proteolysis at S2 in 

cells and in the isolated NRR (Chowdhury et al., 2016; Gordon et al., 2015; 

Langridge and Struhl, 2017; Seo et al., 2016; Wang and Ha, 2013). Ha and 

colleagues have reported two classes of surface bound, passive DNA tension-sensors 

that each have a characteristic force at which they dissociate or unwind. The DNA 

duplex-based class called a “tension-gated tether” (TGT) can be configured to unzip 

at forces from 12–60 pN (Wang and Ha, 2013), and the second, a DNA-protein 

complex called “nano yo-yo,” has a lower threshold of 4 pN (Chowdhury et al., 2016).  

Using plated DLL1 ectodomain-conjugated sensors as ligands, Ha and colleagues 

report that Notch is activated when a TGT-coupled DLL1 protein with an unzipping 

threshold of 12 pN is used as a plated ligand (Wang and Ha, 2013), but is not 

activated when DLL1 fused to a nano yo-yo that unspools at 4 pN is used 

(Chowdhury et al., 2016), indicating that the activation threshold for Notch lies 
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between 4 and 12 pN. While informative, plated ligand is not the biological means 

for delivery of tension to Notch, because cellular activation relies on endocytosis of 

ligands into the sending cell. 

In a different approach, two distinct types of magnetic tweezers experiments 

were developed to stimulate Notch receptors in cells, using assays with DSL ligand 

tethered to a magnetic bead. In one study, superparamagnetic polystyrene beads 

with a diameter of 1 µm were loaded with the DLL4 ectodomain to stimulate Notch1 

in cells with a luciferase reporter. The cells were cultured on poly(dimethylsiloxane) 

elastomer terraces to vary the proximity of the bead-tethered ligands to a 

cylindrical rare earth magnet, thereby also varying the applied magnetic force. This 

experiment showed that at least 1.5 pN of applied force was needed to stimulate the 

Notch reporter (Gordon et al., 2015). This value is the lowest of all reported 

thresholds, consistent with observations that microbeads themselves will bind cells 

polyvalently and have the capacity to apply a drag force under flow. Seo and 

Southard devised a monovalent nanoparticle (MNP) approach to circumvent the use 

of microbeads. They applied forces to a small area of the cell that was pre-bound to 

DLL4-MNP, using a micromachined steel bar magnetized by a rare earth magnet. 

They observed that an applied force of 9 pN activated a fluorescent reporter, but a 

force of 1 pN could not (Seo et al., 2016).  

The experiment that most narrowly defined the force threshold for Notch 

activation was an in vitro reconstitution of S2 cleavage in a tethered bead single-

molecule assay (Gordon et al., 2015). The Notch1 NRR, sandwiched between an N-
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terminal SUMOstar fusion (Liu et al., 2008) and a C-terminal biotin tag, was first 

captured on a streptavidin coverslip, and then bound to anti-SUMOstar-conjugated 

2.8 µm superparamagnetic polystyrene beads. In the presence of recombinant 

murine ADAM17 catalytic domain, 5.4 pN of tensile force was sufficient to allow 

proteolysis of the NRR, whereas 3.5 pN of force was not.  

Finally, an in vivo study with genetically engineered D. melanogaster 

extended this work to show that endocytosis-derived tension was required for 

ligand-dependent stimulation of Notch in flies (Langridge and Struhl, 2017). Here, 

the authors combined a series of engineered Notch receptors and Delta ligands to 

show that if the fly NRR was replaced with another, stiffer (9 pN threshold) 

mechanosensitive A2 domain from von Willebrand factor, the receptor could not be 

activated. When a pathogenic point mutant that reduced the threshold to 6 pN 

(Sadler et al., 2006; Xu and Springer, 2013) was substituted in place of the normal 

A2 domain, however, activation could proceedB. This study also showed that liquid 

facets (the ortholog of Epsin) was required in the stimulating Delta cell to activate 

both normal Notch, or the Notch with the mutant A2 domain in place of the Notch 

regulatory domain. Together, these studies argue that tension applied by bound 

 
B Intriguingly, it is unclear what protease is responsible for cleavage of the unfolded A2 domain in 
Langridge’s chimeric Notch receptor. VWF is canonically processed by the soluble ADAMTS13 
metalloprotease in blood. It is plausible that the canonical Notch S2 protease ADAM10 (kuzbanian in 
Drosophila) is responsible for cutting the chimeric A2 Notch, since ADAM10 is known to process 
numerous substrates with only moderate stringency in primary amino acid sequence. Since there are 
few documented examples of tension-dependent shedding of receptor ectodomains by regulated 
proteolysis, it would be instructive to conclusively show the protease responsible for A2 
cleavage and document the scissile bond(s). 
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ligand, in a step that depends on ligand endocytosis, is necessary and sufficient to 

activate Notch. 

Biophysical properties of the Notch tension sensor. The physical 

properties of the NRR when considered as a highly conserved tension sensor are the 

second area of interest. Despite description of the mechanical threshold, the nature 

of the conformational change(s) that leads to acquisition of proteolytic sensitivity 

under tension is unknown. As a proxy for ligand-dependent tensile force, 

experiments using chemical destabilization with either chaotropic agent 

(guanidinium chloride) or divalent cation chelator (ethylenediaminetetraacetic acid) 

and hydrogen-deuterium exchange mass-spectrometry indicate that the most easily 

solvent exposed portions of the NRR are buried between the HD domain and both 

LNR-A and -B (Tiyanont et al., 2011; Tiyanont et al., 2013). Likewise, in cell-based 

assays, truncations that remove LNR-A and -B are also required to induce 

substantial reporter gene activity in a ligand-independent manner (Gordon et al., 

2007; Tiyanont et al., 2011). Exactly what movements of the LNR domains, 

however, are required to permit exposure of S2 remain poorly defined. In addition, 

the tension-dependent kinetics of the key opening (rate constant kopen) and closing 

steps (rate constant kclose) that permit metalloprotease cleavage have not been 

determined.  

Mechanism of pathological mutations in Notch ectodomain. The third 

area of interest stems from the fact that Notch1 is frequently mutated in patients 

with acute T cell lymphoblastic leukemia (TALL) (Weng et al., 2004). One class of 
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these mutations (for example, PEST domain deletions) increases the half-life of 

ICN. The other class of mutations is relevant to this study because they map to the 

HD domain, leading to its destabilization, and weakening autoinhibition (Malecki et 

al., 2006). Despite this evidence, the mechanism by which pathogenic mutations 

destabilize the NRR is ill-defined. In the framework of an opening reaction, it is 

unknown whether the mutations accelerate the rate of opening (kopenwt < kopenmut), 

reduce the rate of closing (kclosewt > kclosemut), or perturb both rates relative to wild-

type. Characterization of the mechanism of activation of these mutations could be 

important for design of a robust inhibitor to block the ligand-independent activation 

associated with these mutations. Additionally, it may enable rational design of 

tension sensors with varied thresholds for use as tools in studying tensile force in 

cellular assays or in vivo with genetically engineered systems.  



 

 103 

 

Figure 3-1. Experimental design for probing Notch1 negative regulatory 

region with two-trap laser tweezers. (legend continued on next page) 
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Figure 3-1 (continued) 

A, Domain organization of Notch1 receptor from N to C terminus. Notch extracellular 

domain (NECD) and intracellular Notch (ICN) are indicated below the line. The 

negative regulatory region (NRR) is colored to indicate Lin-12/Notch Repeats (LNRs) 

(LNR-A, yellow; LNR-B, orange; LNR-C, red) and the heterodimerization domain 

(HD; HD-N, maroon; HD-C, purple) boxed in a dotted line. Notable domains are 

labeled underneath. In NECD the ligand binding EGF repeats 8–12 are shaded. In 

ICN the domains directly involved in the DNA binding complex with mastermind and 

CSL are indicated. B, Notch-DNA conjugate for laser tweezers experiments (gray 

box). The NRR domain organization based on the crystal structure (dotted box) with 

N-terminal SpyCatcher (small brown circle) and C-terminal HaloTag (blue large 

circle) coupled to DNA and attached to polystyrene beads with laser traps. C, 

Depiction of the tandem laser trap setup with the DNA conjugated NRR indicated by 

reference to panel B.  
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3-2 Materials and Methods 

 Materials. pHTC vector (Accession JF920305) and HaloLigand(O4)-NHS 

were obtained from Promega. PD-10 desalting columns, Cy3-C5-maleimide, and 

Cy5-NHS ester were obtained from GE. Valproic acid, 2,2’-dithiobis-(5-

nitropyridine) (DTNP), polyethyleneimine (PEI) 40,000 MW ‘max’ (Polysciences) 

were from Sigma. Furin, T7 DNA ligase, polynucleotide kinase (PNK), restriction 

endonucleases, and Taq DNA polymerase were obtained from New England Biolabs. 

293F cells, Exp293 media, and 100× non-essential amino acids, were obtained from 

Invitrogen. SDS-PAGE analysis was performed with 4–20%wt gradient gels (Bio-

Rad, 456-1096). In-gel fluorescence and SYBR or ethidium bromide stained PAGE 

gels were evaluated using appropriate excitation filters by epifluorescence with an 

Amersham Imager 600 (GE). Coomassie stained gels and agarose gels were imaged 

on ChemiDoc MP Imaging System (Bio-Rad). 

Plasmid construction. Plasmid 1 (pHTC-Spy-TEV-Halo, Table 3-1) was 

built from the pHTC vector (Promega), where secreted constructs are driven by the 

Mus musculus immunoglobulin kappa (Igκ) signal peptide (Accession AAH80787.1) 

to produce  to an N-terminal polyhistidine tag, SpyCatcher (Zakeri et al., 2012) and 

C-terminal seven residue TEV cleavage site (Carrington and Dougherty, 1987, 

1988) (EDLYFQ/S, with N>D mutation at position 2, and scissile bond indicated as 

a slash) and HaloTag (Los et al., 2008) for production in mammalian cells. A Igκ-

8×His-SpyCater gBlock (IDT, see Table 3-1) containing 20 bp homology to 5’ ends of 

the cut pHTC backbone digested with XbaI and ApaI, using custom made 
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isothermal assembly mixture (Gibson et al., 2009). Primers 1 and 2 (Table 3-1) for 

amplification of the core Notch1 negative regulatory region from E1447–P1729 

using the full-length Human Notch1 cDNA (Uniprot P46531, GenBank accession 

M73980) with overlapping 20 bp homology to backbone cut by ApaI and XhoI was 

obtained from isothermal assembly using InFusion (Clontech) to obtain plasmid 2 

(pHTC-Spy-NOTCH1[E1447–P1729]-TEV-Halo, Table 3-1). 

Production of SpyCatcher/ HaloTag fusion proteins. A suspension 

culture of Expi293F cells were maintained in serum-free in Expi293 medium 

+1%vol penicillin/streptomycin on an orbital shaker at 125 rpm in a 37 °C chamber 

with 5% CO2. On the day of transfection, concentrated Expi293F cells (for example, 

4.0 × 106 cells/mL) were from diluted to 1.0 × 106 cells/mL with Freestyle293 

medium supplemented with 1%vol penicillin/streptomycin. For a typical 300 mL 

transfection, in Freestyle293 medium, 0.41 mg of plasmid DNA was diluted into 7.5 

mL, and 1.22 mL of PEI was diluted into a total volume of 7.5 mL of media (that is, 

1.35 µg of DNA per million cells, 3:1 (w/w) PEI to DNA in a volume 5% of total 

culture volume). The PEI was then added to the DNA, mixed by inversion 4–6× and 

incubated approximately 30 min at room temperature. The DNA/PEI complex was 

then added to 285 mL of culture and was then supplemented with 1× non-essential 

amino acids. At 18–24 hr the culture was supplemented with 10 mM D-glucose and 

30 µM valproic acid. After 5–6 days the culture medium was harvested by 

centrifugation 15 min at 3,500 × g, buffered with 25 mM Tris pH 8.0, 300 mM NaCl, 

5 mM CaCl2, 0.5 µM NiSO3, clarified by centrifugation at 12,000 × g (yielding a 
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white precipitant), and decanting the medium containing the protein of interest for 

subsequent purification. 

The affinity purification was performed at room temperature with a bed of 

HisPur Ni-NTA resin (Thermo), pre-washed in 20 bead volumes (BV) of ultrapure 

water and 20 BV of 25 mM Tris pH 8.0, 150 mM NaCl. The clarified culture 

medium was passed over the resin by gravity by siphon at ~150 mL/hr, and the 

resin was washed in 20 BV of 25 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 

or until the A280 of the wash eluate was 0. Finally, 5 elutions of 2 BV each were 

collected in 25 mM Tris pH 8.0, 150 mM NaCl, 250 mM imidazole. Elutions 

containing protein (as evaluated with Bio-Rad protein assay dye) were concentrated 

to < 1 mL and purified to homogeneity as a single peak by size-exclusion 

chromatography on a Superdex 200 column (GE) in 25 mM Tris pH 8.0, 300 mM 

NaCl, 4 mM CaCl2. The Notch1(1447 to 1729) is predominantly a furin processed 

heterodimer, with 10 to 20% of the detected protein as unprocessed precursor on 

SDS-PAGE. For the linker-only construct (derived from plasmid 1), fractions 

containing target were concentrated to >1 mg/mL and aliquots of the protein 

solution were flash frozen in liquid nitrogen and stored at -80 °C until use. 

To obtain a homogenous sample of NRR fusion, fractions containing the 

Notch1 protein were then concentrated to ~1 mL and treated with 60 U 

recombinant furin per 1 mg protein in the size-exclusion buffer for 3 hr at room 

temperature then 16 hr at 4 °C. The furin-treated Notch1 heterodimer fragment 

was purified to homogeneity as a single peak by size-exclusion chromatography on a 
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Superdex 200 column (GE) in 25 mM Tris pH 8.0, 300 mM NaCl, 4 mM CaCl2. 

Aliquots of the protein solution were flash frozen in liquid nitrogen and stored at -

80 °C until use. 

