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Abstract 
 

Caspases execute programmed cell death, where low levels of caspase activity are 

linked to cancer. Chemotherapies utilize induction of apoptosis as a key mechanism 

for cancer treatment, where caspase-3 is a major player involved in dismantling 

these aberrant cells. The ability to sensitively measure the initial caspase-3 cleavage 

events during apoptosis is important for understanding the initiation of this complex 

cellular process, however, current ensemble methods are not sensitive enough to 

measure single cleavage events in cells.  By utilizing the optical properties of 

plasmon coupling, peptide-linked gold nanoparticles were developed to enable single 

molecule imaging of caspase-3 activity in two different cancer systems.  Au crown 

nanoparticles were assembled in a multimeric fashion to overcome the high and 

heterogeneous background scattering of live cells. In a colon cancer (SW620) cell 

line challenged with tumor necrosis factor-alpha (TNF-α), single molecule 

trajectories show early stage caspase-3 activation within minutes, which was not 

detectable by ensemble assays until 23 hours.  Variability in caspase-3 activation 

among the population of cells was identified and likely a result of each cell’s specific 

resistance to death receptor-induced apoptosis.  Following these studies, 
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improvements by way of sensitivity and selectivity were tailored into an improved 

nanosensor construct.  Au nanoshell dimers were prepared as a comparably bright 

construct with 1) reduced heterogeneity compared to the synthesis of the crown 

nanoparticles and 2) a peptide sequence highly selective for caspase-3.  Chronic 

myeloid leukemia (CML) K562 cells were assessed for their early apoptotic response 

upon treatment with dasatinib, a clinically approved tyrosine kinase inhibitor that 

specifically targets BCR-ABL. It has been demonstrated that inhibition of BCR-

ABL by dasatinib commits K562 cells to apoptosis.  Single molecule experiments 

with Au nanoshell dimers show caspase-3 activation as early as 8 hours than 

previously reported. This suggests an early commitment to apoptosis that precedes 

the competing fate of growth factor mediated survival in CML patient-derived 

BCR-ABL cells.  These nanosensors are sensitive and selective in observing caspase-

3 activation compared to ensemble methods; and allow the possibility to detect 

caspase-3 activity for use as a drug screening or diagnostic tool for personalized 

care in the treatment of cancer. 
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Chapter 1: Introduction 

 
1.  Imaging of caspase activation 

1.1 Caspases can be targeted to understand cell death mechanisms 

Proteases catalyze the permanent hydrolysis of amide bonds and have evolved to 

participate in processes that are fundamentally irreversible: apoptosis, the degradation of 

intracellular proteins, fibrin clot deposition, and digestion (Chapman, Riese et al. 1997).  

Among these, understanding the onset of apoptotic processes in the context of cancer and 

its response to drug treatment has been of considerable importance.  Chemotherapies 

utilize induction of apoptosis as a key mechanism for cancer treatment, where cell death 

is tightly regulated by the dynamic actions of multiple caspases (cysteine-aspartic acid 

proteases) that mediate the consecutive and irreversible proteolytic events leading to 

cellular destruction.  Two pathways can be engaged that both occur as proteolytically 

driven processes: (1) the extrinsic or death receptor-induced pathway via caspase-8 or (2) 

the intrinsic or Apaf-1 (apoptotic protease-activating factor 1) apoptosome pathway via 

caspase-9 (Logue and Martin 2008). Upon commencement of the caspase activation 

cascades, hundreds of different protein substrates are cleaved and signs of apoptosis 

(nuclear condensation, cell shrinkage, membrane blebbing, and DNA fragmentation) 

begin to appear.  It has been postulated that the trajectory of cell death occurs on the 

order of hours or days, where once a certain internal signaling threshold has been met, the 

cell is doomed to die within 10 minutes (Green 2005).  This so-called “ten minutes to 

dead” begs the emergence of a technology that can directly test and visualize this 

hypothesis.  This challenge calls for the construction of a sensitive imaging tool to 
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continuously monitor caspase activity that may transpire along a time course 

unanticipated by the observer.  

1.2 Fluorescent probes can detect caspase activation 

Since proteases produce a permanent insult to their targets, their surveillance is 

achieved by probes that can mimic this vulnerability to hydrolysis.  Many current probes 

used to monitor caspase-3/7 activation utilize fluorescence.  They come in the form of 

conventional organic dyes, fluorescent proteins, or quantum dots (QDs) that are paired 

with quencher moieties that operate via FRET.  For example, commercialized assay kits 

(PhiPhiLux, Caspase-Glo 3/7) can measure ensemble behaviors in live cells against drug 

treatments.  Near-infrared fluorescent (NIRF) probes were used to interrogate the 

activities of the executioner caspases (3, 6, and 7) (Bullok and Piwnica-Worms 2005, 

Bullok, Maxwell et al. 2007, Maxwell, Chang et al. 2009), while quantum dot (QD)-

fluorescent protein conjugates have been used to detect in vitro caspase-3 activity at 

concentrations as low as 20pM (Boeneman, Mei et al. 2009).   

At the single cell level, FRET studies have reported heterogeneity among a cell 

population.  By TIRF microscopy, an ECFP-DEVD-EYFP fusion protein bound to the 

inner leaflet of the plasma membrane by a palmitoyl anchor was constructed (Angres, 

Steuer et al. 2009).  HeLa cells transiently transfected with this sensor were challenged 

with staurosporine and ECFP-DEVD-EYFP cleavage became apparent from the 

redistribution of EYFP from the plasma membrane to the cytoplasm.  This was detected 

with a simultaneous rise in fluorescence intensity of ECFP at the plasma membrane.  

Spatial rearrangement of EYFP along the time course in several cells of the same 

2 



 

population indicated temporally different caspase-3/7 activation.  Moreover, three 

separate fluorescent fusion proteins to monitor initiator and executioner caspases and 

mitochondrial outer membrane permeabilization (MOMP) (Albeck, Burke et al. 2008).  

They showed that activation can take several minutes to hours and that a population of 

cells treated with the same apoptotic stimulus display heterogeneity.   

Subnanometer fluorescent gold nanoclusters, called gold quantum dots (Au-QDs), 

were developed for their anticipated use as biological labels (Zheng, Zhang et al. 2004).  

These Au-QDs have narrower excitation and emission spectra and are smaller in size (5-

31 atoms) compared to the larger semiconductor QDs that contain hundreds to thousands 

of atoms. Also, Au-QDs to prepare protease mediated nucleus shuttles for real time 

monitoring of apoptosis (Lin, Chen, et. al. 2010).  Au-QDs were attached to peptides 

containing a nuclear export signal (NES), DEVD peptide sequence, and a nuclear 

localization signal (NLS).  Initially, the probes were homogeneously distributed 

throughout HeLa cells.  Upon induction with staurosporine, the localization of the 

cleaved Au-QD moiety bearing the NES showed an accumulation in the cytoplasmic 

compartment as early as one hour by confocal microscopy.  In this single cell study, these 

constructs imitated the action of nuclear shuttle proteins that are activated during cell 

death.     

Conventional dyes have been attached to particles that are at least tens of 

nanometers in diameter as in Au nanoparticle-dye (AuNP-dye) conjugates (Sun, Lee et al. 

2010), where the AuNPs act as a quencher, or hyaluronic acid based polymeric 

nanoparticles attached to linkers containing a Cy 5.5/black hole quencher 3 (BHQ-3) pair 

(Lee, Choi et al. 2011) to monitor caspase-3/7 activity.  To image multiple proteases 
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simultaneously, multistep synthesis with distinguishing dye/quencher pair selections 

would be necessary.  To overcome this, a multiplex imaging tool was prepared using a 

nonfluorescent, broad-spectrum, organic nanoquencher readily doped with BHQs onto 

the surface capable of quenching a variety of common dyes in the visible to NIR range 

(Huang, Swierczewska et al. 2012).  A mixture of linkers containing the optimal cleavage 

sequence of caspase-3/7, -8, or -9 with a terminal Cy 5.5, FPG 456, or FPR 560 dye, 

respectively, were distributed on the particle surface.  This modality provided imaging of 

the progression of the apoptotic signaling cascade from the activation of initiator to 

executioner caspases within minutes by single cell fluorescence microscopy. 

Though in vivo single cell fluorescence imaging has displayed features such as 

heterogeneity, allowed visualization of intracellular traffic upon cell death, and multiplex 

imaging of the caspase signaling cascade, limitations with this technique for 

understanding caspase activation at the single molecule level exist.  Though TIRF 

microscopy has permitted single molecule imaging of components residing on the cell 

surface, this technique is not applicable for detection of intracellular species such as 

caspases in live cells. While quantum dots provide a reasonable signal-to-noise ratio for 

single molecule imaging under confocal microscopy, their blinking characteristics 

prevent unambiguous detection of these events in live cells (Resch-Genger, Grabolle et 

al. 2008).  In contrast, gold nanoparticles are free of these characteristics.  They offer an 

enhanced set of properties, with their large signal-to-noise ratio, unlimited observation 

time (temporal resolution), and applicable dynamic range.  In the next section, we 

describe the basic principles of gold nanoparticle optical sensors and how their use can 

benefit sensitive caspase detection in live cells at the single molecule level.  
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1.3 Gold nanoparticles have unique optical properties 

The fourth century Lycurgus Cup1 and medieval stained glass windows display 

the array of colors produced by the presence of noble metal nanoparticles, like gold, that 

are held in localized space within the glass material.  These early works that contributed 

to the culture and aesthetics of their day would undoubtedly stand the test of time in their 

beauty and elegance.  From a reductionist standpoint, they represent evidence of light 

interacting with particles whose size is overshadowed by that of the wavelength of light 

and the subsequent curiosity of their optical properties that would be further uncovered 

and characterized.   

Among the numerous contributions of Michael Faraday (1791-1867), his general 

curiosity surrounding the appearance of gold particles spanning any one of the colors of 

the electromagnetic spectrum provoked his hypothesis that such a distribution is due to a 

variation in particle size, as proposed in his Bakerian Lecture (Faraday 1857, Kerker 

1991).  In 1902, Richard Zsigmondy (1865-1929) and Henry Siedentopf (1872-1940) at 

Carl Zeiss AG developed the ultramicroscope, so aptly named for visualizing particles 

below microscale resolution as airy disks displaying their inherent scattering color and 

intensity.  It delivered light scattering against a dark background as in dark-field 

illumination that is utilized today for noble metal nanoparticles.  Zsigmondy would later 

be awarded the Nobel Prize for his contributions to both colloidal chemistry and the 

ultramicroscope in 1925.  This instrument provided the workhorse for demonstrating 

Faraday’s hypothesis that nanoparticle color was indeed contingent upon its size.  This 

was achieved when physicist and mathematician Gustav Mie (1868-1957) provided 

ample mathematical treatment to describe the scattering and absorption of spherical gold 
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nanoparticles (<200nm) interacting with incident light (Mie 1908).  He leveraged 

observations on the ultramicroscope and infinite expansions of Maxwell’s equations 

(Helmuth 2009) which were entirely calculated by hand.  Mie’s work established the 

mathematical framework for gold nanoparticle optical properties and has found its 

influence in other fields.  

The tunability of nanoparticle color is due to a number of factors not only limited 

to size.  Both maximal light scattering color and intensity are dependent on other 

parameters including the nanoparticle’s shape, composition, the dielectric constant of the 

dispersion medium, and close proximity of nanoparticles in space (Kelly, Coronado et. al. 

2003).  Upon illumination, photons of the incident light and the conduction electrons 

(plasmons) on the surface of metal nanoparticles oscillate cooperatively.  This 

phenomenon is called plasmon resonance and, at nanometer scale, confinement of the 

oscillating surface electron motion causes an enhancement of the electromagnetic field 

strength by many orders of magnitude (Willets and Van Duyne 2007).  This provides 

light scattering at well-defined wavelengths in the visible range and, additionally, no limit 

to the duration of signal stability (Kreibig and Vollmer 1995).   Second, the confinement 

effects of plasmonic nanoparticles can lead to the concentration of electromagnetic fields 

of absorbed photons at the nanoparticle surface.  The electromagnetic field concentrated 

by the nanoparticle can couple with other molecules and particles (Loo, Lowery et al. 

2005, Eustis and el-Sayed 2006, Anker, Hall et al. 2008, Reinhard, Yassif et al. 2010).  