Native PAGE analysis. This procedure was adapted from a protocol 

developed by Preissler (Preissler et al., 2015a; Preissler et al., 2015b) and 

Thompson (Thompson et al., 2012), with useful suggestions from Kelly Arnett. 4–

20% gradient PAGE gels (BioRad) were run for 1 hr at 120V in 1× native running 

buffer (50 mM Tris, 190 mM glycine, pH 7.5), with electrophoresis chamber in an ice 

bath, protected from light. Protein or oligonucleotide samples were diluted into 1× 

native sample buffer (80 mM Tris, pH 6.8, 10%vol glycerol, 0.01% (w/v) 

bromophenol blue) and kept on ice until loading into wells. Several wells were 

loaded with 0.01%wt xylene cyanol in 1× native sample buffer to monitor 

electrophoresis. Typically, once the xylene cyanol had migrated approximately 50%,  

gels were imaged unstained then sequentially stained and imaged with SYBRsafe 

and Coomassie. 

Denaturing PAGE of oligonucleotides. Denaturing PAGE of 

oligonucleotides and their conjugates was performed with Novex 15%wt TBE-Urea 

gels (Life Technologies, EC6885BOX) using 1×TBE (89 mM Tris, 89 mM Boric Acid, 

2 mM EDTA) running buffer, and 1× formamide loading buffer (50%vol formamide, 

0.01% bromophenol blue, 0.005%wt xylene cyanol). DNA stain was either ethidium 

bromide or SYBRsafe, as specified.
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Table 3-1. Biopolymers used in laser tweezers experiments. 

Biopolymer ID Sequence Description Source 

peptide 1 H2N-

CGGAHIVMVDAYKPT

K-COOH 

SpyTag peptide, 

N-terminal 

cysteine. 95% 

purity. SpyTag is 

in bold, with the 

reactive Asp7 

underlined 

(corresponds to  

Asp177 of CnaB2 

domain) (Zakeri 

et al., 2012). 

Genscript 

oligonucleotide 1 /5ThioMC6-

D//iAmMC6T/ 

GTCAGAGGTGGCGAA

ACCC 

5' thiol and amino 

thymine as the 5’ 

base, for the N-

terminal 

conjugation. 

Sequence derived 

from pUC19 ori. 

HPLC purified. 

IDT 
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conjugate 1, 

N-Cy5-

oligonucleotide 1 

R-S-S-C6H12-5’-(Cy5-

HN-C6H12-T)- 

GTCAGAGGTGGCGAA

ACCC 

 

Where R = symmetrical 

disulfide dimer  

Cy5 labeled (via 

amide linkage) 

amino thymine 5’ 

base of 

oligonucleotide 1, 

with unreacted 5’ 

thiol existing as 

homodimer, for 

the N-terminal 

conjugation. 

This 

Study 

conjugate 2,  

S-Npys-N-Cy5-

oligonucleotide 1 

Npys-S-S-C6H12-5’-(Cy5-

HN-C6H12-T)- 

GTCAGAGGTGGCGAA

ACCC 

 

Where Npys indicates 

the disulfide linked 

nitropyridine group 

originating from DTNP 

Npys labeled 5’ 

thiol (via disulfide 

linkage), and Cy5 

amino thymine as 

the 5’ base of 

oligonucleotide 1. 

This 

Study 

conjugate 3, HOOC-SpyTag-Gly-Gly-

Cys-S-S-C6H12-5’-(Cy5-

SpyTag labeled 5’ 

thiol (via disulfide 

This 

Study 
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S-SpyTag-N-Cy5-

oligonucleotide 1 

(1) 

HN-C6H12-T)- 

GTCAGAGGTGGCGAA

ACCC 

 

linkage), and Cy5 

amino thymine as 

the 5’ base of 

oligonucleotide 1. 

oligonucleotide 2 /5ThioMC6-

D//iAmMC6T/ 

GTAAAACGACGGCCA

GT 

5' thiol and amino 

thymine as the 5’ 

base, for the C-

terminal 

conjugation. 

Sequence is M13F 

primer. 

HPLC purified. 

IDT 

conjugate 4, 

S-Cy3-

oligonucleotide 2 

Cy3-S-C6H12-5’-(H2N-

C6H12-T)-

GTAAAACGACGGCCA

GT 

Cy3 labeled 5’ 

thiol (via 

maleimide 

derived linkage), 

of oligonucleotide 

2. 

This 

Study 

conjugate 5, 

N-

HaloLigand(O4)-

Cy3-S-5’-(HaloLigand-

PEG4-HN-C6H12-

HaloLigand 

labeled 5’ amino 

thymine base, 

This 

Study 
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S-Cy3-

oligonucleotide 2 

(2) 

T)GTAAAACGACGGCC

AGT 

and Cy3 labeled 5’ 

thiol of 

oligonucleotide 2. 

 

HaloLigand is 1-

chloro-6-PEG4-

hexane, where 

PEG4 indicates 4x 

ethylene glycol 

units. 

oligonucleotide 3 AAAACCACCCACTGG

CCGTCGTTTTAC 

Bridging oligo for 

N-terminal 

handle,  

complimentary to 

product (1), with 

5’ overhang 

abasic 1 reverse 

compliment 

(underlined). 

IDT 

oligonucleotide 4 CACCACACCCGGGTT

TCGCCACCTCTGAC 

Bridging oligo for 

C-terminal 

IDT 
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handle, 

complimentary to 

product (2), with 

5’ overhang 

abasic 2 reverse 

compliment 

(underlined). 

oligonucleotide 5 CTAGGTAAAACGACG

GCCAGTTCACAGCAC

GGAGGCACGACACTT

TTGTGTCGTGCCTCC

GTGCTGTGTGTCAGA

GGTGGCGAAACCC 

Control hairpin, 

(the underlined 

portion forms the 

tension-sensitive 

duplex, with a 4x-

thymine turn). 

Has self 

complimentarity 

and anneals to 

oligonucleotides. 

Bold thymine (T) 

will remain 

unpaired. 

IDT 



Table 3-1 (continued) 

 114 

oligonucleotide 6 CTAGGTAAAACGACG

GCCAGTTCACAGCAC

GGAGGCACGACAC 

Control duplex, 

bottom strand (21 

nt underlined 

portion forms 

sensitive duplex 

with 

oligonucleotide 5). 

Bold thymine (T) 

will remain 

unpaired. 21 nt 

prior to unpaired 

T. 

IDT 

oligonucleotide 7 GTGTCGTGCCTCCGT

GCTGTGTGTCAGAGG

TGGCGAAACCC 

Control duplex, 

top strand (21 nt 

underlined 

portion forms 

sensitive duplex 

with 

oligonucleotide 4). 

Bold thymine (T) 

will remain 

IDT 
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unpaired. 19 nt 

after the unpaired 

T. 

oligonucleotide 8 ACTGGCCGTCGTTTTA

CCTAGTAATACGACTC

ACTATAGGG 

Annealing oligo 

for control 

hairpin/duplex 

bottom strand, 5’ 

portion (21 nt) 

anneals to 5’ end 

of duplex/hairpin 

oligonucleotides 5 

and 6. The 3’ 

overhang derived 

from T7 

sequencing 

primer 

(underlined). 

IDT 

oligonucleotide 9 AAAACCACCCCCCTAT

AGTGAGTCGTATTA 

Annealing oligo 

for control 

hairpin/duplex, 

anneals to 

IDT 
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oligonucleotide 9 

with T7 primer 

reverse 

compliment (20 

nt) and contains 

the abasic site 2 

reverse 

compliment 

(underlined, 10 

nt). 

gene fragment 1 CGAATTCCTACCGCG
GATATCTAGAATGGA
GACAGACACACTCCT
GCTATGGGTACTGCT
GCTCTGGGTTCCAGG
TTCCACTGGTGACGG
TCATCACCATCACCAT
CATCATCACGGCGCC
ATGGTTGATACCTTAT
CAGGTTTATCAAGTG
AGCAAGGTCAGTCCG
GTGATATGACAATTG
AAGAAGATAGTGCTA
CCCATATTAAATTCTC
AAAACGTGATGAGGA
CGGCAAAGAGTTAGC
TGGTGCAACTATGGA
GTTGCGTGATTCATCT
GGTAAAACTATTAGTA
CATGGATTTCAGATG
GACAAGTGAAAGATT
TCTACCTGTATCCAGG

IgK-8xHis-

SpyCatcher 

synthetic DNA 

fragment with 

overhangs 

complimentary to 

pHTC multiple 

cloning site and 

linker region 

underlined. 

IDT 
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AAAATATACATTTGTC
GAAACCGCAGCACCA
GACGGTTATGAGGTA
GCAACTGCTATTACCT
TTACAGTTAATGAGCA
AGGTCAGGTTACTGT
AAATGGCAAAGCAAC
TAAAGGTGACGCTCA
TATTGGGCCCCTCGA
GCCAACCACTGAGGA
TCTGTACTTTC 

primer 1 TAAAGGTGACGCTCA

TATTGGGCCCGAGGA

GGCGTGCGAGCTGCC 

Forward primer 

for amplification 

of Human Notch1 

from E1447. 

IDT 

primer 2 TACAGATCCTCAGTG

GTTGGCTCGAGGGGC

GGCTCCACGGTCTCA

C 

Reverse primer 

for amplification 

of Notch1 from 

P1729. 

IDT 

primer 3  

 

/5DiGN/GTGACTGGGA

AAACCCTGGC 

Forward primer 

for N-terminal 

DNA fragment 

(NTF), 5’ 

digoxigenin. 20 nt 

annealing to 

2667-2686 of 

IDT 
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pUC19 bottom 

strand. HPLC 

purified. 

primer 4 GGGTGGTTTT/idSp/AC

GTTAAGGGATTTTGG

TCATGA 

Reverse primer 

for N-terminal 

DNA fragment 

(NTF), with 

abasic site for 5’ 

single-stranded 

10 nt overhang 1. 

23 nt annealing to 

1509–1531 of 

pUC19 top 

strand. 

IDT 

primer 5 /5BiotinTEG/GTGACTG

GGAAAACCCTGGC 

Forward primer 

for C-terminal 

DNA fragment 

(CTF), 5’ biotin 

with triethylene 

glycol linker. 20 

nt annealing to 

IDT 
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353–372 of 

pUC19 bottom 

strand. 

primer 6 GGGTGTGGTG/idSp/A

CGTTAAGGGATTTTG

GTCATGA 

Reverse primer 

for C-terminal 

DNA fragment 

(CTF),  with 

abasic site for 5’ 

single-stranded 

10 nt overhang 2. 

23 nt annealing to 

1509–1531 of 

pUC19 top 

strand. 

IDT 

N-terminal DNA 

fragment (NTF) 

PCR fragment:   

pUC19 amplifying 

1509F–353R 

 

Top 5’ overhang: 

digoxigenin 

 

PCR fragment, 

1550 bp with 5’ 

overhangs of 11 

and 1 nt.  

NTF 1550 bp of 

duplex. Top 

strand has 5’-

This 

Study 
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Bottom 5’ overhang 

abasic 1: 

GGGTGGTTTT-ab- 

digoxigenin. 

Bottom strand 

has 5’ overhang 1 

(11 mer, 10 nt, 1 

abasic nt). 

C-terminal DNA 

fragment (CTF) 

PCR fragment:   

pUC19 amplifying 

1509F–353R 

 

Top 5’ overhang antigen: 

biotin 

 

Bottom 5’ overhang 

abasic 2: 

GGGTGTGGTG-ab- 

PCR fragment, 

1550 bp with 5’ 

overhangs of 11 

and 1 nt.  

1550 bp of duplex. 

Top strand has 5’-

digoxigenin. 

Bottom strand 

has 5’ overhang 1 

(11 mer, 10 nt, 1 

abasic nt). 

This 

Study 

plasmid 1 pHTC-Spy-

NOTCH1[E1447–

P1729]-TEV-Halo 

 This 

Study 

plasmid 2 pHTC-Spy-TEV-Halo  This 

Study 
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Peptides, oligonucleotidesa, oligonucleotide conjugates, PCR primers, synthetic 

gene fragment, and plasmids. 

a Listed 5’ to 3’. Purified by desalting except where HPLC purification is 

indicated.
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Table 3-2. The Linker and Notch1 NRR SpyCatcher/HaloTag fusion protein 

translations.a 

Name Translation Details Properties 

Linker METDTLLLWVLLLWVPGSTGD
GHHHHHHHHGAMVDTLSGLS
SEQGQSGDMTIEEDSATHIKFS
KRDEDGKELAGATMELRDSSG
KTISTWISDGQVKDFYLYPGKY
TFVETAAPDGYEVATAITFTVN
EQGQVTVNGKATKGDAHIGPL
EPTTEDLYFQSDNDGSEIGTGF
PFDPHYVEVLGERMHYVDVGP
RDGTPVLFLHGNPTSSYVWRNI
IPHVAPTHRCIAPDLIGMGKSD
KPDLGYFFDDHVRFMDAFIEAL
GLEEVVLVIHDWGSALGFHWA
KRNPERVKGIAFMEFIRPIPTW
DEWPEFARETFQAFRTTDVGR
KLIIDQNVFIEGTLPMGVVRPLT
EVEMDHYREPFLNPVDREPLW
RFPNELPIAGEPANIVALVEEY
MDWLHQSPVPKLLFWGTPGVL
IPPAEAARLAKSLPNCKAVDIGP
GLNLLQEDNPDLIGSEIARWLS
TLEISG* 
 

SigPep-8xHis-

SpyCatcher-TEV-

HaloTag-Stop. 

 

Scissile bond: TEV 

motif with Q/S 

scissile bond. 

Reactive Lys31 of 

SpyCatcher 

underlined. 

Reactive D106 of 

HaloTag is 

underlined. 

There are 209 aa 

from SpyCatcher 

K31 to HaloTag 

D106. 