The next sections describe plasmon coupling involving the interaction of two metal 

particles for single biomolecule imaging.  

1.4 Plasmon coupling of a nanoparticle dimer and its scaling law 
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When particles in close proximity form a pair, their plasmon dipoles strongly 

couple when brought within a distance of the particle diameter.   This coupling has been 

described in terms of molecular orbital theory and a hybridization model illustrates the 

occupancy of the relative energies based on favorable or non-favorable interactions of 

plasmons within higher order nanostructures (Prodan, Radloff et al. 2003, Jain, Eustis et 

al. 2006, Wang, Brandl et al. 2007, Sheikholeslami, Jun et al. 2010).  The plasmon dipole 

modes (Ψ1 and Ψ2) of a pair of two identical metal nanoparticles in close proximity can 

hybridize either in-phase (Ψ1 + Ψ2) or out-of-phase (Ψ1 - Ψ2). Interaction of longitudinally 

polarized light (i.e. along the interparticle-axis) with the in-phase or out-of-phase 

combination produces energy splitting into bonding and antibonding configurations, 

respectively denoted as σ and σ*. On the other hand, transversely polarized light (i.e. 

perpendicular to the interparticle axis) interacts with these modes yielding an antibonding 

mode (π*) and a bonding mode (π). Since the degree of coupling for transverse 

polarization is weaker, the plasmon energy splitting is smaller compared to longitudinal 

coupling. It should be noted that the σ* and π modes are spectrally dark due to the 

cancellation of the equal but oppositely oriented dipoles on the two particles and the 

degree of π modes is relatively weak. Hence, the optical characteristics of a metal 

nanoparticle pair is strongly influenced by the σ bonding mode with lowered energy and 

red-shifted frequency.  

Since plasmon coupling can simply be interpreted by dipole-dipole interactions, 

one can easily find that the plasmons of two metal nanoparticles can interact in a distance 

dependent manner, where stronger coupling strength is expected as the interparticle 

separation decreases.  As a result, the longitudinal plasmon resonance frequency 
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redshifts, while the scattering intensity increases exponentially.  Such a unique distance 

dependent optical signature of nanoparticle dimers makes them a useful tool to readily 

explore the spatial conditions relevant to biology.  When a biomolecule links two 

nanoparticles, the linker can undergo dynamic structural changes upon interaction with a 

biological entity that can perturb the interparticle distance.  This produces a change in the 

dielectric surrounding the nanoparticle dimer that can be sensed optically at nanometer 

scale resolution and is analogous to the principles behind surface plasmon resonance 

(SPR) devices.   

Plasmon coupling has been exploited in top-down fabrication approaches to 

prepare plasmon rulers as tools to measure distances on the nanometer scale (Jain et. al. 

2007).  In order to provide a universal scaling behavior for different nanoparticle 

parameters (size, shape, metal type, or medium dielectric constant), the El-Sayed group 

derived the distance decay equation of plasmon coupling in lithographically patterned 

metal nanodisc dimers as follows: 

∆𝜆
𝜆

 = 0.18 exp ( −𝑠
0.23𝐷

) 

where ∆𝜆
𝜆

  is the fractional plasmon shift, s is the interparticle edge-to-edge separation, 

and D is the particle diameter (Jain et. al. 2007).  Though plasmon coupling of 

lithographically patterned nanodisc dimers has provided fundamental principles to the 

field, the realization of coupled nanoparticles for single biomolecule imaging requires a 

method to fabricate nanoparticle dimers in a freestanding form using bottom-up 

techniques.  For biological use, a valid calibration curve should be generated under 

typical experimental conditions, where the functionalized nanoparticle dimers are 

dynamically translating and randomly oriented.  One such advance demonstrated a DNA 
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conjugation method to allow precise tuning of the interparticle distance of the 

nanoparticle dimer by modulating the DNA length, enabling the calibration of colloidal 

plasmon rulers (Reinhard, Siu et al. 2005). The Alivisatos and Liphardt team 

immobilized DNA-linked colloidal gold nanoparticle dimers on a glass substrate and 

examined a wavelength versus distance relationship (Reinhard, Siu et al. 2005). In fact, 

double-stranded DNA was an ideal variable spacer because of its stiffness under 100 nm 

and synthetic feasibility with fine length tenability (Mastroianni, Sivak et al. 2009). 

 1.5 Plasmon rulers for imaging applications 

The plasmon ruler uses the unique distance-dependent scattering properties of a 

metal nanoparticle pair, where the conformational changes of a biomolecular linker can 

be translated to optical signal changes.  There have been many other rulers that measure 

biological distances via a similar mechanism (Deniz, Laurence et al. 2001, Roy, Hohng et 

al. 2008).  For example, the single molecule fluorescence resonance energy transfer 

(smFRET) technique uses a relationship of intermolecular distance vs. energy transfer 

efficiency that is determined by the dipole-dipole interaction between transition dipoles 

of a donor and an acceptor. This technique has been extremely useful in studying 

conformational changes of biomolecules in many systems, including enzyme activity, 

transcription, protein dynamics, identification of rare intermediates and kinetic 

heterogeneity during RNA folding, and RNA-protein interactions (Ha and Tinnefeld 

2012). This smFRET technique includes many features: 1) The FRET dyes allow facile 

conjugation with target biomolecules via either well-established bioconjugation 

chemistry or fluorescence tagging at the genetic level.  2) The dipole-dipole interaction is 

inversely proportional to the power of six of the intermolecular distance, allowing high-
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precision sub-nanometer spatial resolution in a short distance range (1-10 nm).  3)  

Theoretical and experimental background has provided very precise calibration curves for 

each set of FRET pairs. However, this technique has inherent limitations in lifetime and 

applicable distance. Plasmon rulers can resolve the problems of FRET techniques 

because of the following unique properties: 

1) Long applicable distance: Plasmon coupling shows near-exponential distance decay in 

the range of 1-70 nm (see section 2.2). Considering that some biomacromolecules exceed 

several tens of nanometers, the extended applicable distance of plasmon rulers is 

advantageous for macromolecular imaging. 

2) No photobleaching and no blinking: Fluorescence dyes and proteins photobleach 

within several minutes and quantum dots blink. The plasmon ruler scattering signal is 

invariant over time; any timescale of biological events can be monitored continuously 

and indefinitely. 

3) Continuous colorimetric sensing: FRET pairs typically use two-color switching and 

sometimes allow multi-color switching. The plasmon rulers exhibit a gradual spectral 

shift as a function of interparticle distance. 

4) Simple equipment required: Unlike single molecule fluorescence imaging, plasmon 

ruler imaging does not require high-end microscope systems, such as laser-TIRF, because 

the scattering signal from a single plasmon ruler is extremely high even with 

conventional halogen lamps. 

Together, these superior properties of plasmon rulers have led to the development of a 

single molecule nanosensor for ultrasensitive caspase detection in live cells, which is 

described in the next section. 
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1 Ancient Roman glass cup with gold and silver nanoparticles, giving it unusual optical 
properties.  See 
https://www.britishmuseum.org/explore/highlights/highlight_objects/pe_mla/t/the_lycurg
us_cup.aspx 
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Chapter 2: Live cell imaging using crown nanoparticles  

2.1.  Introduction 

Development of a nanosensor by using plasmon coupling 

Despite remarkable progress in understanding the molecular mechanisms of 

cancer cell death, conventional imaging techniques only allow static assessment of cell 

status.  Instead, we monitor the dynamic activity of caspase-3 in real-time, high-

resolution, and with ultra-sensitive (single molecule level) capabilities using gold 

nanoparticles.   

Additional determinants of a nanotechnology tool for properly sensing caspase-3 

activity at single molecule resolution in live cells include: 1) introducing caspase-3 

selectivity and 2) utilizing optical properties that can deliver quantitative measurements 

at a heightened signal-to-noise ratio.  Though a systematic evaluation of substrate 

selectivity (at non-prime P4-P1 sub-sites) has revealed that caspase substrates can be 

cleaved by other members of the family (Stennicke, Renatus et al. 2000, Schilling and 

Overall 2008, Schilling, Barre et al. 2010, O'Donoghue, Eroy-Reveles et al. 2012).  Most 

notably, both caspase-3 and caspase-7 share a preference to cleave after the P1 Asp of the 

sequence, DEVD (P4-P1).  Tailoring them to selectively measure caspase-3 activity 

requires incorporation of known amino acid preferences at both non-prime and prime side 

sub-sites of the targeting moiety.  This can be achieved by using a peptide based library 

to screen for the prime side residues that could impart selectivity (Stennicke, Renatus et 

al. 2000).  By exploiting plasmon coupling with our methodology (Jun, Sheikholeslami et 

al. 2009), gold nanoparticles linked together by a caspase-3/7 peptide cleavage sequence 
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provided a sensor that directly correlates scattering intensity changes to every caspase-3/7 

cleavage event (Figure 2.1A).  To ensure ample signal-to-noise above that of the high- 

and heterogenous-background scattering of cells, multiple nanoparticle assemblies were 

used to provide a sufficient signal during imaging.   

Nanoparticle assemblies were prepared with a central core nanoparticle and 

peripheral satellite nanoparticles (Figure 2.1A) held together by linkers that take 

advantage of two key interactions: 1) biotin-avidin (Kd = 10-15M) and 2) Au-thiol (bond 

strength ~45kcal/mol (Dubois and Nuzzo 1992)).   Linkers were designed with a 

biotinylated N-terminus and tandem cysteine residues at the C-terminus.  These regions 

flank either a caspase-3 DEVD-containing peptide sequence or an extended PEG spacer.  

The peptide-containing linker was conjugated to the satellite nanoparticles, while the 

biotinylated extended PEG spacer populated the core nanoparticles.  Both sets were 

brought together by avidin to ultimately yield the crown nanoparticles, named for their 

resemblance to crown ethers. They are comprised of multiple (three to six) satellite gold 

nanoparticles surrounding the core nanoparticle (Figure 2.1B).  Comparing its scattering 

intensity to that of monomeric gold nanoparticles, we found that crown nanoparticles 

exhibited strong red-colored optical signals (Figure 2.1C).  A hexameric crown 

nanoparticle scattered light approximately 44 times more intensely than a single particle 

(Figure 2.1D).  The protease sensors provided stable signals during the observation time 

that lasted for hours with no noticeable change (data not shown).   

2.2.  Methods 

2.2.1.  Synthesis of satellite and core nanoparticles (Day 1)  
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-React citrate protected 40nm gold particles with bis(p-sulfonatophenyl)phenylphosphine 

dihydrate dipotassium salt (BSPP) at 1mg per 1ml colloids, as reported previously 

(Reinhard, Sheikholeslami et al. 2007).  Stir particles with BSPP for at least 8 hours.  

Wash 2x via centrifugation (5000rpm, 15 minutes) with resuspension in 10mM Tris, 

40mM NaCl,  pH 8 (T40).  

-Obtain absorbance of Au nanoparticles (40nm) at 520nm using a UV/Vis 

spectrophotometer and calculate yield (ɛ = 9.3ml/pmol).  Adjust nanoparticle 

concentration to 3nM. 

-Prepare stocks of biotinylated peptide linker (biotin-

GSEGGSESEDEVDGGSNSGGRLCC, biotin-CH2CH2(OCH2CH2)6DEVDG-

GCH2CH2(OCH2CH2)12CC, or other linker with an optimal sequence), biotin-

CH2(OCH2CH2)6S-S(OCH2CH2)6-CH2-biotin, and HOOCCH2(OCH2CH2)6S-

S(OCH2CH2)6-CH2COOH in deionized water.   

-Treat biotin-CH2(OCH2CH2)6S-S(OCH2CH2)6-CH2-biotin and 

HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-CH2COOH solutions with BSPP (1000x molar 

excess) and shake for 10 minutes. 

-Peptide conjugated Au nanoparticles (satellites): Add 6pmol biotinylated peptide to 3nM 

gold nanoparticles.  React overnight. 

-Peg conjugated Au nanoparticles (cores): Add 25 molar excess of reduced biotin-

CH2(OCH2CH2)6S-S(OCH2CH2)6-CH2-biotin solution and 105 molar excess reduced 

HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-CH2COOH solution to 3nM gold nanoparticles.  

React for 2 hours. 
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-Separate cores via electrophoresis in a 0.7% agarose gel with 0.5x TBE buffer.  Run at 

100V for 1 hour.  Isolate by cutting band out of gel, placing it into dialysis bag containing 

T40 buffer, and running dialysis bag in the electrophoresis chamber containing 0.5x TBE 

buffer.  Run until particles move out of gel band and into buffer. 