 

mature chain 

with 438 

residues, MW = 

47,733 Da 
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Notch1 

NRR 

METDTLLLWVLLLWVPGSTGD
GHHHHHHHHGAMVDTLSGLS
SEQGQSGDMTIEEDSATHIKFS
KRDEDGKELAGATMELRDSSG
KTISTWISDGQVKDFYLYPGKY
TFVETAAPDGYEVATAITFTVN
EQGQVTVNGKATKGDAHIGPE
EACELPECQEDAGNKVCSLQC
NNHACGWDGGDCSLNFNDPW
KNCTQSLQCWKYFSDGHCDSQ
CNSAGCLFDGFDCQRAEGQCN
PLYDQYCKDHFSDGHCDQGCN
SAECEWDGLDCAEHVPERLAA
GTLVVVVLMPPEQLRNSSFHFL
RELSRVLHTNVVFKRDAHGQQ
MIFPYYGREEELRKHPIKRAAE
GWAAPDALLGQVKASLLPGGS
EGGRRRRELDPMDVRGSIVYLE
IDNRQCVQASSQCFQSATDVAA
FLGALASLGSLNIPYKIEAVQSE
TVEPPLEPTTEDLYFQSDNDGS
EIGTGFPFDPHYVEVLGERMHY
VDVGPRDGTPVLFLHGNPTSSY
VWRNIIPHVAPTHRCIAPDLIG
MGKSDKPDLGYFFDDHVRFMD
AFIEALGLEEVVLVIHDWGSAL
GFHWAKRNPERVKGIAFMEFIR
PIPTWDEWPEFARETFQAFRTT
DVGRKLIIDQNVFIEGTLPMGV
VRPLTEVEMDHYREPFLNPVD
REPLWRFPNELPIAGEPANIVA
LVEEYMDWLHQSPVPKLLFWG
TPGVLIPPAEAARLAKSLPNCK
AVDIGPGLNLLQEDNPDLIGSEI
ARWLSTLEISG* 

SigPep-8xHis-

SpyCatcher-

NOTCH1 (E1447 

to P1729)-TEV- 

HaloTag-Stop.  

Scissile bonds: site 

S1 furin 

recognition motif 

with cleavage at 

R/E, site S2 A/V 

scissile bond, and 

TEV motif with 

Q/S scissile bond. 

Reactive Lys31 of 

SpyCatcher 

underlined. 

Reactive Asp106 of 

HaloTag is 

underlined. 

There are 493 aa 

from SpyCatcher 

Secreted 

immature 

chain with 744 

residues, MW = 

82,817 Da. 

Site S1 

processed  
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K31 to HaloTag 

D106. 

 

 

a Color Scheme for amino acid sequence, signal peptide (blue), 8xHis (green), 

SpyCatcher (brown), Notch fragment (red), TEV linker and cut site (black), HaloTag 

(purple), Linker (black), Stop codon (asterisk, *).
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Preparation of SpyTag and Cy5 conjugated oligonucleotide. 

Oligonucleotide 1 (O1, Table 3-1) containing 5' thiol and internal amino thymine at 

the 5’ base was dissolved at 4 mM in ultrapure water and 1 eq. (220 nmol) was 

diluted to 3 mM and buffered with 50 mM borate pH 9.5. The Cy5 labeled precursor 

(Cy5-oligonucleotide 1; see Conjugate 1, Table 3-1) was produced by addition of 2.2 

eq. of Cy5-succinimidyl ester dissolved in anhydrous DMSO for 18 hr at 4 °C, with 

6%vol DMSO in the reaction. The reaction was quenched for 1 hr at room 

temperature by addition of 50 mM Tris base from 1 M pH 8.0 stock. Free dye was 

removed by buffer exchange into 25 mM HEPES pH 7.5, 150 mM NaCl, using a PD-

10 column. The purity was assessed by denaturing TBE-Urea PAGE. Fraction 

labeled was assessed by A260 and A650 using molar absorptivity of 188,000 M-1cm-1 

for oligonucleotide 1 and 250,000 M-1cm-1 for Cy5, with 5% correction for absorption, 

of Cy5 at 260 nm. Measured 0.075 fractional labeling of the nucleotide was deemed 

sufficient, since its signal is only required for monitoring Spy-conjugation to protein 

substrates by Native PAGE. The conjugate 1 (C1, N-Cy5-Oligo 1) was flash frozen 

and stored at -80 °C until use. 196 nmol of partially labeled DNA product (Scheme 

3-1, Figure 3-2A) was obtained at 392 µM total DNA.  
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Scheme 3-1. Formation of conjugate 1. Reaction of Cy5-succinimidyl ester with 

amino-thymine base on oligonucleotide 1. 
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The directed heterodimeric disulfide formation procedure was inspired from 

previous work (Cohen et al., 2014; Maruyama et al., 1999; Metcalf et al., 2010; 

Rabanal et al., 1996). The 196 nmol of N-Cy5-Oligo 1 (conjugate 1, Table 3-1) was 

then reduced to produce free thiol by addition of 1 mM TCEP for 2 hr at room 

temperature. Reductant was removed and buffer was exchanged to 50 mM MES pH 

5.0, 2.0 M guanidiniumC using a PD-10 column. 2,2’-dithiobio(5-nitropyridine) 

(DTNP) was dissolved to 80 mM (~25 mg/mL) in anhydrous DMF and then 7 eq. 

(1.34 µmol) was added to 43 µM conjugate 1 (Table 3-1) and the reaction was 

allowed to proceed for 3 hr at room temperature, and then at 4 °C for 18 hr. Free 

DTNP and reduced 2-thio-5-nitropyridine (Npys) was removed by buffer exchange 

into the parent buffer using a PD-10 desalting column. The partially pure conjugate 

2 (C2, S-Npys-N-Cy5-Oligo 1) was flash frozen and stored at -80 °C until use. 

Approximately 20% of starting material was conjugated to DTNP, as assessed by 

change in electrophoretic mobility. 154 nmol of conjugate 2, the partially DTNP 

activated product (Scheme 3-2, Figure 3-2A), was obtained at 140 µM DNA. 

A peptide with N-terminal cysteine, diglycine linker and C-terminal SpyTag 

motif (peptide 1, Table 3-1) was dissolved in ultrapure water to 4 mM and used 

immediately or stored at -20 °C until use. To induce formation of a heterodimeric 

disulfide, 2.5 eq. of SpyTag-containing peptide 1 was then added to 73 µM S-Npys-

N-Cy5-Oligo 1 (conjugate 2, Table 3-1) and the reaction was allowed to proceed for 3 

 
C The presence of 2.0 M guanidinium was necessary for maintaining solubility of the hydrophobic 
DTNP in aqueous buffer at sufficient concentration for activation of the thiol. Compound would 
immediately precipitate even at lower concentrations in MES buffer with no salt or 150 mM NaCl. 
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hr at room temperature. Product (1), conjugate 3 (C3, Table 3-1, Figure 3-2A boxed) 

was purified by buffer exchange with PD-10 column into HBS pH 7.5 to remove low 

molecular weight impurities, most importantly free SpyTag peptide. Purity and 

fraction labeled were assessed by TBE-Urea denaturing PAGE (Figure 3-2B). The 

partially pure conjugate 3 (1) was flash frozen and stored at -80 °C until use. 

Approximately 10% of starting materials were conjugated to the peptide, as 

assessed by change in electrophoretic mobility and sensitivity of product band to 

reductant (Figure 3-2B). 57 nmol of conjugate 3 (1), the partially SpyTag-labeled 

oligonucleotide conjugate (conjugate 3, C3,  boxed in Scheme 3-3 and Figure 3-2A), 

was obtained at 114 µM total DNA.  
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Scheme 3-2. Formation of conjugate 2. Reaction of dithiolnitropyridine (DTNP) 

with the 5’-thiol on conjugate 1. 
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Scheme 3-3. Formation of product (1), or conjugate 3. Targeted disulfide 

formation with N-terminal cysteine on SpyTag peptide 1 and nitropyridine disulfide 

activated conjugate 2. 
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Preparation of HaloLigand and Cy3 labeled oligonucleotide. 

Oligonucleotide 2 (O2, Table 3-1) containing 5' thiol and internal amino thymine as 

the 5’ base was dissolved at 4 mM in ultrapure water and 1 eq. (1 µmol), buffered 

with 0.1 M Phosphate buffer pH 7.0 and reduced with 20 mM TCEP for 30 min at 

room temperature. The reduced Oligo 2 was diluted to 0.4 mM in HBS pH 7.5, and 

2.5 eq. (10 µmol) of Cy3-mono-maleimide in anhydrous DMF (0.5%vol f.c.), was then 

added and the reaction was allowed to proceed for 3 hr at room temperature. Free 

dye was removed by buffer exchange into HBS pH 7.5 with a PD-10 desalting 

column. Using A260 and A550, 72% of starting material was conjugated to Cy3. 446 

nmol of Oligo 6, the S-Cy3-Oligo 2 product (Scheme 3-4 and Figure 3-3A), was 

obtained at 223 µM total DNA. 

223 nmol of S-Cy3-Oligo 2 (Oligo 6, Table 3-1) at 0.2 mM buffered with 0.1M 

HEPES pH 8.3 was treated with 10 eq. of HaloLigand(O4)-succinimidyl ester 

dissolved in anhydrous DMSO. The reaction was allowed to proceed for 16 hr at 4 

°C. The reaction was quenched in 0.1 M Tris pH 8.0 at 25 °C for 1 hr. Free Halo was 

removed by buffer exchange into HBS with a PD-10 desalting column in HBS pH 

7.5. Using A260 and A550, 30% of starting material was conjugated to Cy3. 215 nmol 

of Oligo 7, the product (2) N-HaloLigand-S-Cy3-Oligo 2 (conjugate 5, C5, boxed in 

Scheme 3-5 and Figure 3-3A), was obtained at 430 µM total DNA.  
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Scheme 3-4. Formation of conjugate 4. Reaction of Cy3-maleimide with 5’ thiol of 

oligonucleotide 2. 
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Scheme 3-5. Formation of product (2), or conjugate 5. Reaction of HaloTag(O4)-

succinimidyl ester with amino-thymine base in conjugate 4. 
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Heterobifunctional labeling of protein fusions with SpyTag and 

HaloLigand oligonucleotide-conjugates. A one-pot reaction was performed to 

obtain a double protein oligonucleotide conjugate (Figure 3-4A). Reaction was 

performed at 4 °C for 18 hr, initiated by mixing 75 µL of 7.5 µM SpyCatcher-

Substrate-HaloTag material with ≥2 eq. of (1) HaloTag-N-Cy3-C-oligo 1 (75 µL of 

430 µM total of (1) mixture, assuming ~30% HaloLigand conjugate) and ≥2 eq. of (2) 

SpyTag-C-Cy5-N-oligo 2 (200 uL of 117 µM total (2) mixture, assuming with ~3% 

SpyTag conjugate) in a tube protected from light. Labeling was nearly quantitative, 

as demonstrated by electrophoretic mobility shift in native PAGE at pH 7.5 (Figure 

3-4B). The product has a retarded mobility and demonstrates both green (Cy3) and 

red (Cy5) fluorescence signal, and no starting material is visible by Coomassie stain 

in the lanes containing the completed reaction (Figure 3-4B).  

Each heterobifunctional double oligonucleotide protein conjugate product was 

separated from free oligonucleotides and other small molecule impurities by size-

exclusion chromatography on a Superdex 200 column in HBS pH 7.5 with 5%vol 

glycerol (Figure 3-4C). Fractions were screened by native PAGE analysis at pH 7.5, 

evaluating green and red in-gel fluorescence and subsequently by Coomassie stain. 

Notably, a minor amount of both (1) and (2), conjugates 5 and 6, respectively, was 

observed in both products (Figure 3-4C).  

The partially pure Notch1(1447–1726) (NRR, N) and linker-only control 

(linker, L) double oligonucleotide protein conjugates were obtained at 100–200 µL 

volumes at 50–75 µM and were snap frozen in liquid nitrogen and stored at -80 °C 
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until use. The NRR conjugate contains 503 aa between the DNA handles, and the 

linker conjugate contains 219 aa between the DNA handles (see Table 3-2). 

PCR amplification of 1.5 kbp DNA fragments with modified 5’ ends. 

Modified primers were ordered to amplify a 1,513 bp portion of the backbone of the 

pUC19 plasmid (NEB). The forward primers (primers 5 or 7, respectively; Table 3.1) 

contain either 5’ digoxigenin or 5’ biotin modifications. The reverse primers (primers 

4 and 6; Table 3.1) contain unique abasic sites to enforce 5’ single-stranded 

overhangs, as described (Arslan et al., 2015; Lin et al., 2017); Table 3.1. The distinct 

abasic sites were designed using Primer3 (v.0.4.0, url: http://bioinfo.ut.ee/primer3-

0.4.0/, (Koressaar and Remm, 2007; Untergasser et al., 2012)) with the M13 phage 

genome as template (Accession X02513), so that they have melting temperatures of 

27 °C, no secondary structure, and no complementarity to each other. Primers 4 and 

5 (Table 3.1) pair to form the N-terminal digoxigenin labeled handle with abasic 

overhang 1; and primers 6 and 7 (Table 3.1) pair to form the C-terminal handle with 

abasic overhang 2. 

Polymerase chain reaction (PCR) was performed with Taq DNA polymerase, 

taking advantage of the polymerase adding a trailing adenine (Clark, 1988) that 

will occupy the position relative to the abasic site and facilitate subsequent nick 

ligation (Doherty et al., 1996; Subramanya et al., 1996). PCR was performed in 1× 

ThermoPol buffer, 0.2 µM each primer, 200 µM dNTPs, and 0.05 U/µL Taq DNA 

polymerase for 30 cycles, with of 95 °C for 30 s, 56 °C for 30 s, and 68 °C for 90 s. 

The correct band size was verified by agarose gel analysis on 1%wt gel with TAE 
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buffer and ethidium bromide stain, and subsequently purified with a PCR cleanup 

kit (Nucleospin, Clontech). The PCR fragments were then treated with 

polynucleotide kinase for 2 hr at 37 °C in 1× PNK buffer, and purified with PCR 

cleanup kit.  

A preparation of 80–120 nM modified N-terminal fragment (NTF) and C-

terminal fragment (CTF) DNA moleculesD were obtained from 0.8 mL of preparative 

PCR (Table 3.1). 

Annealing control hairpin and duplex DNA. The hairpin DNA control 

with 5’ abasic reverse complimentary overhangs 1 and 2 was annealed by mixing 

equimolar amounts of 10 µM PNK treated hairpin oligonucleotide 5 (Table 3.1) and 

splinting oligonucleotides 4, 8, and 9 (Table 3.1) in 25 mM Tris and 50 mM NaCl 

and heating to 95 °C for 5 min and then allowed to cool to room temperature over 1 

hr in a metal heat block; see cartoon of annealed hairpin in Figure 3-6B. 

The duplex control with 5’ abasic reverse complimentary overhangs 1 and 2 

was annealed, with the same method as the hairpin control, at 10 µM using duplex 

oligonucleotides 6 and 7 (Table 3.1), as well as splinting oligonucleotides 4, 8, and 9 

(Table 3.1); see cartoon of annealed duplex in Figure 3-6B. 

The 10 µM annealed DNA hairpin and duplex abasic overhang fragments 

were stored at -20 °C until use. 

 
D  Molarity was determined using the following conversion from mass to moles for duplex DNA 
(dsDNA): pmoldsDNA = µgdsDNA × 106 pg/µg × (1 pmoldsDNA/660 pgdsDNA) × 1/N, where N is the number of 
base pairs and 660 g/mol as the average FW of a base pair 
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Ligation of heterobifunctional double oligonucleotide protein 

conjugates to 1.5 kb modified DNA. The heterobifunctional double 

oligonucleotide protein substrate conjugates were annealed by incubation at 37 °C 

for 10 min and cooling to room temperature with PNK treated oligonucleotides 4, 9, 

and 10 (Table 3.1) to create 5’ abasic overhangs (Figure 3-6A). The abasic overhang 

heterobifunctional protein substrate was then diluted to 100 nM for use in ligation. 

The 3.2 kb substrates (all are depicted in Figure 3-6A,B; NRR (N), linker (L), 

hairpin (H), and duplex (D)) for optical trapping experiments was prepared on a 2 

µg scale, in a 3-component ligation reaction with ~15 nM final concentration of each 

fragment (Figure 3-6A). First, 1.2 eq. of the digoxigenin and abasic 1 NTF DNA 

fragment, 1.1 eq. of the abasic 1 and 2 reverse compliment protein substrate, and 

1.0 eq. of the biotin and abasic 2 CTF DNA fragment. Second, since the CTF and 

substrate fragments are sensitive to the presence of reductant, the T7 DNA ligase 

was mixed with 2× custom ligase buffer for 10 min (1× Custom ligase buffer consists 

of 61 mM Tris pH 7.5, 11 mM MgCl2, 1 mM ATP (NEB), 1.5 mM GSSG, 7.5%wt 

PEG6000 (Hampton, HR2-533)) to quench the DTT in the ligase storage solution 

with glutathione disulfide (GSSG), prior to mixing with the substrate. Third, the T7 

DNA ligase in 2× custom ligase buffer was added to the substrate mixture and 

incubated for 2 hr at room temperature. The reaction was quenched and buffer 

exchanged by dilution into HBS pH 7.5 with 5%vol glycerol with a 50 kDa MW 

cutoff Amicon ultracentrifugal filter device. 
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The evolution of the 3.2 kb product was verified by 1%wt agarose gel 

electrophoresis in EDTA-free Tris-Acetate buffer pH 8.3 (TA buffer) and a 

representative preparation of each of the four substrates is in Figure 3-6C. Each 

product was obtained at 100–200 µL at ~6 nM (6 ng/µL). The products were snap 

frozen in liquid nitrogen and stored at -80 °C until use. 

Contour lengths are calculated from the total number of nucleotides and the 

number of amino acids present between the reactive residues on SpyCatcher 

(Lys31) and HaloTag (Asp106) (residues are indicated in Table 3.2), with 0.34 nm 

per base pair or nucleotide and 0.35 nm per amino acid, 0.6 nm per hexane linker 

and 0.35 nm per PEG monomer. The contour length (L0) is 1,249 nm for the NRR 

conjugate substrate (176 nm 504 aa, 1060 nm 3,164 bp), 1,140 nm for the linker 

conjugate substrate (219 aa, 3,164 bp), 1,088 nm for the hairpin substrate (3,184 bp) 

and 1,088 nm for the duplex substrate (3,184 bp)E. 

Two-trap laser tweezers experiments. A C-TrapTM G2 instrument 

(Lumicks) was used for laser tweezers experiments, controlled with Bluelake 

software (Lumicks). The instrument was operated with standard operating 

procedure, with power to the traps set to 100%, and was split 50:50. Temperature 

was set to 27 °C. The substrate for capture in the tandem optical traps was a 

heterobifunctional 1.51 kb N-terminal digoxigenin and C-terminal biotin labeled 

 
E The DNA conjugated to the protein substrates contain 3,164 bp = 1,550 bp NTF + 11 bp abasic 1 + 
20 bp N-terminal duplex (+ protein) + 22 bp C-terminal duplex + 11 bp abasic + 1,550 bp CTF. 
 
The all-DNA substrates (duplex and linker) have a folded contour length that excludes the 21 nt duplex 
and 25 nt hairpin (4× thymine stem loop). Assembly of 3,184 bp = 1,550 bp NTF + 11 bp abasic 1 + 19 
bp top strand duplex/hairpin + 2 unpaired T +41 bp bottom strand duplex/hairpin and overhang + 11 
bp abasic2 + 1,550 bp CTF. 
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SpyCatcher-Notch1(1447–1729)-HaloTag substrate containing 3.2 kb total length of 

dsDNA from two 1.51 kb handles. The streptavidin beads (‘SA,’ 1.76 µm) and anti-

digoxigenin beads (‘AD,’ 2.00 µm), both polystyrene beads obtained from 

Sphereotech, were diluted into trapping buffer (25 mM HEPES pH 7.5, 150 mM 

NaCl) and vortexed. Notch1 fragment was diluted in to a working concentration of 

150 pM in trapping buffer, from a 7 nM stock. Using a microfluidic chamber, the 

solutions were delivered to the chamber with a pressure change of 0.3–0.5 MPa with 

three adjacent paths, with substrate channel between the beads. A SA bead and AD 

bead were then captured in a fixed and movable optical trap, respectively. Beads 

were subsequently tracked and the stiffness of the trap was calibrated using built-

in functions in Bluelake software. 

To capture substrate, the beads were moved within a few microns of each 

other in the substrate channel with the flow on, and held in the substrate channel 

for 5–15 s to allow substrate binding. To capture a bridging tether using manual 

position control, the beads were repeatedly cycled between three positions: (1) 

moved to close proximity (5–50 nm), (2) held in close proximity briefly for less than 

10 s), and (3) moved apart (400–700 nm). A putative tether was identified by 

evolution of the early phase of a force/distance (F/d) curve then held at low force. 

The putative tethers were then evaluated using a series of paired, pulling and 

relaxing, 1 µm force ramps at 50 nm/s from the initial position at 400–600 nm until 

the tether would rupture. 
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Analysis of force/distance curves. Pulling (or out) and relaxing (or back) 

force/distance curves were imported into MATLAB (Mathworks, Natick, MA), 

visualized and background subtracted using an interpolated curve (to correct for 

interference between the traps), using custom written MATLAB scripts.  Data were 

fit to a worm-like chain (WLC) model for end to end distance of a polymer under 

tensile force, similar to this initial report (Bustamante et al., 1994). Specifically, two 

classic embodiments were chosen: the Siggia-Marko WLC model (Siggia and Marko, 

1995) (see f(x), Equation 3-1), or to the Odijk WLC model (Odijk, 1995) (see g(x), 

Equation 3-2). WLC fitting was specifically executed with nonlinear least squares 

fitting analysis, choosing the robust ‘Bisquare’ method and the ‘Levenberg-

Marquardt’ algorithm with 1.00 µm contour length (L0), 40 nm persistence length 

(P), and 1,300 pN elastic modulus (K0) for initial parameters, also with custom 

written scripts (see ‘wormlikefit.m’). The curve fitting was verified using the 

numerical solution to the WLC with simulated Normal distributed noise (5%). 

Siggia-Marko  f(x)= kBT
P
!14 "1- x

L0
#

-2
- 1

4 + x
L0
$  (3-1)     

Odijk   g(x)=L0 '1− 1
2
)kBT

x·P + F
K0
*  (3-2)    

 Additionally, apparent unfolding events were manually curated from pulling 

data originating from monovalently tethered substrates and length changes were 

assigned from the peak and trough of the unfolding event. The overall stiffness of 

the optical trapping system was calculated by adding the trap stiffness (κ) of each 

trap connected in series κdual = 1/κAD + 1/κSA (equation 3-3), where each subscript is 
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an identifier for overall dual trap stiffnesss (κdual), AD bead trap stiffness (κAD) and 

SA bead trap stiffness (κSA). For our experiments, κdual = 1.4068 pN/nm, where κAD 

= 1.1329 pN/nm for AD beads and κSA = 1.8723 pN/nm for SA beads. Given than our 

pulling rate was 50 nm/s, we calculate our ramp speedF to be 70.34 pN/s. 

  

 
F Note that for the von Willebrand Factor A2 domain, there was a linear dependence when plotting 
most likely unfolding force (pN) vs. log of loading rate (pN/s)] of the unfolding force on the ramp speed 
(Zhang et al., 2009) 
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3-3 Results 

Preparation of substrates for laser tweezers experiments.  

Oligonucleotides 1 and 2 (each heterobifunctional, containing both a 5’ thiol and an 

amino-thymine as the 5’ base; Table 3-1) were conjugated as described in Methods 

(Section 3-2, Schemes 1-3, Figure 3-2 and 3-3).  

The SpyTag-Cy5-oligonucleotide 1 (conjugate 3, or C3) was produced using a 

three-step procedure (Figure 3-2A, Schemes 1-3, ‘Methods’): first, modification of the 

amino-thymine of oligo 1 with Cy5-succinimide (Scheme 1, Figure 3-2); second, 

activation of the 5’-thiol of conjugate 1 with DTNP (Scheme 2, Figure 3-2); and 

third, directed disulfide bond formation between conjugate 2 and the N-terminal 

cysteine of a SpyTag peptide (peptide 1; Table 3-1) to produce 1 (conjugate 3, C3) 

(Scheme 3, Figure 3-2). The quality of the oligonucleotide starting material was 

evaluated by UV/Vis spectroscopy and PAGE analysis. There is clear evidence for 

Cy5 labeling by in-gel fluorescence and electrophoretic mobility shift (and UV/Vis 

spectroscopy), as well as obvious appearance of a fluorescent disulfide linked 

SpyTag and Cy5 labeled product (Figure 3-2B, wedge indicates product). Prior to 

use for preparative labeling, the SpyTag-Cy5-oligo 1 was analytically verified to 

spontaneously label the SpyCatcher-linker-HaloTag protein in ~1 hr at room 

temperature, by Native PAGE electrophoretic mobility shift analysis and in-gel 

fluorescence. 
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Figure 3-2. Production of SpyTag oligonucleotide, product (1), or conjugate 

3. A, Concise reaction scheme for production of product 1 (boxed, conjugate 3 or C3) 

from oligonucleotide 1 (O1) starting material and conjugate 1 (C1) and conjugate 2 

(C2) intermediates. Newly formed bonds indicated in red. B, Denaturing TBE-Urea 

PAGE analysis of product 1 synthesis, with the product indicated with the white 

wedge. On the left is a stained gel imaged with blue fluorescence (for SybrSafe, 450 

nm) and on the right is an unstained gel imaged with red fluorescence filter (for Cy5, 

620 nm). Upper and lower MW marker 35 and 20 nt, respectively. Superscript C 

indicates a crude product, and R indicates addition of 5 mM DTT reductant to loading 

buffer. 
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 The HaloLigand-oligonucleotide 2 (conjugate 5, C5) was produced using a two-

step procedure (Figure 3-3A, Schemes 4-5, ‘Methods’): first, modification of the 5’-thiol 

of oligonucleotide 2 (O2) with Cy3-(C5)maleimide to produce conjugate 4 (C4) 

(Scheme 4, Figure 3-3A), and second, the amino-thymine base of conjugate 4 was 

conjugated to HaloLigand(O4)-succinimide to produce 2 (conjugate 5, C5) (Scheme 5, 

Figure 3-3A). The Cy3 labeling was apparent by in-gel fluorescence and UV/Vis 

spectroscopy and electrophoretic mobility shift. 

The recombinant SpyCatcher/HaloTag fusion proteins, furin-treated 

Notch1(1447–1729) heterodimer and the linker-only, were purified by size exclusion 

chromatography (Table 3-2). Preparative conjugation of the NRR (N) and linker (L) 

with conjugates 1 and 2 is schematically depicted in Figure 3-4A. Conjugation was 

essentially quantitative, as determined by the conjugate’s electrophoretic mobility 

shift compared with starting material by Native PAGE analysis monitoring in-gel 

fluorescence before Coomassie stain (Figure 3-4B). Additionally, as predicted the 

SpyTag oligonucleotide bond was labile to treatment with reducing agent (DTT) 

(Figure 3-4B). 

  



 

 145 

 

Figure 3-3. Production of HaloLigand oligonucleotide, product (2), or 

conjugate 5. A, Concise reaction scheme for production of product 2 (boxed, 

conjugate 5 or C5) from oligonucleotide 2 (O2) starting material and conjugate 4 (C4) 

intermediate. Newly formed bonds indicated in red. B, Denaturing TBE-Urea PAGE 

analysis of product 2 synthesis, with the product indicated with the white wedge. On 

the left is a stained gel imaged with blue fluorescence (for SybrSafe, 450 nm) and on 

the right is an unstained gel imaged with green fluorescence filter (for Cy3, 520 nm). 

Upper and lower MW marker 35 and 20 nt, respectively. 
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Figure 3-4. SpyCatcher and HaloLigand fusion protein conjugation with 

oligonucleotides. (legend continued on next page)  
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Figure 3-4 (continued) 

A, Concise reaction scheme for production of double oligonucleotide NRR conjugate 

(3, boxed ‘N’) from the precursor SpyCatcher-NRR-HaloTag (listed N-to-C) protein 

with SpyTag-Cy5-oligo (1, green) and HaloLigand-Cy3-oligo (2, blue). The linker-only 

conjugate (4, boxed ‘L’) product is also indicated. B, Native PAGE (pH 7.5) analysis 

monitoring preparative conjugation of SpyCatcher/HaloTag fusions of the Notch NRR 

(N) and linker-only (L). C (Notch) and D (linker), Native PAGE analysis comparing 

crude (left) and pure (right) double oligonucleotide protein conjugates after size-

exclusion chromatography, showing the Coomassie stain as well as green (Cy3 signal, 

520 nm) and red (Cy5 signal, 630 nm) in-gel fluorescence of the unstained gel. PAGE 

gels are 4-20%wt tris-glycine. Black border indicates Coomassie stain (trans UV 

detection). Green border indicates in-gel fluorescence of green Cy3 signal (520 nm). 