-Prepare Neutravidin (Ntv) in deionized water and filter sterilize using a 0.2µm syringe 

filter.  Add 10,000 equivalents of Ntv to cores and react overnight at 4°C. 

2.2.2.  Synthesis of crown nanoparticles (Day 2) 

-Reduce HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-CH2COOH with BSPP (1000x molar 

excess) and shake for 10 minutes. 

-Satellites: Add 105 molar excess of reduced HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-

CH2COOH solution to satellite nanoparticles and react for 2 hours.  Separate satellites by 

gel electrophoresis and isolate.  Centrifuge at 1800 RCF for 10 minutes and disperse in 

10mM Tris, 100mM NaCl, pH 8 (T100).  Determine satellite nanoparticle concentration 

by UV/Vis spectrometry and adjust concentration to 5nM. 

 -Ntv-cores: Centrifuge Ntv-cores at 1800 RCF for 10 minutes and disperse in T100.  

Remove excess Ntv using a Centricon (Amicon) by washing 3x with T100.  Determine 

concentration of Ntv-cores by UV/Vis spectrometry and adjust nanoparticle 

concentration to 1nM.  

 -Crowns: Add 15µl 1nM Ntv-core nanoparticles to 300µl 5nM satellite nanoparticles.  

React overnight at 4°C.  Separate crowns across a sucrose density gradient (15% to 35%) 

at 4000rpm for 30 minutes, with UV/Vis detection.  Use second sucrose density gradient 
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containing control nanoparticles for comparison.  Isolate crowns.  Buffer exchange crown 

nanoparticles with T100 using a Centricon (Amicon) at 1500rpm for 15 minutes until 

particles are dispersed entirely in T100.  Characterize crown nanoparticles by TEM. 

2.2.3.  Preparing flow chambers  

The procedures mentioned below have been adapted from (Joo and Ha 2012) (Scheme 

1). 

-With a permanent marker, draw markings at 1cm from the short edge and 0.5cm from 

the long edge of a standard glass slide.  Cover the entire slide with invisible tape. 

-Lay new standard glass slide directly above the marked glass slide.  Introduce a layer of 

water between both slides and on the top layer of glass to prevent fracturing while 

drilling.  Drill four holes through the glass slide at each of the markings using a 0.75mm 

diamond drill bit.  Repeat for the number of chambers to be prepared.  (Scheme 1A).   

*Exercise caution when operating a drill and wear personal protective equipment. 

-Place glass slides and cover slips (24x60) in an enclosable container.  Fill container with 

5% alconox and sonicate for 20 minutes in a water bath. 

-Discard 5% alconox solution and wash glass 5x with filtered water.  Fill container with 

filtered water and sonicate for 20 minutes in a water bath. 

-Discard water from container and wash glass 5x with filtered water.  Fill container with 

1M KOH and sonicate for 20 minutes in a water bath. 

-Discard 1M KOH and wash glass 5x with filtered water.  Fill container with filtered 

water and sonicate for 20 minutes in a water bath. 
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-Discard water and wash glass 5x with filtered water.  Fill container with filtered water. 

-Dry glass using high purity Ar or N2 gas sprayed at 40psi.  Immediately store glass 

separately in 50ml conical tubes to protect from dust. 

-Examine drilled holes on each face of the glass slide and orient the slide such that the 

side with smaller holes is facing down. 

- With a razor blade, cut 3 inch long strip of double-sided tape into smaller strips that are 

3mm in width.  Carefully place a strip of tape along the top, middle, and bottom of the 

glass slide along its length (Scheme 1B). 

-Lay coverslip on top of tape, while covering holes.  Carefully press coverslip along 

taped areas using a pipette tip (Scheme 1C). 

-Trim excess tape hanging beyond the edges of the glass slide. 

-Use epoxy glue to seal the edges only along the width of the coverslip.  Allow glue to 

dry for at least 15 minutes (Scheme 1D). 

-Once glue is completely dry, flip chamber over (Scheme 1E).  Wash inner chambers 3x 

with 200μl filtered 10mM Tris, 30mM NaCl, pH 8 (T30).   

-Wash inner chambers with 150μl filtered 1mg/ml BSA-biotin and incubate for 10 

minutes.  To prevent formation of BSA crystals in chambers, do not incubate BSA-biotin 

for longer periods of time.   

-Wash 3x with 200μl filtered T30. 
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-Dilute crown nanoparticle solution four fold using T30 and apply 50μl per chamber.  

Incubate for 10 minutes. 

-Wash 3x with 200μl filtered T30. 

-Cut off wider end of two P200 pipette tips and use epoxy glue to adhere to flow 

chamber.  This will serve as the inlet. 

-Glue needles to outlet of chambers.  Once glue is dry, use pliers to bend needles in an 

“L” shape (Scheme 1F).  Attach appropriately sized tubing to outlet and connect a 

syringe with a needle to serve as a waste reservoir.  A syringe pump or peristaltic pump 

can be used with some added modifications. 

-Apply T30 to inlet and pull back on syringe to ensure that flow chambers are completely 

sealed and working properly.  Wash 3x with T30 per chamber. 

-Prepare reagents to be introduced to the flow chamber. 

-When finished with experiments, chambers can be left in acetone overnight.  This will 

separate the glass slide from the coverslip.  The glass slide can then be reused after 

undergoing the washing steps above. 

2.2.4.  Darkfield microscopy 

-Setup flow chamber at microscope and perform alignment of darkfield condenser and 

objective lens.  Find field of view to image. 

-Prepare settings on EMCCD detector. 
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-Evacuate inlet of buffer using disposable pipette.  Add fresh buffer to inlet and pull back 

on syringe to introduce buffer to sensors for equilibration.  Discard waste and attach 

syringe back onto needle.  Wash chamber with buffer 3x and ensure that chamber does 

not go dry.   

-Introduce recombinant caspase-3 to the flow chamber. 

-Begin acquisition (10-120Hz) using an EMCCD camera to record changes in scattering 

intensity.  Record interval time.  To detect changes in maximum resonance wavelength, 

use a color camera attached to the port of a spectrometer.  

2.2.5.  Data analysis of in vitro caspase-3 activity 

Each crown sensor provides quantitative information where each stepwise decrease in 

scattering intensity acts as a direct measure of caspase-3 activity.   

-Use ImageJ, MatLab, or other software to obtain scattering intensity trajectories of 

crown nanoparticles in the field of view.   

- ImageJ: Open folder containing images (as .tiff files) in ImageJ.  Go to Analyze, then 

Tools, and open ROI Manager.  Check “Show All.”  During manual particle picking, 

ImageJ will mark each selected particle when “Show All” is checked.  Draw box around 

particle in the field of view. Press Control+t or click “Add [t]” in ROI Manager.  The 

ROI manager will then record the coordinates.  Continue until all particles in the field of 

view are selected.  Click “More” and then “Save” to save the coordinates.  Go to 

Analyze, then Set Measurements, and check “Integrated Density” as the parameter to be 

measured.  Select “More” and then “Multi Measure” to analyze all the trajectories in the 
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stack of images.  When completed, a spreadsheet will open containing all the scattering 

intensities for each selected particle for each frame.   

-For each set of scattering data for a given crown nanoparticle, plot scattering intensity as 

a function of time.  Record time at which a decrease in scattering intensity is observed. 

-Plot cumulative probability as a function of time and fit to a Michaelis-Menten first 

order kinetic model.  To extract a kcat value, use a KM parameter reported in literature for 

caspase-3.  If the kinetic parameters of the peptide sequence are known, extract a kcat/KM 

value from the nanoparticle experiment for comparison to the parameters of the 

characterized peptide substrate. 

2.2.6.  Live cell imaging  

-Before live cell imaging, ensure that the culture media being used is compatible with the 

conditions of the microscope setup.  If a CO2 control setup is absent, utilize CO2 

independent media, such as L-15, to prevent compromising cell viability. 

-Seed flow chamber (Ibidi µ-slide I Luer) with adherent cell line based on manufacturer’s 

instructions.  It will be optimal to use a low seeding density to prevent high confluency 

and premature apoptosis, though this should be empirically determined for a given cell 

line.  Note: Caution should be taken when inducing cells that readily respond to 

apoptotic inducers.  Immediate collapse of the cell body halts the experiment and 

prevents further acquisition of data from the nanosensors. 

-Modification of crown nanoparticles with biotinylated-TAT: Add 3pmol biotinylated-

TAT to 200µl crown nanoparticle solution having an OD 4.3.  React at RT for 1 hour.  

23 



 

Dilute nanoparticle solution with 1.5ml culture media and filter through a 0.4µm syringe 

filter.  Add filtered solution to the seeded flow chamber.  Allow overnight reaction (at 

least 12 hours) for crown nanoparticle delivery to cells.  Note: Although cytosolic 

delivery of crown nanoparticles in adherent SW620 cells was reasonably successful, 

some sensors may be trapped in endosomes, so delivery of nanoparticles to different cell 

lines may lead to some endosomal trapping.  To ensure cytosolic delivery of 

nanoparticles, others have explored methods such as modifying the TAT cell-penetration 

peptide (Wadia, Stan et al. 2004), electroporation (Amaxa), microinjection, nanostraws 

(VanDersarl, Xu et al. 2012), and endosome-disrupting polymers (Bayles, Chahal et al. 

2010).   

-The next day, wash chamber 5x with fresh culture media. 

-Prepare microscope by performing alignment of darkfield condenser and objective lens.  

If temperature control is available, set to 37°C.  Find cell(s) to image. 

-Wash chamber 3x with fresh culture media for equilibration. 

-Prepare settings on EMCCD detector. 

-Introduce apoptotic inducer-containing culture media to the flow chamber. 

-Begin acquisition (up to 250Hz) using an EMCCD camera to record changes in 

scattering intensity.  Record interval time.  To detect changes in maximum resonance 

wavelength, use a color camera attached to the port of a spectrometer. 

-Repeat above steps for vehicle or other drug treatment conditions, as necessary.  

2.2.7.  Data analysis of live cell imaging 
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-Analyze single particle trajectories and statistics, as in section 4.5. 

-Plot histogram displaying number of cutting events as a function of time to show the 

onset of robust proteolytic activity.  Bin data along the x-axis using an appropriate time 

interval.  Next, plot cumulative probability as a function of time to display any 

heterogeneity among a population of cells.   

2.3.  Results 

Crown nanoparticles directly measured caspase-3 activity in vitro  

Since caspase-3 promotes proteolytic cleavage following the aspartic acid in the 

P1 position of the peptide sequence DEVD, loss of a satellite nanoparticle mediated by 

caspase-3 resulted in changes to both scattering color and intensity.  Nanosensors were 

immobilized on a glass flow chamber and treated with recombinant caspase-3 (Figure 

2.2A). Under darkfield microscopy, initial red spots gradually turned into yellow and 

then green spots as time elapsed (Figure 2.2B-D). Consistent with these observations, 

stepwise spectral blue-shifts were detected in the scattering spectrum of a single crown 

nanoparticle as a result of successive loss of satellite nanoparticles by caspase-3 

proteolysis (Figure 2.2E).  Single particle trajectories of the scattering intensity showed a 

stepwise decrease in the signal, corresponding to each individual proteolytic event 

(Figure 2.2F).   

Protease sensors do not perturb caspase-3 activity as cleavage kinetics fit a 

Michaelis-Menten first-order kinetic model.  For this type of quantitation, each 

proteolytic event was enumerated and displayed as a progress curve (Figure 2.2G) 

showing the cumulative probability as a function of time.  Cumulative probability is 
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defined here as the number of cutting events at a given time point per total number of 

cutting events observed during the experiment.  Since [S]<<<[ET], we applied the 

relationship [kcat/KM]=[kobs/ET] where KM is taken from the literature and kobs is derived 

from the initial slope of the progress curve as obtained by fitting to a non-linear 

regression model.  We ultimately obtained a kcat value (6.2 s-1) that falls within the range 

of previously reported values (2.4 – 8.2 s-1) obtained from small molecule 

substrates(Talanian, Quinlan et al. 1997)(Talanian, Quinlan et al. 1997)(Talanian, 

Quinlan et al. 1997).  Therefore, we verified that geometric and steric effects do not alter 

caspase-3 kinetics, since the peptide sequences are surrounded by nanometer sized 

particles. 