Red border indicates in-gel fluorescence of red Cy5 signal (630 nm). Open wedges 

indicate product bands. Filled wedges indicate starting material bands. Brackets or 

dash indicate free oligos. 
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The double oligonucleotide protein conjugates (1 eq., NRR or linker) or the 

all-DNA control molecules (1 eq., hairpin or duplex) were then annealed and ligated 

to appropriate splinting oligos (1.1 eq) and two distinct 1.56 kb DNA handles CTF 

and NTF (1.2 eq. each; total length 3.16 kb) (Figure 3-5A,B). The 3.16 kb product 

could be detected for all four substrates (Figure 3-5C), and no product was observed 

if only the NTF, CTF, or both NTF/CTF fragments were used (not shown). 

Efficiency of assembly was variable for the different substrates, with the most 

efficient assembly for the hairpin, followed by the NRR, then linker, and finally the 

duplex (Figure 3-5C). Assembly efficiency of the three-piece ligation would be 

inhibited by any excess materials competing for the free 5’ abasic overhangs on the 

NTF and CTF (Figure 3-5C). Also, the gel-based detection of the duplex might, in 

part, appear inefficient due to the noncovalent nature of the substrate (Figure 3-

5C). 
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Figure 3-5. Annealing and ligation of laser tweezers substrates.  

(legend continued on next page) 
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Figure 3-5 (continued) 

A, Detailed scheme for annealing and ligation of the double oligonucleotide conjugate 

SpyCatcher-NRR-HaloTag material (Boxed, ‘NRR’ product 5) with the 1.56 kbp 5’-

digoxigenin/5’-overhang 1 N-terminal fragment (NTF) and 1.56 kbp 5’-biotin/5’-

overhang 2 C-terminal fragment (CTF) with bridging oligonucleotides 1 and 2 (see 

Table 3-1, oligonucleotides 3 and 4). B, Scheme focused on the final annealing and 

ligation step, with the NTF on top and the CTF on bottom showing only the abasic 

overhangs. for the: (B, left, product 6), ‘linker’ protein substrate (B, center, product 7) 

‘hairpin’ all-DNA substrate, and (B, right, product 8) the ‘duplex’ all-DNA substrate. 

C, Analysis of a preparative ligation reaction of four single molecule substrates (left 

to right): NRR (5), linker (6), hairpin (7), and duplex (8). 1%wt agarose gel, stained 

with ethidium bromide, imaged with UV trans illumination. The open wedge 

indicates the ligated substrate product (3.16–3.18 kbp), while the closed wedge 

indicates the NTF and CTF starting materials (1.56 kbp). 
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Figure 3-6. Prediction of Notch1 NRR conformational changes associated 

with relief of autoinhibition. (legend continued on next page) 
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Figure 3-6 (continued) 

A, Notch1 furin-cleaved negative regulatory region crystal structure (PDB 3i08) with 

various views, surface rendering. B, Spatial view of separation of the Lin-12/Notch 

repeats (LNR) from the HD domain and emphasis on relationship between LNR 

repeats by depiction of the linker as cartoon (black) and the core LNR repeats with 

surface rendering (transparency) over the secondary structure depiction of the fold 

(black). C-D, Analysis of putative conformational changes associated with LNR 

repeats from measurement of NRR crystal structure, measuring the inextensible, 

disulfide bonded core LNR N-to-C distances and calculating lengths of extended 

linkers (assuming 0.35 nm per residue). Showing both a table of the lengths and an 

accompanying cartoon of three possible open configurations. 
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 Predicting length changes associated with opening the Notch1 NRR. 

I analyzed the crystal structure of the furin-processed Notch1 NRR (Figure 3-6A, 

PDB 3i08, (Gordon et al., 2009b)) to predict length changes sufficient to expose site 

S2, measuring the sizes of domains and the lengths of interdomain linkers 

comprising the NRR using PyMOL (v1.7.2.3, Schrodinger, LLC) (Figure 3-6B,C). 

The inextensible lengths of the three LNRs were 15.7 Å, 16.7 Å, and 16.7 Å (for 

LNR-A, B, and C, respectively), using distances measured from the Cα of cysteine 1 

to cysteine 6 of the canonical fold (Aster et al., 1999; Vardar et al., 2003) (see 

isolated LNR domains in Figure 3-6B). Although ordered in the x-ray structures, 

the lengths of the three inter-LNR linkers as extended segments would be 35 Å (1, 

10 aa), 21 Å (2, 6 aa), and 14 Å (3, 4 aa), respectively, assuming that these sequences 

become fully extended when the LNR dissociates from HD (Figure 3-6). Three 

plausible length changes to expose S2 therefore are 5, 9, or 11 nm, for unbinding of 

LNR-A, LNR-A-B, or LNR-A-B-C, respectively (Figure 3-6C). 

Two-trap laser tweezers of Notch1 negative regulatory region. The 

NRR substrate (0.05 ng/µL, approximately 50 pM) was delivered to the optical traps 

in a microfluidic chamber using four parallel non-mixing channels (buffer, 

streptavidin beads, substrate, digoxigenin beads). The functionalized polystyrene 

beads (SA = 2.0 µm and AD = 1.76 µm) were first captured in the two laser tweezer 

traps and tracked by video microscopy with BlueLake software to ensure each trap 

contained a single bead, devoid of any nonspecifically adsorbed material.  
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Figure 3-7. Analysis of force-extension curves of Notch1 NRR with two-trap 

laser tweezers. A, Example of a force versus distance plot with background 

correction. Overlay of raw data (blue), background (dark gray), and corrected data 

(green). Notable events are the small ripping event at 5 pN and a rupture event at 34 

pN. B, A background corrected force extension curve with 70 pN/s ramp rate that 

demonstrated a single ripping event at 27 pN and a sequence of ripping events at 55–

60 pN, boxed as I and II, respectively. C, Enlarged view of boxed regions I and II from 

panel B. Ripping events annotated with start of the rip indicated with a filled wedge 

and the end of the rip indicated with the hollow wedge. 
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Substrates were captured in the two-trap laser tweezers by ‘fishing’ for 

bridging molecules between the trapped beads by repeated approach and 

withdrawal of streptavidin (fixed) and anti-digoxigenin (moving) beads in the 

presence of 0.01-0.1 ng/µL of substrate, in a microfluidic chamber (Figure 1 and 

‘Methods’). Tethers were identified by observation of initial force-extension behavior 

in the withdrawal step, when approaching ~50–75% of the contour length.  

Once a substrate was captured, force-extension curves were collected using a 

loading rate of 70 pN/s and an extension distance of 1 µm. The substrates were 

stretched and relaxed repeatedly until tether rupture. Each pulling curve was 

examined to determine if it represented a single tether by qualitatively comparing it 

to the Odijk WLC model with L0 = 1 µm, and if applicable, the presence of the 

double-stranded (ds) DNA overstretching transition at 60 pN (Smith et al., 1996). 

Curves originating from likely single tethers were subsequently background 

corrected for interference between traps (Figure 3-7A, and ‘Methods’ Section 3-2). 

All the curves were further analyzed, and those that were obviously multiply 

tethered due to large contour lengths or sequential unfolding events incompatible 

with a single molecule were excluded from further analysis.  

A total of 13 molecules met at least one requirement for monovalency, and 

were further inspected for opening and unfolding transitions. All the background 

corrected data were then manually inspected and annotated for the presence of 

ripping events (also known as unfolding or denaturing events in the literature). 

Throughout the data set, several classes of unfolding events were observed in the 
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force regime between 1 and 60 pN. Fewer than 25 total extension events were 

observed (nearly every captured molecule ruptured after applying >75 pN of force).  

A representative force-extension curve is shown in Figure 3-7B, specifically 

annotated in two inset regions. The insets (I) and (II) in Figure 3-7B represent a 

low-force extension event at 27 pN and a high-force set of inter-related extension 

events at 55–60 pN, respectively. The insets are magnified and shown again with 

annotations of each event indicating the positions of the start and finish, with filled 

and empty wedges, respectively (Figure 3-7C). It can be seen that these are from 

singly-tethered beads with DNA handles since the transitions in inset (II) are 

followed by the DNA overstretching transition at 60 pN (cropped, so not visible in 

Figure 3-6 and 3-7). Upon relaxing, the transitions in the inset (II) region were 

observed in reverse, suggesting monovalency as well as reversibility of the 40–60 

pN transitions. 

We only observe a small number of force-dependent transitions, too few to 

allow assignment to specific conformational changes or unfolding events to the 

NRR. The force of unfolding was assigned as the force of the peak of the unfolding 

event, and length change estimated by the x-distance between the peak and trough 

of the event (Figure 3-7, white and black wedges). Small extension events between 

5–15 nm occur at lower forces, between 20–40 pN (Figure 3-7, inset I). Additionally, 

larger 30–60 nm extension events in the 40–60 pN range exhibit a reproducible 

sawtooth pattern that is evident in the example shown (Figure 3-7, inset II). With 
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so few observations, we cannot assign these transitions to specific regions of the 

Notch1-DNA conjugate.   
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Figure 3-8. Evaluation of NRR extension events in force-distance curves. The 

representative data curve (solid red line) is overlaid with two numerical solutions to 

the Odijk worm-like chain, assuming an extension (DL) of 25 Å, from contour lengths 

1.075 µm (gray dashed line) and 1.100 µm (gray dotted line).   



 

 159 

3-4 Discussion  

 Perspective on protein-DNA conjugates for force spectroscopy. We 

have successfully completed preliminary laser tweezers experiments on the Notch1 

NRR tension sensor heterobifunctionally and site-specifically conjugated to double 

stranded DNA molecules with biotin at one end and digoxigenin at the other (Figure 

3-1 and Figure 3-5). 

 Heterobifunctional DNA molecules were attached using orthogonal 

spontaneous labeling techniques in a one-pot reaction (Figure 3-4) using 

SpyCatcher-SpyTag (Figure 3-2) and HaloTag-HaloLigand (Figures 3-3) 

approaches. Our Spy/Halo labeling strategy was chosen to avoid the typical use of 

cysteine-dependent labeling (Cecconi et al., 2011; Zhang et al., 2009), such that 

labeling here does not require the use of reactive thiols on the protein of interest. 

The avoidance of thiol chemistry was essential since every domain in the Notch 

ectodomain has a tertiary structure dependent upon disulfide linkages. 

Spontaneous alternatives include HUH-tags which recognize ssDNA sequences 

(Lovendahl et al., 2017), SNAP (Keppler and Ellenberg, 2009) and CLIP (Gautier et 

al., 2008) tags with benzylguanine or benzylcytosine functionalized oligos, 

respectively, or SnoopCatcher-SnoopTag (Veggiani et al., 2016). Enzyme catalyzed 

alternatives existG and only require a 3–12 aa motif for modification, but typically 

suffer from reduced yields compared with spontaneous labeling techniques. 

 
GEnzyme catalyzed alternatives include the use of coenzymeA-modified oligos and Sfp-ybbR/S6 tag 
and AcpS-A6 tag phosphopantetheinyl transferase-tag pairs (Maillard et al., 2011; Schoeler et al., 
2014; Yin et al., 2004; Zhou et al., 2007), SortaseA-mediated transpeptidase tagging using polyglycine 
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Our approach with SpyCatcher and HaloTag fusions flanking a protein of 

interest for covalent modification with DNA should be generalizable to single-

molecule force spectroscopy (see Chapter 1, Section 1-3), where attachment of 

handles to proteins with native disulfide bonds has been difficult because of prior 

reliance on thiol based chemical coupling.  

Annealing and ligation of DNA handles was efficiently performed using PCR 

products with modified primers to create a single fragment labeled with biotin or 

digoxigenin on one end and a 5’-overhang enforced by an abasic site. This assembly 

eliminated the need to use stepwise annealing, ligation, and purification of 

fragments derived from palindromic restriction enzyme-derived sticky ends, and 

avoided concatemerization side products from self-ligation. Although not used for 

trapping experiments due to limited instrument availability, substrate preparation 

of the linker-only protein substrate and all-DNA hairpin and duplex controls was 

also successful. 

 Preliminary laser tweezers experiments of Notch1. The tandem laser 

tweezers experiments successfully demonstrate that the NRR substrate was 

properly assembled since the observed contour length was close to the theoretical 

prediction (Figure 3-7 and 3-8). With the instrument used, transitions as small as 

10 nm were observed, indicating that transitions on the order of the 5–11 nm steps 

 
or LysProXxxThrGly peptide modified oligos, where ‘X’ is any amino acid (Drabek et al., 2019; Koussa 
et al., 2014; Levary et al., 2011; Ton-That et al., 1999), and the SpyLigase system with K-tag and 
SpyTag oligonucleotide pairs (Fierer et al., 2014). 
 



 

 161 

predicted to be associated with relief of autoinhibition are observable by this 

approach. Encouragingly, the low-force transitions that we observed were in the 10–

20 nm range. We cannot comment, however, on the physical meaning of these 

transitions for the Notch receptor without collecting more extension statistics. Even 

more importantly, repeating the same experiments with the linker control would be 

essential to assign a sub-population of transitions to the NRR, by comparison. 

Additionally, the reversibility of the unfolding reaction is unknown. To test 

for reversibility and screen for hysteresis of the opening and closing transition(s), it 

should be useful to perform repeated force-ramp style experiments at low forces 0 

⟷20 pN (see (Zhang et al., 2009)). As a companion to this, it should also be useful 

to use the force-clamp style experiment at stepwise increments between 1–20 pN to 

characterize, with high-resolution, the number and occupancy of observed 

extensions (see (Neupane et al., 2016)). There are plausible intermediate open 

states that the NRR can occupy, during hypothetical stepwise release of 

autoinhibition, that could be defined, as well (see Figure 3-6C; such states have 

been defined for nucleic acids (Woodside and Block, 2014)). 