Monitoring real-time caspase-3 signaling in a colon cancer cell line. 

To monitor intracellular caspase-3 activity, we visualized the response of 

nanoparticle assemblies of human colon carcinoma (SW620) cells upon stimulation of 

the extrinsic pathway with tumor necrosis factor-α (TNF-α) and cycloheximide (CHX).  

As demonstrated in the literature (Ndozangue-Touriguine, Sebbagh et al. 2008), the 

SW620 cell line is resistant to death receptor-induced apoptosis due to high expression of 

an endogenous inhibitor, XIAP.  Additionally, these cells do not express caspase-7 at the 

mRNA level (http://biogps.gnf.org/#goto = welcome).  Therefore, this unique cell line 

was chosen to demonstrate the sensitivity of the crown nanoparticle technology to 

exclusively detect caspase-3 activation.   

We conjugated Au crown nanoparticles with biotinylated TAT and found that 

intracellular delivery was successful in the SW620 colon cancer cell line (Figure 4A).  
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The red spots that represent each crown nanoparticle inside the cell boundary suggest 

efficient delivery of the nanosensors.  The scattering signals from the nanosensors are 

highly intense compared to the background scattering from the cell.  Since the crown 

nanoparticles are relatively large, they are held within the cytoskeletal network of the 

cells and afforded straightforward particle tracking during data analysis.     

Caspase-3 activation at early time points was not observed with conventional 

ensemble analyses (Figure 2.3B-C) upon induction of SW620 cells with TNF-α and 

CHX.  Detection of caspase-3 activity in a lysate, with a luminescent substrate (Caspase 

Glo 3/7®), showed minimal activity at early time points. Robust caspase-3 activity was 

evident only at 23 hours. However, use of a cell permeable fluorescent substrate allowed 

single cell analysis in a flow cytometer and showed subtle caspase-3 activity at early time 

points.  In contrast, reduction of the crown nanoparticles’ scattering signals were 

observed as early as 30 minutes, which corresponds to the proteolytic cleavage of the 

DEVD peptide sequence (Figure 2.3D, left. Supplementary Movie 1). Vehicle and 

inhibitor treated samples showed no change in scattering color or intensity during the 

time course (Figure 2.3D, middle, right).  Unambiguous detection of early caspase-3 

activity was made possible only by continuous imaging of the crown nanoparticles.   

In contrast to the ensemble measurements, the single particle trajectory displayed 

in Figure 2.4A shows that caspase-3 proteolysis was not evident until 23 minutes after 

the addition of TNFα/CHX.  All caspase-3 cleavage events within a single cell were 

counted and the statistics from 10 individual cells were plotted in Figures 2.4B, C.  We 

observed significant variations in the induction times between different cells in the same 

population, ranging from 10 to 40 minutes. Ensemble studies have shown that cells in a 
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group can each exhibit varying levels of caspase-3 when exposed to the same apoptotic 

stimulus and that this variation governs their viability after a certain period of time 

(Morgan, Thorburn et al. 2001, Albeck, Burke et al. 2008, Angres, Steuer et al. 2009).  

The single molecule results obtained here suggest that not only do active caspase-3 levels 

vary across cells, but that the induction time required for caspase-3 activation also varies. 

This variability is likely a result of each cell’s specific resistance to death receptor-

induced apoptosis and is a clear representation of the “individuality” of cells and their 

response to a drug.      
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Figure 2.1. Crown nanoparticle sensors. (a) Illustration of a crown nanoparticle 
containing an avidin-coated gold core nanoparticle with multiple biotinylated gold 
satellite nanoparticles. Linkers bearing the caspase-3 cleavage sequence DEVD 
tether the core and satellite nanoparticles together.  (b) Transmission electron 
microscopy (TEM) shows different configurations of the crown nanoparticles.  
They contain either three to six satellite nanoparticles linked to the core 
nanoparticle.  (c) A representative scattering image of crown nanoparticles by 
darkfield microscopy. Each red spot corresponds to a single crown nanoparticle. 
(d) Representative scattering spectra of crown (red) and monomeric gold 
nanoparticles (black). The crown nanoparticles exhibited an increased scattering 
intensity (~44x) and a red-shift (Δλ~75nm), compared to monomeric gold 
nanoparticles.  
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Figure 2.2. In vitro caspase-3 activity reported by crown nanoparticles. (a) 
Illustration of immobilized crown nanoparticles on a glass flow chamber by an 
avidin-biotin linkage.  After equilibration, recombinant caspase-3 was presented to 
the crown nanoparticles.  Color and intensity changes were visualized by darkfield 
microscopy.  (b-d) Scattering color changes were observed upon treatment with 
caspase-3, from red to yellow to green spots over time.  (e) A representative 
spectral shift of a single crown nanoparticle upon exposure to caspase-3.  At 
654nm, crown nanoparticles exhibited their scattering peak maximum.  As the 
crown nanoparticles responded to caspase-3 proteolysis, blue-shifts were observed 
over time. (f) A single crown nanoparticle intensity trace versus time was recorded 
at 100 Hz.  Each arrow corresponds to the time at which caspase-3 mediated a 
cutting event of the crown nanoparticle substrate. (g) Progress curve showing 
cumulative probability of cutting events as a function of time that enabled 
extraction of a kcat value (6.2 s-1).  Reprinted from Y.  Jun , S. Sheikholeslami, 
D.R. Hostetter, C Tajon, C.S. Craik, A.P. Alivisatos, Continuous imaging of 
plasmon rulers in live cells reveals early-stage caspase-3 activation at the single-
molecule level, Proc Natl Acad Sci U S A. 106 (2009) 17735-40. 
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Figure 2.3. Caspase-3 activation in live cells reported by Caspase Glo 3/7® 

assay, flow cytometry, and crown nanoparticles.  (a) Crown nanoparticles were 
modified with the cell penetration peptide, TAT, and delivered into SW620 colon 
cancer cells. Red colored spots show the location of each individual crown 
nanoparticle.  (b, c) Ensemble caspase-3 activity was monitored by either a 
luminescence assay (Caspase Glo 3/7®) or flow cytometry after treatment of cells 
with TNF-α/CHX.  (b) With the luminescence assay, minimal caspase-3 
activation was observed at early time points and was apparent only at 23 hours 
after induction of cells.  (c) Flow cytometry spectra show similar results to 
luminescence assay.  Shoulder peaks may indicate caspase-3 activity at earlier 
time points. (e) (Left) After treatment of cells with TNF-α/CHX, caspase-3 
activation was evident as early as 30 minutes.  This is indicated by the change in 
scattering color and intensity across the time points.  (Middle) Crown 
nanoparticles show no response in vehicle treated cells.  (Right) Pretreatment 
with inhibitor, z-DEVD-fmk, followed by induction with TNF-α/CHX, showed 
no response from crown nanoparticles.  Reprinted from Y.  Jun , S. 
Sheikholeslami, D.R. Hostetter, C Tajon, C.S. Craik, A.P. Alivisatos, Continuous 
imaging of plasmon rulers in live cells reveals early-stage caspase-3 activation at 
the single-molecule level, Proc Natl Acad Sci U S A. 106 (2009) 17735-40. 
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Figure 2.4. Statistical analyses acquired from crown nanoparticle trajectories after 
induction of SW620 cells.  (a) Trajectory of a single crown nanoparticle displaying 
scattering intensity as a function of time.  Successive decreases in intensity report 
cleavage of satellite nanoparticles by caspase-3.  (b) Histogram of cutting events as 
a function of time from a single cell.  The induction period (0 to 16 minutes) shows 
nominal response by crown nanoparticles.  This is followed by rapid cutting events 
from 16 to 35 minutes indicating early stage caspase-3 activation. (c) Caspase-3 
activation across 10 identically treated cells show cell-by-cell heterogeneity.  
Reprinted from Y.  Jun , S. Sheikholeslami, D.R. Hostetter, C Tajon, C.S. Craik, 
A.P. Alivisatos, Continuous imaging of plasmon rulers in live cells reveals early-
stage caspase-3 activation at the single-molecule level, Proc Natl Acad Sci U S A. 
106 (2009) 17735-40. 
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Scheme 2.1.  Flow chamber assembly adapted from (Joo and Ha 2012).  Place 
standard slide directly above marked slide.  (a) Add H2O between and above 
glass layers.  Drill holes using markings as guides.  (b) Wash and dry glass 
before adding double-sided tape along the top, middle, and bottom areas of the 
slide.  (c) Adhere a coverslip (blue) to the taped areas, while covering the holes.  
(d) Secure with epoxy glue (gray).  (e) Once glue is dry, flip the slide over.  (f) 
Modify the chambers with nanosensors and finish assembly by gluing needles 
and trimmed pipette tips. 
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Chapter 3: Imaging using gold nanoshell dimers 

Caspases facilitate programmed cell death, where caspase-3 is the chief 

executioner involved in initiating the apoptotic process.  Dysregulation of caspase 

activity is associated with cancer, though provocation from a proapoptotic drug can 

elicit the signals for cellular destruction as a welcome consequence of 

chemotherapeutic intervention.  When apoptotic pathways are functionally limited, 

particularly by the presence of endogenous inhibitors, monitoring drug response 

among cancer systems becomes a challenge and access to a glimpse of caspase-3 

activity that can present itself at a higher order of resolution becomes necessary.  To 

resolve these individual caspase-3 mediated events among the parallel and 

consecutive protein signaling networks of an apoptotic cell, a sensitive and selective 

imaging tool is required for distinguishing this activity.  We present a peptide-linked 

plasmon rulers that sensitively and selectively detects caspase-3 activity at single 

molecule resolution, as low as 100 fM of recombinant material or 10ng of total 

protein from cellular lysate.  By thorough analyses of single molecule trajectories, 

we show caspase-3 activation in a drug treated chronic myeloid leukemia (K562) 

cancer system as early as 8 hours with greater sensitivity than conventional 

reagents.  This present study provides future implications for monitoring efficacy of 

drugs and metric based therapies.     

3.1.  Introduction 

Caspases are a family of proteases that carry out programmed cell death.  They are 

enzymes whose fundamental response is guided by their active site specificity to 
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irreversibly sever a protein substrate (Farady and Craik 2010).  Two major routes to their 

activation include: (1) the extrinsic or death receptor-induced pathway and (2) the 

intrinsic or Apaf-1 (apoptotic protease-activating factor-1) apoptosome pathway (Logue 

and Martin 2008).  The former route is activated through the initiator, caspase-8, while 

the latter is activated via caspase-9.  These two pathways converge in their activation of 

the principal executioner, caspase-3, that perpetrates the downstream hallmarks of 

apoptosis (degradation of intracellular proteins, nuclear condensation, cell shrinkage, 

membrane blebbing, and DNA fragmentation).   

The dysregulation of caspase activation pathways varies in cancer systems, particularly 

among the types of leukemia, causing heterogeneity among their proliferation and 

apoptosis profiles (Lin, Manshouri et al. 2002).  As reported by caspase-3 activity assay 

and Annexin V staining, higher levels of apoptosis were observed in myelodysplastic 

syndrome (MDS) and chronic myelomonocytic leukemia (CMML); intermediate levels 

were observed with acute myelogenous leukemia (AML), acute lymphoblastic leukemia 

(ALL), and chronic lymphoblastic leukemia (CLL); while chronic myeloid leukemia 

(CML) contained the lowest levels (Lin, Manshouri et al. 2002).  This reduced amount 

found in CML cells is a direct result of increased endogenous caspase inhibitors (XIAP 

and FLIP) and decreased levels of Apaf-1 (Tamm, Kornblau et al. 2000, Jia, Srinivasula 

et al. 2001, Schimmer, Pedersen et al. 2003).  Overall, the functional integrity of the 

apoptotic pathways is a contributing factor in a patient’s response to chemotherapy, 

though its fidelity is not consistently observed from patient-to-patient, as shown in XIAP 

levels among AML patients (Schimmer, Pedersen et al. 2003).  Blocked pathways due to 

overexpression of endogenous caspase inhibitors or chemoresistant cells contribute to 
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difficulty in perturbing the cancer system toward a favorable clinical response.  