Quantitatively, these experiments would allow us to define the Notch tension 

sensor’s opening reaction kinetics. If the opening reaction is reversible, we would 

aim to define its equilibrium constant (Kopen = kclose/kopen, closed ⇄	open), similar to 

other reports (Neupane et al., 2016; Park and Marqusee, 2004; Tinoco and 

Bustamante, 2002; Woodside and Block, 2014). Xu observed that the rate of the 

closing reaction of the VWF A2 domain, for example, was much slower than the 
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opening rate (kclose << kopen), implying a higher activation energy in the reaction 

coordinate for closing, than for opening (Xu and Springer, 2013).  Wong and 

colleagues also successfully defined the VWF A2 domain closed and open state 

lifetimes (τclose and τopen, respectively) by modulating the magnitude of the tension 

applied to the open state, and clearly demonstrate that these constants are a 

fundamental property that must be defined to understand the A2 domain dynamics 

(Zhang et al., 2009). For Notch, at a large enough applied force,  full or partial 

denaturation of the HD domain should result in a subunit dissociation event, 

detected as irreversible rupture (kd-HD), as reported for dissociation of a different 

non-covalent heterodimer (Chowdhury et al., 2016)).  

Lastly, we would want to show that that when captured in the optical trap 

and incubated with ADAM10 metalloprotease, the Notch1 fragment could only be 

proteolytically released when subjected to forces sufficient to lead to opening 

transitions (in a manner analogous to ADAMTS13 cleavage of VWF (Zhang et al., 

2009)). 

The biophysical characterization of the relief of autoinhibition for the NRR by 

optical trapping has been shown to be feasible, and should yield a quantitative and 

detailed description of the opening of this mechanosensitive domain.  
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chimeras of Delta-like ligand 4 
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4-1 Introduction 

Clustering and polyvalent interactions of receptors. Clustering of 

surface receptors is a central paradigm for signal transduction. This phenomenon 

has been reviewed from the perspective of clustering that is inherent to the 

receptor(s) themselves (Kentner and Sourjik, 2006), often invoking cellular binding 

partners and scaffold (Bethani et al., 2010; Bray, 1998); and from the perspective of 

clustering induced by binding to polyvalent ligand(s) (Mammen et al., 1998).  

Whitesides and colleagues state that “the valency of a particle is the number 

of separate connections of the same kind that it can form with other particles 

through ligand-receptor interactions” (Mammen et al., 1998). Although not strictly a 

requirement for all clustering phenomena, polyvalency is a common means to 

achieve clustering (Kiessling et al., 2000). Polyvalent ligands have been shown to 

have more potent activating and inhibitory effects on their receptors (Kiessling et 

al., 2006). 

Clustering phenomena can also be separated into ordered and disordered 

polymeric states. An ordered system would have supramolecular symmetry akin to 

quasi-crystalline state  (Briegel et al., 2012; Briegel et al., 2009). In contrast, a 

stochastically oligomerized cluster would lack any intrinsic pattern (Choudhuri and 

Dustin, 2010; Su et al., 2016).  For chemoreceptors of bacteria, ordered 2-D inter-

receptor clustering is essential for their cooperative function guiding chemotaxis in 

response to molecules in the environment (Gestwicki and Kiessling, 2002; Sourjik 

and Berg, 2004). In eukaryotes, ligand-induced heterotypic oligomerization of 
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receptor tyrosine kinases (RTKs) is disordered, not forming a predictable geometric 

pattern (Schlessinger, 2000). T cell receptor signaling is also dependent on the 

disordered clustering of signaling at the immunological synapse (Manz and Groves, 

2010). In contrast to the specificity of chemoreceptor clusters driven by their 

periplasmic domains, RTK oligomerization of pre-formed homodimers is dominated 

by numerous cytoplasmic scaffolding factors despite ordered in other regionsA – see 

these reviews from structural (Kovacs et al., 2015), and general perspective 

(Lemmon and Schlessinger, 1994; Schlessinger, 1988) (mentioned briefly in Chapter 

1-1). 

Receptor recycling and signal transduction. Recycling is a fundamental 

property of the plasma membrane. Internalization of nutrients is mediated by 

receptor recycling. For example, iron is internalized by the transferrin receptor 

(TfR) (Trowbridge et al., 1984) and cholesterol is internalized by the low-density 

lipoprotein receptor (LDLR) (Brown and Goldstein, 1979) 

The dynamics of endocytosis have been widely studied (Steinman et al., 

1983). The LDLR and TfR recycle constantly, independent of their engagement with 

ligand (Goldstein et al., 1985). However, for many signaling receptors the ligand 

binding event can induce a change in the recycling behavior of the receptor. 

Internalization of the soluble nutrient or signal is, in these cases, dependent on 

receptor binding. 

 
A EGFR hormone-bound ectodomains (Ogiso et al., 2002), juxtamembrane region (Red Brewer et al., 
2009),  transmembrane domains (Sinclair et al., 2018), and intracellular kinase domains (Zhang et al., 
2006). Eph receptors similarly form ordered homotypic dimers and oligomers, despite higher-order 
clustering of homotypic dimers/tetreamers that is predicted to be disordered(Himanen et al., 2010).  
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In contrast to internalization as a means of transport, ligand induced 

endocytosis upon binding of soluble hormones is essential for signal transduction 

and/or signal termination by receptor tyrosine kinases (like the RTK platelet 

derived growth factor receptor (Heldin et al., 1988)) and G-protein coupled receptors 

including the beta-2 adrenergic receptor (Von Zastrow and Kobilka, 1992). 

Likewise, endocytosis of transmembrane ligand is crucial for stimulation of Notch 

(Langridge and Struhl, 2017; Wang and Struhl, 2004), as previously discussed in 

Chapter 1 and Chapter 3-1.  

Investigating Notch signaling with two component arrays. The 

principles of noncovalent supramolecular assembly are discussed by Vantomme and 

Meijer in this historical perspective (Vantomme and Meijer, 2019). The work in this 

Chapter relies on solution-phase protein-based supramolecular arrays (Der et al., 

2012; Fletcher et al., 2013; King et al., 2014; Lai et al., 2012; Sinclair et al., 2011), 

and we note reports of DNA-based arrays (Ke et al., 2012; Seeman, 2010; Wang et 

al., 2016), as well as surface-confined, or soluble, small molecule arrays (Ecija et al., 

2013; Iritani et al., 2017; Tahara et al., 2006; Urgel et al., 2016) and small molecule 

supramolecular polymers of other shapes (De Greef et al., 2009; Jonkheijm et al., 

2006). 

Notch is activated by its transmembrane ligand in a highly specialized and 

precise endocytosis-dependent manner that exerts a tensile force across the 

mechanosensitive negative regulatory region (NRR) (Gordon et al., 2015; Langridge 

and Struhl, 2017). Additionally, it has been reported that binding of soluble DSL 
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ligand is not stimulatory (Varnum-Finney et al., 2000) and induces internalization 

of bound Notch receptor (Hicks et al., 2002). However, there is no consensus 

whether clustering, oligomerization, or homodimerization of the Notch receptor or 

DSL ligand agonistically or antagonistically impacts Notch signal transduction 

(Biktasova et al., 2015; Huang et al., 2011). Additionally, there are conflicting 

reports concerning the delivery of antibody-induced disordered clusters of DSL 

ligand-Fc fusions to Notch reporter cells (Hicks et al., 2002). These results suggest 

that there is an incomplete understanding of the effects of clustering on Notch 

signal transduction, and that controlled presentation of DSL ligand of varied, 

ordered oligomeric states would be enlightening.  

The long-term goal of these experiments is to manipulate the timing and 

strength of Notch signaling by controlling the density and stoichiometry of clustered 

ligands with these array-forming materials. This Chapter describes work I carried 

out using an as yet unpublished, two-component array-forming system developed by 

Ariel Ben-Sasson, David Baker and colleagues (Ben-sasson, 2019). For simplicity, I 

will refer to the two array-forming components as A and B. The A component forms 

a hexamer independently, and when combined with B forms an A-B hexagonal 

array (Bale et al., 2016; King et al., 2014). In a first step toward this objective, I 

present preliminary studies demonstrating that an A-DLL4 fusion protein can bind 

to Notch at the cell surface, can pair with a B component to form arrays, and can 

propagate arrays large enough to interfere with Notch endocytosis. This Chapter 
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demonstrates the usefulness of controlled array formation as a means of regulating 

signal transduction.  
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4-2 Materials and Methods 

Protein expression and purification. Delta-like ligand 4 (DLL4) was 

prepared from a fragment of the human Delta4 ectodomain (1-405) with a C-

terminal GS-SpyTag-6×His sequence (DLL4-ST, see Table 4-1) (Zakeri et al., 2012). 

The protein was purified by immobilized metal affinity chromatography with Ni-

NTA (His-Pur, Thermo Fisher) from culture medium from transiently transfected 

Expi293F cells (Thermo Fisher), then further purified to homogeneity by size 

exclusion chromatography on a Superdex 200 column in 50 mM Tris, pH 8.0, 150 

mM NaCl, and 5%vol glycerol, and flash frozen before storage at -80 °C. DLL4 was 

conjugated to the SpyCatcher tagged A homooligomers (ASC) at 1.5:1 molar ratio of 

DLL4 to ASC. The ASC-ST-DLL4 (ADLL4) conjugate was purified by size exclusion 

chromatography on a Superose 6 column. The ASC-ST-DLL4-Cy3 conjugate was 

produced by coupling of 1.5 µM ASC-ST-DLL4 to excess Cy3-NHS (GE) overnight at 

4 °C in 25 mM HEPES, pH 7.5, 150 mM NaCl. The labeled ASC-ST-DLL4 was then 

purified by desalting on a P-30 column (Bio-Rad). The final molar ratio of Cy3 to 

ASC-ST-DLL4 was 5:1. 

DLL4(N-EGF5)-BAP-6×His (BAP, biotin acceptor peptide or AviTag, 

sequence GLNDIFEAQKIEWHE) plasmid, previously described (Andrawes et al., 

2013), was purified from transiently transfected 293F cells as described above for 

DLL4-ST. DLL4-BAP was stored at 4 °C until it was enzymatically biotinylated, 

typically within 24 hr of initial purification. 
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BirA enzyme was purified from BL21(DE3) cells transformed with pET21a-

BirA plasmid (Addgene plasmid #20857) by immobilized metal affinity 

chromatography with Ni-NTA and size-exclusion chromatography, as described 

(Chen et al., 2005; Howarth et al., 2005; Howarth and Ting, 2008). BirA was 

concentrated to >20 mg/mL, flash frozen in aliquots, and stored at -80 °C. 

DLL4-BAP was biotinylated in vitro for 4 hr at room temperature with 10–20  

µM BAP, 25 µM biotin, 5 mM ATP, 25 mM HEPES, pH 7.5, 10 mM MgCl2. 

Biotinylated DLL4-BAP (DLL4-Biotin) was purified by size-exclusion 

chromatography on an Superdex 200 column in HBS, pH 7.5, 5%vol glycerol. 

Biotinylation was nearly quantitative, as assessed by streptavidin supershift assay 

(Fairhead and Howarth, 2014). DLL4-Biotin was concentrated to >1 mg/mL, flash 

frozen in aliquots, and stored at -80 °C. 

DLL4/Notch1 image acquisition. U2OS cells (ATCC, HTB-96) were 

cultured in DMEM (Corning) supplemented with 10% fetal bovine serum (Gemini) 

and 1% Pen/Strep (Gibco) at 37 °C with 5% CO2. U2OS cells expressing Notch1-

Gal4 chimeric receptors (Malecki et al., 2006) were maintained as for parental cell 

line, and additionally were selected on 50 µg/mL hygromycin B (Thermo) and 15 

µg/mL blasticidin (Invitrogen). Expi293F (Thermo Fisher) cells were cultured in 

Expi293 medium (Thermo Fisher) on an orbital shaker at 125 rpm at 37 °C with 5% 

CO2. 

For array recruitment experiments, U2OS cells expressing Notch1-Gal4 

chimeric receptors (Malecki et al., 2006) in DMEM (Corning) + 2 µg/mL doxycycline 
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(Sigma) were transferred to No 1.5 coverslip bottom dishes (MatTek), and incubated 

on ice for 30 min (unless otherwise indicated). Cells were then either mock treated, 

or treated with 1 µM ADLL4, ADLL4-Cy3, or ASC-Cy3 for 15 min on ice, and then 

washed 3× in ice cold DMEM. ADLL4 treated Notch1-Gal4 cells were then mock 

treated, or used for recruitment of BmCherryB only (1 µM), AGFPC only (1 µM), or 

both unlabeled B and AGFP array components (1 µM each). Array recruitment was 

allowed to proceed for 60–90 min on ice and cells were washed 3× in ice-cold 

DMEM. After array recruitment, cells were imaged immediately at 37 °C (Fig 4b), 

or incubated for at least an additional 1 hr either on ice (Figure 4-1b,c “cold”) or at 

37 °C (Figure 4-1c “cold → warm”) before imaging. In some control experiments, the 

temperature was held at 37 °C during array recruitment or mock treatment as 

indicated (Figure 4-2a, b). 

Dishes were mounted on a 100×/1.40NA oil immersion objective on a Spectral 

Applied Research Aurora Borealis modified-Yokagawa CSU-X1 spinning disk 

confocal microscope (Nikon Ti), equipped with a 5% CO2 temperature-controlled 

chamber (OkoLab). For Figure 4-1c, images for the “cold” condition were acquired at 

15 °C (Figure 4-1c “cold”; and Figure 4-2c-d), and for the “cold → warm” condition, 

images were acquired at 37 °C (Figure 4-1b, c “cold → warm”). GFP fluorescence 

was excited with a 488 nm solid state laser at 60 mW, and mCherry or Cy3 

fluorescence was excited with a 561 nm solid state laser at 60 mW (each selected 

with an AOTF). Fluorescence emission was detected after passage through a 

 
B mCherry was originally described by: (Shaner et al., 2004). 
C Specifically, superfolder GFP was used (Pédelacq et al., 2006). 
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405/488/561/642 Quad dichroic beamsplitter (Semrock).  Fluorescence from 

excitation at 488 nm was detected after passage through a 525/50 nm emission filter 

(Chroma), and fluorescence from excitation at 561 nm was detected using a 625/60 

nm emission filter (Chroma). Images were collected with either a sCMOS (Figure 4-

1; Hammamatsu, ORCA-Flash4.0 V3) or cooled CCD camera (Figure 4-1c and 

Figure 4-2; Hammamatsu, ORCA-ER), controlled with MetaMorph software 

(Molecular Devices). Data were collected as z-series optical sections on a motorized 

stage (Prior Proscan II) with a step-size of 0.5 microns, and are displayed as 

maximum z-projections (Figure 4-1b, c and Figure 4-2). 