Interestingly, caspase-3 activation levels has been screened in determining the treatment 

response and relapse in B-cell acute lymphoblastic leukemia (ALL) by flow cytometry 

(Meyer, Karawajew et al. 2006), while its caspase-3 protein levels were reported as a 

predictor of survival in acute myelogenous leukemia (AML) via quantitative western 

blotting techniques (Estrov, Thall et al. 1998).  Though these efforts provide 

encouragement in the direction of disease management, this presents an opportunity to 

build a highly sensitive reagent 1) to interrogate drug response in a clinical sample whose 

apoptotic pathway is defective, 2) that requires minimal sample compared to proteomics 

efforts that require large amounts of cells, and 3) that has increased precision in 

selectively detecting caspase-3 as a reliable measure of apoptosis due to its positioning in 

the cell death cascade.   

To this end, we utilize a clinically relevant chronic myeloid leukemia (CML) cell line, 

K562, and monitor its caspase-3 activation response to dasatinib with high sensitivity and 

selectivity to act as a foundation for future diagnostic and therapeutic implications.  CML 

is characterized by the presence of BCR-ABL, a constitutively active tyrosine kinase 

brought about by the presence of the Philadelphia chromosome (Hantschel and Superti-

Furga 2004).  It has been shown that inhibition of BCR-ABL commits K562 cells to 

apoptosis as early as 24hrs by flow cytometry (Shah, Kasap et al. 2008) and western blot 

(Asmussen, Lasater et al. 2014) (10µg total protein/well) with 100nM of continuous 

dasatinib exposure.  To align the mechanism of protease activity with building a sensor 

that can report a binary signal in the presence or absence of caspase-3, we called upon the 

optical properties of plasmon coupling.  Peptide-linked gold nanoshell dimers were 

38 



 

developed to enable single molecule imaging of caspase-3 activity on a platform of 

immobilized sensors treated with recombinant material and cellular lysate.  Briefly, the 

plasmonic properties of a Au nanoparticle pair is dramatically affected by its interparticle 

separation (Loo, Lowery et al. 2005, Eustis and el-Sayed 2006, Anker, Hall et al. 2008, 

Reinhard, Yassif et al. 2010).  This so-called plasmon coupling  between a nanoparticle 

pair acts a dipole-dipole interaction, where two particles in close proximity results in the 

light scattering intensity to increase exponentially, while the plasmon resonance 

frequency redshifts (Reinhard, Yassif et al. 2010).  When the nanoparticle pair is 

confronted by a biomolecule that increases the interparticle distance, the response is that 

of a sharp decrease in scattering intensity and a concomitant blueshift in the plasmon 

resonance frequency.  

Our previous construct, the crown nanoparticles (Jun, Sheikholeslami et al. 2009), were 

synthesized with multiple 40nm solid Au nanoparticles about a central core particle.  This 

assembly afforded ample signal-to-noise above the anticipated high and heterogeneous 

background scattering of live cells.  In synthesizing this more substituted structure, the 

crown nanoparticles were heterogeneous in their assembly as they contained three to six 

nanoparticles around the central particle.  Additionally, the peptide sequence was not 

highly selective for caspase-3.  In fact, the colon cancer (SW620) cell line used did not 

express caspase-7 at the mRNA level (http://biogps.gnf.org/#goto = welcome), where 

both caspase-3 and -7 share an optimal cleavage sequence.  Such marginal expression of 

caspase-7 in the SW620 cell line made the previous studies convenient for the sole 

detection of caspase-3 activity.  Follow-up use of this nanoparticle construct would only 
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allow detection of combined caspase-3 and -7 activities when applied to other cancer 

systems.   

 3.2.  Methods 

Fluorescent peptide and linker synthesis.  Fluorescent peptides and linkers were 

synthesized via standard solid phase peptide synthesis protocols.  Rink amide resin (Rink 

resin SS, 100-200 mesh, Advanced Chemtech) was used to prepare peptide amides, while 

2-chlorotrityl chloride resin (Novabiochem) was used to synthesize the nanoparticle 

linkers.  Fmoc-protected amino acids, Fmoc-Lys(Mca)-OH, Fmoc-Lys(Dnp)-OH, Fmoc-

PEG20atoms-OH, Fmoc-PEG40atoms-OH, PyBop, and HOBt, all used at three equivalents per 

reaction, were purchased from Novabiochem.  Dichloromethane (DCM), 

dimethylformamide (DMF), piperidine (used as 20% in DMF), diisopropylethylamine 

(DIPEA, used at 4.5 equivalents per reaction), trifluoroacetic acid (TFA), 

triisopropylsilane (TIPS), ethanedithiol( EDT), diethyl ether, and acetonitrile (ACN) were 

used as received.  Acetic anhydride and pyridine were purchased from Sigma.  The 

central 8-mer residues of each peptide were coupled using a Symphony Quartet peptide 

synthesizer (Protein Technologies), while all other moieties were coupled manually.  

Acetylation was completed under conditions of acetic anhydride/pyridine/DMF (1:2:3) 

for one hour, while biotinylation was performed with EZ-Link NHS-Biotin (Thermo 

Scientific) used at 1.5 equivalents per reaction.  Couplings and deprotection were 

confirmed by the Kaiser test.  Peptides were cleaved under 95% TFA/2.5% TIPS/2.5% 

H2O or 94% TFA/2.5% H2O/2.5% EDT/1% TIPS (for Cys-containing linkers) conditions 

and precipitated into cold ether.  Purification was done on an Agilent 1200 series system 

with a C18 reverse phase column (Waters).  Mobile phase consisted of 99.9% H2O/0.1% 
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TFA (solvent A) and 95% ACN/4.9% H2O/0.1% TFA (solvent B).  Characterization was 

performed on an LC-MS on a Waters Alliance liquid chromatography system with a 

Waters Micromass ZQ single-quadrupole mass spectrometer.  Fluorescent peptides were 

protected from light as appropriate.     

Enzyme assays.  All peptides were dissolved in a minimal volume of DMSO (Sigma 

#S6942)  and Ac-Lys(Dnp)-DEVD-GGSN-Lys(Mca)-NH2 and Ac-Lys(Dnp)-VGPD-

FGRG-Lys(Mca)-NH2 were submitted for amino acid analysis (Texas A&M University, 

Protein Chemistry Laboratory, Department of Biochemistry).  Total hydrolysis of all six 

fluorescent peptides was performed in the presence of either 100nM caspase-3 or 100nM 

granzyme B in triplicate.  Caspase buffer contained 10mM PIPES, 0.1M NaCl, 0.1mM 

EDTA, 10mM DTT, 10% (w/v) sucrose, and 0.1% CHAPS, pH 7.2 (Stennicke, Renatus 

et al. 2000), while granzyme B buffer included 50mM NaHEPES pH 8, 100mM NaCl, 

and 0.01% Tween-20.  Incubation was performed overnight at 37°C.  After 24 hours, 

samples were read on a Microfluor 1 black plate (Thermo #7005, U bottom) and an 

endpoint reading was monitored from the emission at 393nm upon excitation at 328nm 

using a Gemini EM fluorescence plate reader.  Peptide concentration was determined 

from the final fluorescence of totally hydrolyzed Ac-Lys(Dnp)-DEVD-GGSN-Lys(Mca)-

NH2 or Ac-Lys(Dnp)-VGPD-FGRG-Lys(Mca)-NH2 as standards.    

Catalytic parameters were determined at initial peptide concentrations from 3-30µM in 

the presence of caspase-3, -7, -8, -9 (kindly provided by Prof. James Wells, UCSF) or 

starting peptide concentrations from 3-90µM in the presence of 10nM granzyme B.  As in 

(Stennicke, Renatus et al. 2000), 2µl peptide were combined with 98µl buffer containing 

the enzyme of interest (Stennicke and Salvesen 1997).  Fluorescence (emission 
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393nm/excitation 328nm) was monitored during a two hour kinetic run.  The initial slope 

was obtained from the linear portion of the progress curve and plotted against the initial 

peptide concentrations.  To yield the kcat and KM parameters, this was fit to the Michaelis-

Menten equation using a non-linear regression model in Kaliedograph software.  Four 

replicates were run per assay. 

Dimer synthesis.  Thiols were reduced by treatment of 10pmol biotin-PEG20atoms-DEVD-

RVYG- PEG60atoms-CCC-COOH or 10pmol biotin- PEG60atoms-CCC-COOH with 10nmol 

bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP, Strem 

Chemicals, 1000x molar excess) in separate tubes.  Volume was brought up to 20μl using 

10mM Tris pH 8.0 (T0).  Both tubes were applied to a shaker (specify shaker) for 10 

minutes. 

0.4pmol Au nanoshells (50nm diameter) were washed with 5 column volumes of H2O 

using a midi macs column (specify) and eluted.  Alternatively, Au nanoshells can be spun 

at 1000 RCF for 7 minutes and washed with H2O (3x).  Au nanoshells were concentrated 

to 0.5nM.  Reduced peptide or peg linker solutions above were added to 0.2pmol Au 

nanoshells under 10mM citrate pH 3 conditions for 20 minutes with shaking.  Reaction 

was quenched with H2O and washed with 5 column volumes of H2O using a midi macs 

column and eluted in 10mM Tris pH 8.0 (T30).  Conjugated Au nanoshells can 

alternatively be washed with H2O via centrifugation, as mentioned above, and dispersed 

in T30.  Conjugated Au nanoshells were concentrated to 0.5nM.      

40nmol HS-C11EG6-COOH (2 x 105 molar excess) was added to each aliquot of 

nanoparticles and shook overnight at RT. 
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-A mini MACS column was used to remove unreacted HS-C11EG6-COOH by washing 

with five column volumes of T30.  Each set of nanoparticles were eluted from the column 

or underwent repeated centrifugation as mentioned above. 

-Peg conjugated nanoparticles were modified using 2nmol filter sterilized streptavidin 

(Stv) in T30 and shook for one to two hours. 

-Stv-peg conjugated nanoparticles were washed with five column volumes of 10mM Tris 

pH 8.0, 0.04% peg 8000 on a new mini macs column.  Stv-peg conjugated nanoparticles 

were eluted from the column or underwent repeated centrifugation as mentioned above. 

-Peptide and Stv-peg conjugated nanoparticles were added in a 1:1 ratio to form dimers.  

Filter sterilized 1M NaCl was added dropwise to give a final concentration of 60mM 

NaCl and shook overnight at RT. 

-Dimers were separated via electrophoresis in a 0.7% agarose gel with 0.5x TBE buffer.  

Gel was run at 100V for 30 minutes.  Dimers were isolated by cutting the appropriate 

band out of the gel, placing it into dialysis bag containing T30 buffer, and running the 

dialysis bag in the electrophoresis chamber containing 0.5x TBE buffer.  Au nanoshell 

dimers were characterized on a Phillip Tecnai G2 20 transmission electron microscope. 

Single molecule imaging of caspase-3 activation.  Flow chambers were prepared using 

the procedures mentioned in (Joo and Ha 2012).  Briefly, four holes were drilled through 

a glass slide using a 0.75mm diamond drill bit.  Glass slides and cover slips (24x60) were 

sequentially washed in 5% alconox, H2O, 1M KOH, and H2O with sonication for 20 

minutes in a water bath.  Glass was dried using high purity Ar sprayed at 40psi.  Flow 

chambers were assembled using 3in x 3mm strips of double-sided tape oriented along the 
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length of the glass slide.  A coverslip was placed atop the taped areas and sealed using 

epoxy glue.  Chambers were washed with filtered T30, followed by washes with filtered 

1mg/ml BSA-biotin.  BSA-biotin was incubated for 10 minutes and subsequently washed 

with filtered T30.  Dimer nanoparticle solution was diluted four fold using T30.  50μl 

was applied per chamber and dimers were allowed to incubate for 10 minutes.  Unreacted 

particles were washed with filtered T30.  Chambers were further assembled with trimmed 

pipette tips and needles to serve as inlets and outlets, respectively.  Tubing was attached 

to the needle and connected to a syringe with a needle to serve as a waste reservoir.   

Caspase-3 and caspase-7 was diluted in either caspase buffer or PBS.  K562 lysate was 

diluted in caspase buffer supplemented with protease and phosphatase inhibitors at a 

1:100 dilution (calbiochem) and filtered prior to imaging.  Microscopy was conducted 

using an inverted Ti-E Nikon microscope outfitted with a dry darkfield condenser, Andor 

iXon 512 x 512 EMCCD detector, and Ti-E Perfect Focus.  Fresh buffer was introduced 

to the sensors for equilibration, followed by either caspase or diluted lysate.  Acquisition 

was conducted at 10Hz and ImageJ or MatLab software was used to obtain scattering 

intensities of each nanoparticle in the field of view.   