Colocalization analysis. Quantification of data in Figure 4-1 was 

performed in Imaris software package. In the ‘Surfaces’ function, each fluorescent 

channel was thresholded in a manner that yielded data representative of the z-

series optical sections. From these thresholded data, the number and volume of 

objects were determined (Figure 4-3a,b). Object based colocalization (described here: 

(Lagache et al., 2015)) of ADLL4-Cy3 with AGFP was determined using a custom 

developed procedure using the ‘distance transform’ function. Objects are scored as 

colocalized if their surfaces are overlapping, or within 200 nm of each other (which 

is the resolution limit for an airy disk). Data were analyzed using both MATLAB 

(Mathworks) and PRISM (GraphPad). The fraction of all observed objects that were 

colocalized is summarized in Figure 4-3c.  

Blocking of Notch stimulation by soluble DLL4. The relative blocking 

potency of various soluble DLL4 ectodomains was evaluated for blocking Notch1-
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Gal4 receiver cells in the presence of 3T3-Jagged2 sender cells (Aste-Amezaga et al., 

2010). The Co-culture stimulation assays were carried out as described (Andrawes 

et al., 2013), with the minor modifications. 

Briefly, U2OS/Notch1-Gal4 cells at approximately 75% confluency in a 10 cm 

dish were transfected with 10 µg of a 50:1 (w/w) mixture of luciferase to renilla 

reporter and control plasmids (pG4Luc and pRL-TK, Promega) using 3:1 (w/v) total 

DNA to lipofectamine 2000 (Invitrogen) mixture in OptiMEM (Invitrogen), further 

diluted into serum-free DMEM +2 µg/mL doxycycline. After 18–24 h, 20–40 × 103 

Notch1-Gal4 cells were transferred to each well of a 96-well dish in 40 µL and 

allowed to adhere for 4–6 h in DMEM +10% FBS +2 µg/mL doxycycline. Cells were 

then incubated at 4 °C for 15 min to block endocytosis before treating for 30 min 

with ice-cold 5 µM DLL4ST, ADLL4 ectodomain, or mock treatment in ice-cold 

medium. Array formation was then stimulated by treatment for 1 hr at 4 °C with 1 

eq. of 5 µM B material or mock treatment in ice-cold medium. The plate(s) were 

then transferred to the 37 °C, 5%CO2 incubator for 16–20 hr. Luciferase activity 

was then read with dual-luciferase reporter kit (Promega), according to 

manufacturer’s specifications. 

Stimulation of Notch activity by surface-adsorbed DLL4. The relative 

potency of various DLL4 ectodomains was evaluated by stimulating Notch reporter 

activity with surface-adsorbed, or ‘plated,’ ligands. Plated ligand assays were 

performed similarly to those descried previously (Varnum-Finney et al., 2000). 
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Briefly, DLL4 ectodomains or mock human IgG1 were diluted into HBS pH 

7.5 and 40 µL was added to sterile untreated 96-well plates for 18–24 hr at 4 °C. 

Wells were then washed 3× in HBS pH 7.5, then blocked with 2%wt BSA in HBS 

pH 7.5 for 2 h at 37 °C and washed 3× in HBS pH 7.5. Notch1-Gal4 cells were 

transfected as described above, and 20–40 × 103 cells were transferred to the DLL4 

or mock treated plates in a total volume of 100 µL of complete medium 

supplemented with DMSO or 400 nM compound E (EMD Millipore), as needed. The 

plate(s) were then transferred to the 37 °C, 5% CO2 incubator for 16–20 hr. 

Luciferase activity was then read with dual-luciferase reporter kit (Promega), 

according to manufacturer’s specifications. 
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4-3 Results 

The design and characterization of the A and B materials was performed by 

Ben-sasson, Derivery, Baker, and colleagues (Ben-sasson, 2019). Their studies 

established that the A and B components spontaneously form hexagonal arrays 

upon mixing. 

We tested array formation on living cells (Figure 4-1). We conjugated SpyTag 

(ST) fusion of a cell surface receptor binding domain to make a SpyCatcher-A-

component (ASC) fusion (Zakeri et al., 2012), incubated the resulting conjugate 

(ASC-ST-ligand) with cells displaying the appropriate receptor, and then added A 

and B components labeled with fluorescent A or B proteins to induce array 

assembly and/or binding. The end result is an optically detectable array specifically 

anchored to cells through a surface receptor. 

We targeted cells displaying the Notch receptor using the A component 

conjugated to Delta-like ligand 4 (DLL4). This ADLL4 material (Figure 4-2a,b; 

Section 4-2 ‘Methods’) was tested for its ability to nucleate array formation on living 

cells. ADLL4 conjugates were prepared with >1 eq. of DLL4-ST to ASC, ensuring 

that all ADLL4 array monomers are fully conjugatedD (see Section 4-2 ‘Methods’). 

Following incubation of ADLL4 with Notch1-expressing cells and washing, we  

  

 
D that is with all SpyCatcher domains modified with DLL4-ST fragments on each ASC component, 
typically referred to as ADLL4 in the text, but for clarity abbreviated as A(D4)6 in Figure 4-4 
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Figure 4-1. Association of the designed material with cells through the 

Notch receptor. (legend continued on next page) 
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Figure 4-1 (continued) 

(a) Schematic of arrays assembly on cells, showing ADLL4 binding to Notch1 followed 

by recruiting of AGFP+B (Adapted for a Notch-centric view from a similar graphic. 

Adapted from (Ben-sasson, 2019)). (b) ADLL4+AGFP+B arrays specifically bind to 

U2OS cells expressing Notch1 receptors (left panel). No binding is observed in the 

absence of ADLL4 (top right). Depth-encoded z-stack (lower right). (c) ADLL4-

Cy3+AGFP+B arrays assembled on U2OS cells expressing Notch1 receptors. Arrays 

assembled on ice (“cold”) accumulate at the cell surface (top row), and coalesce upon 

warming (bottom row), with inhibition of cellular entry seen for the larger arrays. 

Scale bars: (b,c) 10 µm. Image Scheme in 4-1a provided courtesy of Ariel Ben-Sasson. 
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added unlabeled B and AGFP. This led to the formation of extensive fluorescent 

patches at the plasma membrane (Figure 4-1b). The formation of these GFP labeled 

patches was absolutely dependent on both the ADLL4 component, which tethers the 

growing array to the membrane through the Delta-Notch interaction, and the 

unlabeled B component (Figure 4-1b upper right, see also Figure 4-2a-d), and hence 

likely corresponds to the designed hexagonal lattice. Notch undergoes endocytosis, 

and hence when fluorescently labeled ADLL4-Cy3 is added to living cells the label is 

soon internalized (Figure 4-2b “warm”). This process is blocked at low temperature 

(Figure 4-1c, top panels; and Figure 4-2b “cold”), consistent with the known 

temperature dependence of endocytosis (Davis et al., 1987). Notably, arrays 

extended with GFP that grow above a threshold size appear to block endocytosis; 

following assembly of the layers at low temperature, and subsequent warming there 

is a clear depletion of the smaller array but not the larger arrays (Figure 4.1c, 

bottom panels). 

We also quantitatively analyzed the recruitment of designed materials to 

Notch, and a summary is presented in Figure 4-3(a-c). We measured the total 

amount (that is, volume) of bound array material (Figure 4-3a), the number of 

bound array objects (Figure 4-3b), and colocalization of ADLL4-Cy3 and recruited 

AGFP with an object-based method (Figure 4-3c). There is no significant difference 

between the amount of ADLL4-Cy3 or AGFP array material recruited to Notch 

bearing cells in the cold and the cold to warm (see ‘cold’  and ‘cold ⟶ warm’ in 

Figure 4-3a). The number of ADLL4-Cy3 or AGFP objects detected in the   
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Figure 4-2. Specific binding of ADLL4 to Notch receptors, recruitment of 

BmCherry, and array formation. (legend continued on next page)  
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Figure 4-2 (continued) 

(a, b) Binding of ACy3 (a) and ADLL4-Cy3. (b) to Notch1-Gal4 expressing U2OS cells. 

Bottom panels in (b) show surface capture of ADLL4-Cy3 on ice. (c, d) Recruitment of 

BmCherry to ADLL4-treated or mock-treated Notch1-Gal4 cells, demonstrating 

selective array assembly on Notch1-Gal4 cells. Scale bar 10 µm.  
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cold-to-warm condition is significantly smaller than those in the cold-to-warm 

condition (see ‘cold’  and ‘cold ⟶ warm’ in Figure 4-3b). Together, these data 

demonstrate that when the cells are warmed the array material has been allowed to 

merge into contiguous objects that are apparently resistant to endocytosis-

dependent internalization (see Figure 4-3a,b; and Figure 4-1c). 

We also tested whether ADLL4 and ADLL4+B materials could have 

biological activity when delivered to a Notch reporter, either as a stimulatory 

plated-ligand or as an inhibitory soluble-ligand (Figure 4-4a,b). Plated Notch 

ligands are competent to stimulate Notch reporter activity in a dose dependent 

manner, both as ADLL4 hexamer and ADLL4+B array (Figure 4-4a). Mock IgG1, B 

alone, AGFP alone (data not shown), and AGFP+B (data not shown), did not 

stimulate the receptor at the highest dose (Figure 4-4a). Both ADLL4 and 

ADLL4+B treatments had a stronger stimulatory effect than DLL4-BAP monomer 

at all tested concentrations (Figure 4-4a). This is consistent with a likely mid-

nanomolar KD of ADLL4 hexamer for Notch expressing U2OS cells (Figure 4-1b). 

We cannot differentiate the stimulatory effects of ADLL4 and ADLL4+B, under 

these conditions (Figure 4-4a). 

 Soluble ADLL4 and ADLL4+B materials had blocking activity when Notch1 

expressing U2OS cells were treated prior to stimulation with JAG2 expressing 

NIH3T3 cells (Figure 4-4b). 
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Figure 4-3. Quantitative analysis of array recruitment to Notch. Bar graphs 

summarizing the character of the ADLL4-Cy3 (magenta bars) recruitment of B and 

AGFP (green bars) array components in each field of view. (a) The sum total volume 

(µm3) occupied by the detected objects, (b) the number of objects, and (c) the fraction 

of detected objects that are colocalized, using a custom implemented object-based 

approach (see Materials and Methods). Data are shown as mean ± SD, individual 

fields of view are hollow circles, n = 5 fov for the ‘cold data and n = 6 for the  ‘cold ⟶ 

warm’ data. Two-way ANOVA, *** p < 0.01, **** p < 0.0001. 
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Figure 4-4. Stimulating and blocking Notch signal transduction with DLL4 

materials of increasing oligomeric state. (legend continued on next page) 
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Figure 4-4 (continued) 

(a) Plated DLL4 stimulation assay with Notch1-Gal4 receiver cells transfected with 

luciferase reporter. Concentration of DLL4 ectodomain. Representative example for 

n = 2 biological replicates. (b) Co-culture assay with 3T3/Jagged2 (JAG2) or parental 

NIH-3T3 (3T3) sender cells (hollow bars) stimulating Notch1-Gal4 receiver cells 

(filled bars) transfected with luciferase reporter and treated stepwise with 5 µM 

DLL4 ectodomain followed by array-inducing B-components on ice. DLL4 

ectodomains were delivered as monomer (DLL4biotin, light blue), hexamer (ADLL4, 

purple), polymerized array (ADLL4/B, red), or mock treated (JAG2, gray).  Cells were 

warmed to 37 °C for 16 hr then luciferase activity was measured. γ-secretase inhibitor 

compound-E (GSI, slanted pattern) was added to 400 nM where indicated. Luciferase 

activity is relative to renilla spike-in control, and activity is normalized to stimulation 

with mock IgG1 (a) or parental 3T3 cells (b). Both (a) and (b) are plotted as mean ± 

SD (n = 3), and bars are omitted if they are smaller than the plotted point. In (b) the 

individual replicates are hollow circles. Representative example for n = 2 biological 

replicates. Two-way ANOVA results with p-values ** < 0.01 and *** < 0.001.  
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4-4 Discussion 

Our results demonstrate that A+B arrays formed with ADLL4 A component 

assemble on the surface of cells expressing the Notch1 receptor (Figures 4-1b and 4-

2), that these ADLL4+B arrays are resistant to Notch1-driven endocytotic 

internalization (Figure 4-1c), and that ADLL4 itself and ADLL4+B arrays are 

stronger activators when presented as stimulatory as plated ligand, and more 

potent inhibitors when delivered as soluble ligand, compared with monomeric DLL4 

ectodomain (Figure 4-4). 

We demonstrated that ADLL4 and ADLL4+B array materials robustly bind 

to Notch1 receptors expressed in a human cell line. Using confocal microscopy, even 

in the low nanomolar range arrays appeared to be near saturation in their binding. 

Although not formally measured, this hints that these arrays have a lower KD than 

what was reported (225 nM) for monomeric DLL4(N-EGF5):Notch1(EGF6-15) by 

bilayer interferometry (Andrawes et al., 2013). This suggests that the polyvalency of 

ADLL4 hexamers and ADLL4+B arrays effectively lowers their EC50 for binding to 

Notch1 (although we have yet to formally measure this value), relative to soluble 

DLL4 monomers (presumably by the well-established decrease of off-rate for 

polyvalent ligands compared with monomers). Additionally, when presented as a 

stimulating, plated ligand the hexameric ADLL4 and polyvalent ADLL4+B 

materials have a lower effective concentration than DLL4 monomers (Figure 4-4a); 

and analogously, when presented as soluble ligand, have a stronger inhibitory effect 

in co-culture assay (Figure 4-4b). However, the potency of the hexameric ADLL4 
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material itself did not allow differentiation of ADLL4 hexamer itself from arrays of 

ADLL4 hexamers. This suggests that we can design a blocking ADLL4 material 

that would only be inhibitory as an A+B array by producing produce a monomeric 

alternative to hexameric ADLL4 (that is, A(D4)6, or A(SC-DLL4)6) that is sub-

stoichiometrically labeled with one DLL4 per ASC hexamer (that is, A(D4)1 or 

A(SC)5(SC-DLL4)1). 