Caspase-Glo 3/7 Assay.  Methods were followed according to the manufacturer’s 

instructions.  Briefly, caspase-3 or -7 were prepared as stocks between 200aM to 2nM in 

caspase buffer.  Lysates were prepared as stocks between 20ng and 2µg total protein in 

caspase buffer supplemented with protease and phosphatase inhibitors diluted at 1:100 

(calbiochem).  100µl of stock solutions were diluted with 100µl caspase-glo 3/7 

proprietary reagent.  Assay was conducted in triplicate in a 96-well solid white plate 
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(E&K Scientific, #EK-25075) on with a SPECTRAmax plate reader.  Data points were 

blank subtracted. 

K562 lysate preparation.  K562 cells were maintained in RPMI 1640 medium 

supplemented with 10% FBS, 1x L-glutamine, and 1x penicillin/streptomycin.  refs.  

Briefly, cells were seeded at 2 x 105 cells/ml in a T-75 flask.  Cells were induced with 

dasatinib (kindly provided by Prof. Kevan Shokat, UCSF) or vehicle.  At the end of each 

time point, cells were pelleted at 2500 RCF for 5 minutes.  Supernatant was discarded.  

Pellets were washed 2x with cold PBS, with spinning in between washes at 2500 x g for 

5m.  Pellets were removed entirely of PBS.  Lysis buffer contained 50 mM HEPES 

pH=7.4, 1% Triton X-100, 0.1% CHAPS, 1 mM DTT (added fresh), and 0.1 mM EDTA 

supplemented with protease and phosphatase inhibitors diluted at 1:100 (Calbiochem 

#539134 and #524625, respectively).  Lysis buffer was added to each pellet and kept on 

ice with intermittent flicking for 15 minutes.  Pellets were spun at 14,000 RCF for 15 

minutes at 4ºC.  Supernatant was transfered to new tubes and protein concentrations were 

determined by BCA Protein assay (Thermo Scientific #23227).  Lysates were aliquoted, 

flash frozen in liquid nitrogen, and stored at -80ºC. 

 3.3.  Results and Discussion 

The current format described here is a dimer composed of 50nm nanoshells with a 

magnetic core, intermediate SiO2 layer, and Au shell (Zn0.4Fe2.6O4@ SiO2@Au) (Figure 

3.1A).  The dimer is held together by Au-thiol and biotin-avidin interactions, while the 

central peptide sequence is flanked by peg spacers.  Two improvements were 

implemented to retain a bright signal comparable to the crown nanoparticles, meanwhile 

refining issues of heterogeneity, colloidal stability, and selectivity for improved detection 
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of caspase-3 activation.  First, magnetic nanoshells provide a ~3-fold higher scattering 

intensity above that of solid Au nanoparticles under darkfield microscopy (Figure 3.1B, 

C, supplementary Figure 3.1).  Peptide-linked magnetic nanoshells were constructed in 

a dimer configuration, where the magnetic core served as a purification handle during 

dimer synthesis.  This increased the proportion of a single species upon its assembly 

(75% dimer:25% trimer) (Figure 3.1D).  By simplifying the format from crowns to 

dimers, colloidal stability is improved due to a decrease in van der Waals interactions 

between the tethered nanoshells.  Thus, incidence of aggregation is reduced as the dimers 

were stable for at least one month (Supplementary Figure 3.2) in PBS.  As this buffer 

has the same ionic strength as the physiological conditions of the cellular environment, 

colloidal stability and their ease of use is ensured for further interrogation of protease 

activity in biological preparations. 

To achieve increased selectivity and reduce cross-reactivity with other caspases, we 

created a protease sensor with a peptide sequence exploiting both non-prime and prime 

side subsite preferences for caspase-3.  The family of caspases (and granzyme B) display 

an exquisite preference to cleave C-terminally to aspartic acids21.  Fluorogenic substrates 

from positional scanning synthetic libraries have revealed the non-prime side (P4 to P1) 

amino acid preferences among the caspases, while both caspase-3 and caspase-7 share an 

optimal cleavage sequence of DEVD (P4 to P1).  A systematic assessment of substrate 

selectivity uncovered that caspase substrates can be cleaved by multiple caspases 

(McStay, Salvesen et al. 2008).  Therefore, we first synthesized fluorescent-based 

substrates by varying the amino acid preferences at the prime side, subjected the peptides 
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to activity assays against a number of caspases (Figure 3.2), and their kinetic parameters 

were obtained (supplementary Table 3.1, supplementary Figure 3.3).    

The substrates consist of an 8-mer peptide (P4 to P4’) flanked by a donor/quencher 

pair, 7-methoxycoumarin/dinitrophenol (Lys-MCA/Lys-DNP).  With the crown 

nanoparticles, DEVD-GGSN (P4 to P4’) was the critical 8-mer sequence utilized for 

caspase-3 detection  (Jun, Sheikholeslami et al. 2009).  Changing the P1’ residue from G 

to R brought about an increase in selectivity for caspase-3 (Stennicke, Renatus et al. 

2000).  By making this single substitution, a remarkable increase in selectivity for 

caspase-3 above that of caspase-7 became apparent with peptides, DEVD-RGSN, DEVD-

RVYG, and DEVD-RVYD, showing little or no activity against caspase-7.  Furthermore, 

activity when treated with caspase-8 was greatest among peptides, DEVD-GGSN and 

DEVD-RVYD, while activity was absent among all the DEVD-containing peptides when 

treated with caspase-9.  As a negative control, two additional peptides intended for 

detecting granzyme B activity were synthesized and showed no specificity for the 

caspases. 

With regard to selectivity, DNP-DEVD-RGSN-MCA was 49-fold selective for caspase-

3 compared to only a 9-fold increase in selectivity when P1’ G is retained.  When 

additional determinants where altered, DNP-DEVD-RVYG-MCA and DNP-DEVD-

RVYD-MCA were >760-fold and >312 more selective for caspase-3, respectively.  

Assessment of favorable caspase-3 selectivity over that of caspase-8 follows the trend: 

DEVD-RGSN >DEVD-RVYG > DEVD-RVYD > DEVD-GGSN (771>760>312>61).  

Selectivity for caspase-3 relative to caspase-9 is above the levels displayed previously for 

caspase-8.  These results suggest that DEVD-RVYG (P4 to P4’) is the optimal sequence 
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to be installed into the sensor construct.  Furthermore, these enhancements ensure the 

future utility of these nanosensors to detect caspase-3 activation in other cancer systems 

that express both caspase-3 and -7. 

To test whether a change in scattering signal to the protease sensor construct will 

directly measure caspase-3 activity, nanoshell dimers were immobilized onto a glass flow 

chamber to report caspase-3 kinetics.  Under darkfield microscopy, the dimers responded 

to treatment with 1nM caspase-3 by displaying a decrease in scattering intensity over the 

duration of the experiment (Figure 3.3A).  Each dimer’s scattering intensity was 

recorded at 10Hz and provided a trajectory indicating the time at which caspase-3 

produced a cutting event (Figure 3.3B).  The number of cutting events observed was 

enumerated into five minute bins, where 28% of the cutting events were generated at the 

onset of the experiment (Figure 3.3C).  By monitoring the % product generated or 

cumulative probability (# cuts/total cuts observed), it was found that the kcat/KM value 

measured from the dimers (530,000 M-1 s-1) was within the same order of magnitude as 

the DEVD-RVYG-containing fluorescent peptide (380,000 M-1 s-1), thus making the 

dimer a reliable sensor for caspase-3 detection (Figure 3.3D).  Meanwhile, treatment of 

the optimized sensor with 5nM caspase-7 did not deliver any cutting events over a 1.5 

hour duration (Figure 3.3B, inset). 

To further challenge the sensitivity of the nanoshell dimers, caspase-3 was titrated to 

establish the dynamic range of the nanoparticle sensor against a conventional and 

proprietary luminescent reagent (Caspase-Glo® 3/7 Assay Systems, Promega).  After a 

four hour kinetic run, Caspase-Glo® 3/7 detected caspase-3 within the limits of 1pM to 

170pM, while detection of 1nM caspase-3 was outside of the reagent’s dynamic range 
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(Figure 3.4A).  Caspase-7 was reliably detected in the same concentration range under 

equivalent conditions via Caspase-Glo® 3/7 (Figure 3.4B).  With the dimeric sensors, 

100fM and 10pM caspase-3 was readily detected above vehicle and caspase-7 conditions 

(Figure 3.4C).  Furthermore, catalytic efficiencies were extracted from both 100fM 

(670,000 M-1 s-1) and 10pM (500,000 M-1 s-1) caspase-3 settings and were found to be 

within the same order of magnitude as that of the DEVD-RVYG-containing fluorescent 

peptide.  Thus, the dimeric sensors have a broader dynamic range spanning the 100fM to 

1nM concentration range, while selectivity for caspase-3 is ensured during a time course.  

Taken together, these results suggest that the sensors are highly effective in reporting 

caspase-3 activity.  

  As a diagnostic tool, these nanosensors allow the possibility to sensitively detect 

caspase-3 activity in leukemia cells via blood samples without resorting to invasive 

procedures to access solid epithelial lesions.  As a model system, we utilized chronic 

myeloid leukemia K562 cells to assess early cell death in cells that have been challenged 

with the clinically approved second generation drug, dasatinib.  In evaluating the success 

of performing single molecule imaging experiments on K562 suspension cells containing 

sensors, we found that the conditions were not ideal due to their dynamic movement 

(Supplementary Movie 2) even when restrained with poly lysine, concanavalin A, DNA 

methods (Hsiao, Shum et al. 2009), or antibody conjugation to cell surface marker CD71 

(data not shown).  Their smaller dimensions (~20µm) also prevented a high distribution 

of sensors within each cell for statistically significant quantification of caspase-3 

mediated events.  Therefore, we chose to proceed with interrogation of K562 cellular 

lysates.    

49 



 

First, activity in lysate prepared from 24 hour dasatinib treated K562 cells was 

detectable in the range of 0.1µg to 1µg total protein via Caspase-Glo® 3/7 (Figure 3.5A), 

while caspase-3/7 activity was observed in the 8 hour dasatinib treated regimen in as little 

as 1µg total protein (Figure 3.5B).  In contrast, nanosensors sensitively responded to 

activity in 10ng K562 lysate, where the cells were exposed to dasatinib for 8hrs prior to 

lysate preparation (Figure 3.5C).  72% of dimers produced a cutting event when exposed 

to the 8 hour dasatinib treated condition.  In the vehicle and 100µM z-DEVD-cmk 

caspase-3 inhibitor control, 13-15% cutting events were observed in their respective 

chambers.  Meanwhile, 85% cutting events were observed in the chamber treated with 

10ng lyate from 24 hour dasatinib treated K562 cells (Figure 3.5C).  As observed before, 

15% cutting events were observed for its corresponding vehicle control.  As only 10ng of 

total protein was applied to each platform of nanoparticles, this translates to activity 

contained within ~55-65 cells being interrogated at single molecule resolution.  As a 

comparison, western blotting methods utilizing 10µg total protein/well equates to 

~55,000-65,000 cells needed for accessing activity, while flow cytometry methods 

require ~500,000 cells per experimental group. 

In conclusion, nanosensors were constructed with brighter Au-magnetic nanoshells to 

offer a simpler construct to decrease heterogeneity in its synthesis and increase colloidal 

stability for prolonged experimental use.  Selectivity for caspase-3 detection was 

accomplished by tuning the P1’ residue to establish exclusive observation of caspase-3 

mediated events.  This allows for easy carryover to other cancer systems that are of 

biological interest.  The nanosensors permitted observation of recombinant caspase-3 

activity in as little as 100fM, which was not detectable by Caspase-Glo® 3/7.  Catalytic 
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efficiencies were extracted and calculated to be within the order of magnitude as that of 

its cognate fluorescent substrate.   

Furthermore, the nanosensors sensitively responded to activity in a CML cancer cell 

line known to have blocked apoptotic pathways that could limit observation of caspase-3 

activity using conventional techniques.  This was evident in as little as 10ng total protein 

in drug treated K562 cell lysates, which corresponds to tens of cells compared to the 

thousands of cells required for conventional western blotting or flow cytometry methods.  

In fact, caspase-3 activity was monitored as early as 8hrs into dasatinib treatment, which 

is 100-fold more sensitive than the proprietary luminescent reagent.  This highly sensitive 

and selective nanoparticle tool directly reported caspase-3 activity in drug treated cell 

lysates as a dependable apoptotic marker.  Such a nanoparticle tool has further 

implications in sensor development for drug screening or as a diagnostic tool for 

personalized care in the treatment of cancer.      
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Figure 3.1. Au nanoshells provide a brighter signal and can be formed into dimers by 
linking a caspase-3 peptide sequence.  (A) Illustration of peptide-linked Au nanoshell 
(Zn0.4Fe2.6O4@ SiO2@Au) dimers.  Au-thiol, biotin-avidin (gray-purple), peg spacers 
(black), and central peptide sequence (red) tether the assembly together.  (B) Darkfield 
microscopy images of solid Au nanoparticles (top) versus magnetic-Au nanoshells 
(bottom) and (C) resulting light scattering intensities show a ~3-fold increase with the 
magnetic-Au nanoshells. (D) TEM images following synthesis of the Au nanoshell 
dimers where yield consisted of 75% dimers and 25% trimers.   
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Figure 3.2. Caspase activity assay among 30µM DEVD-containing fluorescent peptides 
flanked by 7-methoxycoumarin and dinitrophenol, whose sequences differ at the prime 
side residues.  Activities reported are from the first 1500 seconds of the linear portion of 
the progress curve. 
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Figure 3.3.  Nanoshell dimers can report caspase-3 kinetics at 1nM.  (A) Darkfield 
microscopy images of nanosensors responding to caspase-3 over time.  (B) Single 
particle trace of nanoshell dimer upon treatment with caspase-3 (red) or 5nM caspase-7 
(blue, inset).  (C) Number of cutting events plotted as a function of time and (D) % 
product generated against time upon exposure to caspase-3.  Catalytic efficiency was 
calculated from the linear portion of the progress curve in (D).   
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Figure 3.4.  Sensitivity and selectivity between Caspase-Glo® 3/7 Assay Systems 
(Promega) and Au nanoshell dimers. Optimal concentration range of (A) caspase-3 and 
(B) caspase-7 detection via Caspase-Glo® 3/7 after a four hour kinetic run.  1nM caspase-
3 and caspase-7 produced no fit and was outside of the dynamic range of the 
luminescence assay.  (C) % product generated against time when vehicle (orange), 100fM 
caspase-3 (red), 10pM caspase-3 (yellow), and 5nM caspase-7 (blue) were assayed 
against a platform of Au nanosensors.  Catalytic efficiencies were calculated from the 
linear portion of the progress curves.   
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Figure 3.5.  Dasatinib and DMSO treated K562 cell lysates assayed against Caspase-
Glo® 3/7 and Au nanoshell dimers to determine reagent sensitivity.  Amount of total 
protein detected by Caspase-Glo® 3/7 in (A) 24 hour treated samples and (B) 8 hour 
treated samples (*p = 0.004).  (C) % Normalized cutting events observed per K562 lysate 
condition (10ng total protein applied per chamber) against time.   
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Supplementary Figure 3.1.  Scattering intensities among a distribution of  (a) solid Au 
nanoparticles and (b) Au-magnetic nanoshells.    
 

 

Supplementary Figure 3.2.  Au nanoshell dimers at (left) day 1 and (right) after one 
month.  
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Supplementary Figure 3.3.  Caspase-3 selectivity among DEVD-containing fluorescent 
peptides flanked by donor/quencher moieties.  Selectivity was measured by calculating 
the ratio of the catalytic efficiencies of caspase-3 over that of caspase-7, -8, or -9 for a 
given peptide.  * Indicates conditions where selectivity is above the reported value due to 
the absence of activity of either caspase-7 or -9 in the fluorescence assay. 
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Chapter 4:  MEK-Dependent Negative Feedback Underlies BCR–ABL-Mediated 
Oncogene Addiction 
 

The clinical experience with BCR–ABL tyrosine kinase inhibitors (TKI) for 

the treatment of chronic myelogenous leukemia (CML) provides compelling 

evidence for oncogene addiction. Yet, the molecular basis of oncogene addiction 

remains elusive. Through unbiased quantitative phosphoproteomic analyses of 

CML cells transiently exposed to BCR–ABL TKI, we identified persistent 

downregulation of growth factor receptor (GF-R) signaling pathways. We then 

established and validated a tissue-relevant isogenic model of BCR–ABL-mediated 

addiction, and found evidence for myeloid GF-R signaling pathway rewiring that 

profoundly and persistently dampens physiologic pathway activation. We 

demonstrate that eventual restoration of ligand-mediated GF-R pathway activation 

is insufficient to fully rescue cells from a competing apoptotic fate. In contrast to 

previous work with BRAFV600E in melanoma cells, feedback inhibition following 

BCR–ABL TKI treatment is markedly prolonged, extending beyond the time 

required to initiate apoptosis. Mechanistically, BCR–ABL-mediated oncogene 

addiction is facilitated by persistent high levels of MAP–ERK kinase (MEK)-

dependent negative feedback. 

Significance: We found that BCR–ABL can confer addiction in vitro by 

rewiring myeloid GF-R signaling through establishment of MEK-dependent 

negative feedback. Our findings predict that deeper, more durable responses to 

targeted agents across a range of malignancies may be facilitated by maintaining 

negative feedback concurrently with oncoprotein inhibition.  

4.1.  Introduction 
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Translational studies with small-molecule tyrosine kinase inhibitors (TKI) in 

patients with chronic myelogenous leukemia (CML) have convincingly demonstrated that 

the clinical activity of these agents is achieved through inhibition of the intended target 

BCR–ABL (Gorre, Mohammed et al. 2001). To date, the high rate of success associated 

with BCR–ABL TKIs provides the most compelling clinical evidence for the 

phenomenon of “oncogene addiction,” the exquisite reliance of cancer cells upon a 

pathologically activated oncogene. Oncogene addiction enables targeted therapies to 

effect clinical responses and simultaneously cause little toxicity. Even in the most 

advanced phases of CML, a substantial proportion of patients can achieve deep responses 

with BCR–ABL TKIs (Druker, Sawyers et al. 2001). 

Our understanding of the molecular basis of oncogene addiction is poor. Sharma 

and colleagues proposed the term “oncogenic shock” to describe the effect that activated 

oncogenes have on the balance between prosurvival and proapoptotic signals. The 

oncogenic shock model proposes that upon acute inhibition of oncogene activity, a more 

rapid decay in prosurvival signals leads to a state that favors apoptosis (Sharma, 

Gajowniczek et al. 2006). Although this model provides a useful conceptual framework 

in which to begin to understand the phenomenon of oncogene addiction, evidence to 

support the oncogenic shock model is largely circumstantial; molecular mechanisms that 

lead to the proposed heightened levels of prosurvival and proapoptotic signals have not 

been well characterized. 

Over the past decade, numerous oncogenic kinases in a variety of cancers have 

been identified and clinically targeted, including EGF receptor (EGFR) and ALK in non–

small cell lung cancer, BRAFV600E in melanoma and colorectal cancer, and FLT3-ITD in 
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acute myeloid leukemia (AML). However, efforts to extrapolate the clinical success of 

BCR–ABL TKI therapy in CML to other malignancies have failed; the majority of 

patients treated with other clinically active TKIs do not achieve responses of similar 

magnitude. For example, the selective BRAF inhibitor vemurafenib, which is approved 

for BRAFV600E-positive metastatic melanoma, rarely effects deep reductions in tumor 

volume (Flaherty, Puzanov et al. 2010). Interestingly, MAP–ERK kinase (MEK) 

inhibitors are active in BRAFV600E-expressing cells in vitro but, unexpectedly, not in cells 

with activated receptor tyrosine kinases (RTK) that activate the RAS–MEK–ERK 

pathway (Solit, Garraway et al. 2006). Previous studies demonstrated that 

BRAFV600Eestablishes a high level of extracellular signal–regulated kinase (ERK)–

directed transcriptional output and MEK-dependent negative feedback of growth factor 

receptor (GF-R) signaling, whereas activated oncogenic RTKs do not. In addition, in 

contrast to RTKs, BRAFV600E escapes MEK-dependent negative feedback (Pratilas, 

Taylor et al. 2009). 

It has been postulated that efficient bypass of BRAF kinase inhibition through 

GF-R–mediated reactivation of the RAS–MAPK signaling pathway may allow melanoma 

cells to survive in the tumor microenvironment. Recent experimental data have 

demonstrated that melanoma, colorectal, and thyroid cancer cells 

harboring BRAFV600E mutations are inherently primed to circumvent BRAF inhibition by 

vemurafenib through rapid relief of negative feedback of GF-R signaling (Lito, Pratilas et 

al. 2012, Prahallad, Sun et al. 2012, Straussman, Morikawa et al. 2012, Wilson, Fridlyand 

et al. 2012, Montero-Conde, Ruiz-Llorente et al. 2013). 
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Here, we sought to characterize the molecular mechanisms that underlie BCR–

ABL-mediated oncogene addiction in an effort to understand what makes this kinase the 

best-validated target in human cancer. We applied an unbiased kinetic quantitative 

phosphoproteomic analysis to CML cells transiently exposed to the BCR–ABL TKI 

dasatinib to identify candidate mediators of BCR–ABL-dependent cell survival. To test 

the importance of the observed signaling changes, we established a tissue- and species-

relevant isogenic model system to molecularly characterize BCR–ABL-mediated 

oncogene addiction and validated our findings in patient-derived cell lines. 

4.2.  Methods 
 

Cell Line Propagation and Isogenic Cell Line Generation 

Cell lines were propagated in RPMI-1640 medium supplemented with 10% FBS (Omega 

Scientific), L-glutamine, and penicillin/streptomycin (Invitrogen). K562 and KU812 cells 

were purchased from American Type Culture Collection. TF1 cells were a kind gift from 

Michael Tomasson (Washington University, St. Louis, MO). All cell lines were 

authenticated by Promega short-tandem repeat (STR) analysis. To generate isogenic cell 

lines, TF1 cells were engineered to express the ecotropic-receptor (Eco-R) through 

retroviral transduction (pMOWS-EcoR plasmid) as previously described (Smith, Wang et 

al. 2012). TF1–Eco-R cells underwent a second round of retroviral transduction with 

pMSCV-puro or pMSCV-BCR–ABL, followed by puromycin selection. TF1/BCR–ABL 

cells were selected for growth factor independence and TF1/puro cells were 

supplemented with 2 ng/mL hGM-CSF (Peprotech) under normal growth conditions. 
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Kinase Inhibitors and Drug Treatments 

Imatinib and dasatinib were purified at the University of California, San Francisco 

(UCSF; San Francisco, CA). TG101348, PD0325901, and AC220 were purchased from 

Selleckchem. All drug exposures were performed at a density of 5 × 106 cells/mL. For 

cytokine stimulation, cells were starved in 0.1% FBS-RPMI as indicated and 

subsequently stimulated with 1 U/mL hEPO (R&D Systems) or 10 ng/mL of hGM-CSF. 

Dasatinib HDP drug exposures were performed as described previously (Shah, Kasap et 

al. 2008). 

Statistical Analyses 

All statistical analyses were performed in Prism (GraphPad) using a two-way ANOVA 

with Bonferroni posttests. 