We observe that ADLL4 is internalized by Notch expressing cells (In Figure 

4-2 compare panels a and b), and in subsequent work we wish to test whether the 

binding of DLL4, ADLL4, and small arrays of ADLL4+B affect the rate of recycling 

of the Notch receptors. This would allow us to test whether the act of ligand binding 

itself transmits an outside-in signal dependent upon oligomeric state of the 

presented ligand (or conversely the increased local concentration of receptors 

themselves) changes the trafficking behavior of Notch. The use of cell impermeable, 

soluble quenchers that selectively dim fluorescence from particular wavelengths, 

like trypan blue for green emitters (GFP, fluorescein) (Loike and Silverstein, 1983; 

Sahlin et al., 1983) or QSY-21 for orange-red emitters (E. Derivery, personal 

communication; initially characterized for quantum dot quenching (Derivery et al., 

2017; Jablonski et al., 2010; Wong et al., 2015)) could help for this purpose. 

We successfully establish that ADLL4-dependent polymerization of A+B 

arrays occurs on Notch1 receptors in situ. Arrays form puncta at the plasma 

membrane when endocytosis is blocked, and upon release of endocytotic block by 

warming. A precise characterization of this process, especially to control for 
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confounding effects of cold shock, would be aided by chemical inhibition of dynamin, 

in order to frustrate clathrin-mediated endocytosis, by treatment with dynasore 

(Kirchhausen et al., 2008; Macia et al., 2006; Newton et al., 2006) and its 

derivatives (McCluskey et al., 2013), or other alternatives like long chain 

alkylammonium salts (Hill et al., 2004; Quan et al., 2007). Additionally, the use of 

extracellular quenchers would provide additional strong evidence for persistence of 

large, merged arrays at the extracellular face of the plasma membrane. 

In conclusion, we consider that the ability to cluster and persistently 

maintain Notch1:ADLL4+B complexes extracellularly provides an opportunity to 

study if these events change the association of Notch with other factors it is known 

to associate with during signal transduction: ADAM10, γ-secretase complex, and the 

cytoplasmic E3 ligase Deltex, to name a few. Also, ADLL4+B arrays should be 

useful as potent inhibitors of Notch on lymphocytes (immature T cells) or 

endothelium (thymus, intestinal crypt) for perturbing Notch signal transduction in 

physiological contexts, where previously high concentrations (low micromolar) were 

required for activity.  
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Chapter 5 

Future Directions 
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5-1 Overall outlook 

 This thesis described three ways to characterize the four initial steps of 

Notch signal transduction, as described in Chapter 1: ligand binding (Figure 1-2, 

(i)), endocytosis (Figure 1-2, (ii)), relief of autoinhibition (Figure 1-3, (iii)), and 

metalloprotease cleavage (Figure 1-3, (iv)). In Chapter 2 a new approach to 

multiplexed single-molecule enzymology was shown using flow extension tethered 

particle motion – future work (Section 5-2) is concerned with the application of this 

methodology to reconstitution of steps (i–iv) of Notch signal transduction. In 

Chapter 3, initial work with laser tweezers was shown, focusing on substrate 

preparation and validation – therefore future work (Section 5-3) is aimed at 

executing laser tweezers experiments on the Notch negative regulatory region 

tension sensor to assess steps (iii) and (iv). In Chapter 4, an array forming chimera 

containing DLL4 ectodomain was shown to polymerize on Notch1, restrict its 

internalization, and modulate signaling at lower effective concentrations than DLL4 

monomers – future work (Section 5-4) will expand the scope to include array 

forming chimeras of the Notch ectodomain and precisely quantify both the 

trafficking defects and EC50 of arrays compared with monomers. 
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5-2 Reconstitution of extracellular Notch signal transduction with flow 

extension magnetic tweezers 

The most obvious use of the flow extension tethered particle motion assay 

described in Chapter 2 is for study of substrates whose biochemical activity is 

(putatively) regulated by tensile force, like the Notch ectodomain. The set of 

experiments would be to measure the threshold for exposure of S2 to processing by 

the mature ADAM10 ectodomain for the isolated NRR and for the full-length Notch 

ectodomain, both as double DNA conjugates as described in Chapter 3. This would 

be the first reconstitution of S2 processing with ADAM10, shown to be the processor 

of wild-type Notch (Groot et al., 2014; van Tetering et al., 2009). This would also 

enable testing the effect of the regulatory disintegrin-cysteine rich (DC) domain of 

ADAM10 on the rate of processing by comparing the kproteolysis of the mature 

ectodomain to that of the isolated catalytic domain. This experiment is relevant 

because of the known regulatory roles for the DC domain, shown to be an 

intramolecular regulatory region that partially occludes the metalloprotease domain 

active site in the resting state structure (Seegar et al., 2017). The DC domain has 

also been reported to interact with C8 tetraspanins to facilitate trafficking of 

ADAM10 to the plasma membrane (Dornier et al., 2012). The DC domain has also 

been proposed to guide substrate specificity/selection (potentially through an 

exosite) through its hypervariable region (Janes et al., 2005), and it has been shown 

to act as a dominant-negative inhibitor of Notch signaling in cellular assays (Seegar 

et al., 2017) and in transgenic flies (Pan and Rubin, 1997).  
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The next layer of complexity would be to produce full-length Notch 

ectodomain with only a C-terminal DNA handle and perform flow extension force-

dependent experiments in the presence of bead-bound ligand. Analyzing bond 

lifetimes of ligand-Notch complexes in the absence of protease would critically 

assess whether the reported catch-bond behavior can be observed using a different 

assay (Luca et al., 2017), and help identify conditions that will ensure ensure 

sufficient ligand:receptor bond lifetimes for subsequent proteolysis experiments. 

Essentially, this would allow reconstitution of the first four steps of Notch signaling, 

as described in Chapter 1 (Figures 1-2 and 1-3).  
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5-3 Force spectroscopy on Notch ectodomain fragments 

Considering the preliminary nature of the work shown in Chaper 3, a 

detailed characterization of the Notch negative regulatory region (NRR) as a 

tension sensor is the future work. Specifically, since force spectroscopy with high 

resolution laser tweezers of an isolated domain is arguably the most convincing way 

to demonstrate the unfolding pathway for a protein – it is of high priority to 

determine what transitions are associated with the thresholds reported for tension-

dependent Notch proteolysis (Chowdhury et al., 2016; Gordon et al., 2015; Seo et al., 

2016; Wang and Ha, 2013).  

By performing force-extension analysis of unfolding transitions below 10 pN, 

it should be possible to define the mean force at which the NRR opens, the change 

in end-to-end distance associated with this opening, and determine if the unfolding 

is reversible (see a relevant experimental design for the von Willebrand Factor A2 

domain (Zhang et al., 2009)). If the transition is reversible, a force-clamp style 

experiment at 1 pN intervals surrounding the threshold would allow 

characterization of the number of states that the receptor occupies during the 

opening transition and the frequency of transition between said states. Finally, 

delivery of the mature ectodomain of ADAM10 to the NRR at various applied forces 

would allow measurement of single-molecule proteolysis and assignment of the 

frequency at which ADAM10 cleaves the NRR at various open state and applied 

forces. 
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The NRR is well characterized in comparison to the entire Notch ectodomain. 

The EGF-like repeat region of the Notch ectodomain (simply EGF region) likely has 

force-dependent conformations that it adopts, and is ripe for study with laser 

tweezers, with particular interest in force-clamp style experiments comparing the 

basal state (0 pN) to an activated state (5–10 pN). Additionally, it would enable 

testing whether binding of soluble DSL ligand ectodomain has an allosteric effect on 

the flexibility or preference for conformational states of the EGF domain or the 

NRR. 
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5-4 Probing Notch signal transduction with oligomeric materials 

 The DLL4 array forming chimera characterized in Chapter 4 was shown to 

bind with high affinity and polymerize on cells expressing the Notch1 receptor. This 

material was shown to be a potent soluble inhibitor and plated stimulator of Notch 

signaling – using a A+B two-component protein array technology in collaboration 

with Ben-Sasson and coworkers (Ben-sasson, 2019).  

This material has the potential to be a widely used, potent inhibitor of Notch 

signaling – and chimeras of DLL1 and JAG1-2 would also be useful reagents 

considering the known preference of various DSL ligands for specific Notch 

receptors (Andrawes et al., 2013; Shimizu et al., 2000a; Shimizu et al., 2000b; 

Tveriakhina et al., 2018), presumably with similar properties. Additionally, we are 

creating an analogous ANotch1 component that should have similar inhibitory 

properties to the ADLL4 component when used as a soluble blocker of DSL ligand 

expressing cells. 

The array-forming system should also be of special interest as a stimulus-

responsive inhibitor, since we believe that with minor optimization we can produce 

a ADLL4 monomeric A-component that is a weak soluble inhibitor of Notch 

signaling until formation of ADLL4+B array converts it to a potent inhibitor in a 

highly cooperative manner. This is akin to a step function, converting from an “off” 

state of a monomer irreversibly to an “on” state of the polyvalent array within 

minutes upon stimulation with B. Furthermore, incorporation of a scissile bond 

(like a TEV cleavage motif) between the DLL4 ectodomain and the A-component 
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should allow irreversible conversion from the polyvalent array to monomeric DLL4, 

enabling conversion from the polyvalent, bound “on” state back to the monomeric 

“off” state. 
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Appendix A 

Electrostatic interactions between elongated monomers drive 

filamentation of Drosophila Shrub, a metazoan ESCRT-III protein 
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Some material Appendix A was published as: 

McMillan, B.J., Tibbe, C., Jeon, H., Drabek, A.A., Klein, T., and Blacklow, S.C. 

(2016). Electrostatic Interactions between Elongated Monomers Drive 

Filamentation of Drosophila Shrub, a Metazoan ESCRT-III Protein. Cell Reports 

16, 1211-1217. DOI: 10.1016/j.celrep.2016.06.093 A.  

 

Article is included under a Creative Commons license B [Attribution-

NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)]. 
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A-1 Comments on the structural characterization of Shrub-Lgd complex 

Under guidance from Brian McMillan, my first project in the Blacklow Lab 

was to express and purify a heterodimeric complex of the Drosophila protein Shrub 

(residues 10-143) in complex with its regulatory chaperone Lethal (2) Giant Discs 

(Lgd, residues 359-423) (Martinelli et al., 2012; Troost et al., 2012). Only the 

Shrub(10-143) protein was found in the crystals (Figure A-1). Although a native 

data set was collected, the structure could not be solved by molecular replacement 

using PDB: 4ABM. Subsequently McMillan solved the structure from 

selenomethionine-labeled Shrub as described (McMillan et al., 2016).  

Additionally I collected the circular dichroism (CD) spectra of Shrub(6-106) 

wild-type, E86R, and R59E, validating the quality of the charge swap mutants used 

in the polymer-formation assay (McMillan et al., 2016).  
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Figure A-1. Crystallization of Shrub(10-143) from the Shrub(10-143):Lgd(359-

423) complex. A, Protein crystals present in 4 nL sitting drop containing 15 mg/mL 

of the Shrub(10-143):Lgd(359-423) complex in 0.2M KH2PO4 and 20% PEG3350 from 

PEG/Ion Screen (Hampden). B-C, SDS-PAGE analysis comparing (B) size-exclusion 

chromatography purified Shrub(10-143):Lgd(359-423) complex with (C) resolubilized 

protein from a crystal washed in mother liquor from the same PAGE gel with Shrub 

protein indicated by the wedge. Molecular weight markers in kilodaltons. (courtesy 

of Brian McMillan) 
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A-2 Journal article (McMillan et al., 2016)
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Vps20 family

Shrub family

sc (23%)  Vps20

dm (29%)  Vps20

hs (26%)  CHMP6

sc (38%) Snf7

dm (100%) Shrub

hs (59%) CHMP4B

sc (16%) Vps2

dm (17%) Vps2

hs (16%) CHMP2A

sc (13%) Vps24

dm (14%) Vps24
hs (13%) CHMP3

Vps24

Vps2

Unstructured in crystal Structured Linker Proline

hsShrub (CHMP4B): PBD 4ABM
scShrub (SNF7): PDBs 5FD7, 5FD9
hsVps24 (CHMP3): PBDs 3FRT, 2GD5

C

Species Common
name

B

hsVps24/CHMP3 (PDB 3FRT)
scIST1 (PDB 3GGY)

A

α1 α2

α3 α4 α5

Figure S1, related to Figure 1. A, Superposition of the closed helical bundles of human Vps24/CHMP3 (colored on a 

sliding scale from N- (blue) to C-terminus (red)) and yeast IST1 (light blue) B, Phylogenetic tree of four core ESCRT-

III members across yeast, fly and human sequences. The percent identity relative to the Shrub protein from Drosopila 

melanogaster is listed in parentheses. C, Primary sequence alignment of proteins in the phylogenetic tree, annotated 

using crystal structures information when available. Helical numbering is based on the representative crystal structure. 

Sc: Saccharomyces cerevesiae; dm: Drosophila melanogaster; hs: homo sapiens. 
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Figure S2, related to Figure 2. Homology models for diverse metazoan orthologs based on the structure of fly Shrub. 

The structures are shown as an open book representation of the putative monomer-monomer interface, and colored by 

charge (blue, positive to red, negative). 
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Appendix B 
 

FLEXanalyzer: 
 Analysis of flow-extension tethered particle motion data
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Description and brief guide to the FLEXanalyzer suite: 

‘FLEXanalyzer’ is a suite of MATLAB code that performs multiplexed 

flowextension (FLEX) analysis of tethered particles in a magnetic tweezers 

microscope. Please cite the original publication associated with this work if you use 

it (Drabek et al., 2019). 

This code is freely available under the terms of its license, online at these 

locations [as of Sep 20, 2019]:  

• GitHub: https://github.com/redmosquito/FLEXanalyzer 

• Permanent DOI: https://doi.org/10.5281/zenodo.3445588  

On the website you can find a repository of the required scripts and an 

accompanying guide for using the code created for multiplexed single molecule 

experiments. This GitHub Wiki will summarize you how to sort tethered bead 

trajectories based on their mobilities. This is designed for a tethered particle motion 

based implementation of flow-extension. In particular this code will allow you to 

analyze both the inherent tethered particle motion of your beads as well as kinetics 

of enzyme-dependent, or pure force-dependent, release of those beads.  

 

Happy FLEX-ing! 
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