Quantitative Phosphoproteomics and DAVID Functional Analysis 

K562 cells were grown for 6 days in customized RPMI-1640 supplemented with heavy 

(Cambridge Isotope Laboratories; CLM-2265 and CLM-2247) or light (Sigma-Aldrich) 

30 mg/L arginine, 40 mg/L lysine, and 10% dialyzed FBS (Invitrogen) before drug 

treatment. The PY100 Phosphoscan Kit (Cell Signaling Technology) was used to enrich 

phosphotyrosine-containing tryptic peptides. To reduce sample complexity before tandem 

mass spectrometry (MS-MS) analysis, phosphotyrosine peptides were fractionated 

stepwise under alkaline conditions (20 mmol/L ammonium formiate, pH 10.3) with 

increasing amounts of acetonitrile (5% ACN, 10% ACN, 15% ACN, 20% ACN, and 90% 

ACN). Peptides were separated and analyzed using a nano-LC column coupled to a LTQ 

OrbiTrap XL (Thermo Scientific) at the UCSF Mass Spectrometry Core Facility. An in-

house software analysis program was used to extract quantitative information for all 
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identified peptides from each nano-LC analysis for all time points. Heatmap 

representation of the phosphoproteomic data was generated using GENE-E 

(http://www.broadinstitute.org/cancer/software/GENE-E/). We functionally characterized 

phosphosites durably altered by HDP dasatinib treatment relative to all identified 

phosphoproteins (background) using the DAVID tool with default parameters (Huang, 

Sherman et al. 2009, Huang, Sherman et al. 2009) 

Cell Lysis and Protein Immunoprecipitation 

Cells were lysed in JAK2 immunoprecipitation buffer (50 mmol/L Tris pH 7.6, 100 

mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 0.5% NP40, and 0.1% Triton) or 

RAS immunoprecipitation buffer (50 mmol/L Tris pH 7.5, 125 mmol/L NaCl, 6.5 

mmol/L MgCl2, 5% glycerol, and 0.2% NP40) supplemented with 1% protease and 1% 

phosphatase inhibitors (Calbiochem). For JAK2 immunoprecipitations, normalized 

lysates were tumbled overnight at 4°C with anti-total JAK2 antibody (1:100; Cell 

Signaling Technology; cat. #3230). Immunoprecipitated JAK2 was collected with protein 

A Dynabeads (Invitrogen). For RAS–GTP pull-down assays, normalized lysates were 

tumbled for 1 hour at 4°C with 20 μL of RAS Assay Reagent (Millipore; #14-278). 

Antibodies, Western Immunoblot Analysis, and Phospho-Flow Cytometry 

Cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose as described 

previously (Shah, Kasap et al. 2008). Phospho and total antibodies for STAT5A/B 

(phospho-Y694/Y699; cat. 9351 and 9363), ERK1/2 (phospho-T202/Y204; cat. 4370 and 

9107), AKT (phospho-S473; cat. 4060 and 9272), S6 (phospho-S235/S236; cat. 2211 and 

2317), CRKL (phospho-Y207; cat. 3181), JAK2 (phospho-Y1007; cat. 3776 and 3230), 

BCR (phospho-Y177; cat. 3901), cABL (phospho-Y245 and phospho-Y204; cat. 2861 
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and 3009), and cleaved CASP3 (cat. 9664) were purchased from Cell Signaling 

Technology. cABL (cat. OP20) and total RAS (cat. 05-516) antibodies were purchased 

from Millipore. cABL (phospho-Y134; cat. AP3011a) and cABL (phospho-Y251; cat. 

AP3014a) antibodies were purchased from Abgent. Total glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH; cat. sc-25778) was purchased from Santa Cruz Biotechnology. 

Odyssey IR imaging technology and software (LI-COR Biosciences) was used for 

Western immunoblot analysis visualization and quantitation was measured by pixel-

integrated intensity. Cleaved caspase-3 was measured by flow cytometry using 

fluorescein isothiocyanate (FITC)–conjugated anti-active caspase-3 antibody (BD; cat. 

#550480). Analysis of CRKL phosphorylation by flow cytometry was performed as 

previously reported (Shah, Kasap et al. 2008). 

Gene Expression Analysis and qPCR 

Total cellular RNA was extracted using the Qiagen RNeasy Kit. For Illumina gene 

expression analysis, RNA integrity was assessed on a Bioanalyzer using the Agilent RNA 

6000 Nano Kit (5067-1511), and cRNA was generated by Ambion Illumina TotalPrep 

RNA Amplification kit (AMIL1791). SuperScript II (Invitrogen) was used to generate 

cDNA from 2 μg of extracted total cellular RNA. Samples were hybridized to the 

Illumina HT-12 platform by the UCSF Genomics Core, and both raw control and sample 

probe intensities were converted to expression estimates after adjusting for array 

background, variance stabilization, and normalization, all with the lumi pipeline (PMID: 

18467348). Differential gene expression was assessed as a time course with a two-step 

regression strategy (combining least-squares and stepwise regression) to identify genes 

with significant temporal expression changes between experimental groups (PMID: 
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16481333). Genes were considered significantly differentially expressed if they arose at 

an FDR less than 1% (q-value < 0.01). Confirmatory qPCR analysis was performed using 

TaqMan probes and TaqMan Universal Master Mix II 

(Invitrogen): GAPDH (Hs02758991_g1), SOCS1(Hs00705164_s1), GRB10 (Hs01065498

_m1), SPRY4 (Hs01935412_s1), EPOR(Hs00959427_m1). Expression array data 

generated in this study were deposited in the NIH National Center for Biotechnology 

Information (NCBI) Gene Expression Omnibus (GEO), accession number: GSE51083 

(http://www-ncbi-nlm-nih-gov.ucsf.idm.oclc.org/geo/query/acc.cgi?acc=GSE51083). 

Single Molecule Imaging of Caspase-3 Activation Using Dimeric Au Nanoshells 

Techniques were adapted from (Jun, Sheikholeslami et al. 2009) and modified by C. 

Tajon, Y.-W. Jun, and C.S. Craik (unpublished data). Briefly, a pair of 

magnetoplasmonic Zn0.4Fe2.6O4@SiO2@ gold (Au) nanoshells (50 nm) linked by a 

PEGylated-peptide bearing a selective caspase-3 cleavage site were synthesized. Lysates 

were prepared from K562 cells pretreated for 8 hours with dimethyl sulfoxide (DMSO) 

or dasatinib, and introduced to nanosensors immobilized on a glass flow chamber. As a 

control, 100 μmol/L zDEVD-cmk was added for 3 hours. Imaging was performed on an 

inverted microscope (Nikon Ti-E) outfitted with a darkfield dry condenser and recorded 

at a temporal resolution of 10 Hz using an EMCCD detector (Andor iXon; 512 × 512 

pixel chip). Intensity trajectories of each nanoparticle pair (n = 75) were analyzed by 

ImageJ. Total cleavage events observed 90 minutes following lysate introduction were 

counted, normalized against control, and plotted. 
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TF1/MIG Cell Line Growth Assay 

TF-1 EcoR-expressing cells were retrovirally transduced to express MIG–BCR–ABL, 

FLT3-ITD, FLT3D835V, or BRAFV600E as described above. Forty-eight hours after 

infection, GFP+ cells were sorted on a BD FACSARIA II (BD) and equivalent cell 

numbers were plated in 10% RPMI supplemented with 2 ng/mL hGM-CSF. Cells were 

counted as indicated in triplicate by Trypan blue exclusion. The medium and hGM-CSF 

were replaced as necessary and cell populations were maintained in an exponential 

growth phase. GFP positivity and phospho-ERK were monitored daily by flow 

cytometry. Growth curves were generated by multiplying the cell count by percentage 

GFP positivity. 

4.3.  Results and Discussion 

Phosphoproteomic Analysis of Pulsed Dasatinib-Treated CML Cells Reveals Durable 

Alterations in Growth Factor Signaling Pathways 

Previous work demonstrated that transient exposure (20 minutes) of CML cell 

lines to clinically relevant concentrations of dasatinib elicits apoptosis with kinetics 

similar to continuous TKI exposure, despite evidence that BCR–ABL kinase activity is 

largely restored within 4 hours of drug washout (Shah, Kasap et al. 2008, Snead, O'Hare 

et al. 2009, Hiwase, White et al. 2010). We hypothesized that the phosphorylation status 

of a subset of proteins must be durably altered, and critical mediators of BCR–ABL-

mediated cell survival would be included among this group. We therefore undertook an 

unbiased kinetic, quantitative assessment of phosphotyrosine-containing proteins in the 

patient-derived CML cell line K562 transiently exposed to a high-dose pulse (HDP) of 

100 nmol/L dasatinib using stable isotope labeling by amino acids in culture (SILAC). 
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We successfully identified 184 phosphotyrosine residues in 126 different proteins, 

representing the most comprehensive kinetic analysis of TKI-treated patient–derived 

CML cells to date.  We compared the quantified phosphotyrosine profile before TKI 

treatment, after 20 minutes of TKI exposure, and at 3 and 6 hours after TKI washout 

(Fig. 4.1A). 

We grouped phosphotyrosine peptides based on the pattern of tyrosine modification 

following HDP dasatinib treatment. Twenty-four tyrosine residues were transiently 

dephosphorylated, 31 were gradually dephosphorylated, 46 were not appreciably altered, 

and seven were hyperphosphorylated. Notably, 55 tyrosine residues were persistently 

dephosphorylated following TKI washout, and functional enrichment of these peptides 

revealed an overrepresentation of proteins involved in GF-R signaling pathways. Among 

these were tyrosine residues from STAT5A/B, ERK1/2, GAB1, and SHC1. 

Phosphotyrosine peptides associated with phosphoinositide 3-kinase (PI3K)–AKT 

pathway activation were either transiently dephosphorylated or not altered (Fig. 4.1B). 

Several of the signaling changes identified in the phosphoproteomic analysis were 

confirmed by Western immunoblot analysis in K562 cells and the independent patient-

derived CML cell line KU812. Although tyrosine residues within the PI3K–AKT 

pathway were not durably altered in the phosphoproteomic analysis, serine 

phosphorylation of S6 (S235/S236) was durably altered in a time-dependent manner 

following TKI treatment (Fig. 4.1C). Similar phosphorylation changes were observed in 

K562 and KU812 cells treated with an HDP of the BCR–ABL TKI imatinib 

(Supplementary Fig. S4.1), arguing that the observed signaling changes are likely a 
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consequence of BCR–ABL inhibition and not the result of unintended off-target kinase 

inhibition. 

Although phosphorylation at the BCR–ABL activation loop site Y393, which is 

essential for kinase activity, was only transiently absent following HDP dasatinib 

treatment, phosphoproteomic and Western immunoblot analyses revealed substantial 

variation in phosphorylation changes of BCR–ABL tyrosine residues (Fig. 4.1D). 

Collectively, our phosphoproteomic and immunoblot analyses, coupled with previous 

studies, suggest a requirement for the maintenance of at least two of the three canonical 

BCR–ABL-activated pathways (JAK–STAT, RAS–MEK–ERK, and PI3K) for CML cell 

survival in vitro (Sonoyama, Matsumura et al. 2002). Furthermore, these observations 

suggest that persistent activation of GF-R signaling pathways is critical for BCR–ABL-

mediated oncogene addiction. 

BCR–ABL Confers a State of Oncogene Addiction in Human Myeloid Cells In Vitro 

To investigate whether BCR–ABL appropriates GF-R signaling pathways to 

establish oncogene addiction, we sought to model oncogene addiction in vitro by 

establishing an isogenic cell line model system. Human-derived erythroleukemia TF1 

cells require human granulocyte macrophage colony-stimulating factor (hGM-CSF) or 

human interleukin-3 (hIL-3) for proliferation and survival in vitro, but can be 

transformed to growth factor independence by BCR–ABL (Kitamura, Tange et al. 1989). 

We established pools of TF1/puro and TF1/BCR–ABL cells through retroviral 

transduction. Western immunoblot analysis confirmed the expression of phosphorylated 

BCR–ABL protein in TF1/BCR–ABL cells and activation of downstream targets CRKL, 

STAT5A/B, ERK1/2, and S6 (Supplementary Fig. S4.2A and S4.2B). 
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To determine whether TF1/BCR–ABL cells have acquired reliance upon BCR–

ABL activity for survival and thereby truly represent a model of oncogene addiction, we 

measured the amount of apoptosis induced in response to simultaneous growth factor 

deprivation and dasatinib treatment. In TF1/puro cells, hGM-CSF deprivation alone led 

to decreased viability, and dasatinib had no additional impact on the extent of apoptosis 

induced. In sharp contrast, TF1/BCR–ABL cells underwent a statistically significant 

increase in apoptosis when treated with dasatinib (Fig. 4.2A). Moreover, continuous 

cotreatment with hGM-CSF and dasatinib fully rescued TF1/puro cells from apoptosis, 

whereas TF1/BCR–ABL cells were only partially rescued from dasatinib-mediated 

apoptosis by hGM-CSF. These results demonstrate that BCR–ABL establishes a state of 

oncogene addiction in TF1 cells, which is associated with functionally altered GM-CSF 

receptor (GM-CSFR) signaling. More broadly, these findings implicate rewiring of GF-R 

signaling pathways in the establishment of the BCR–ABL-addicted state. 

BCR–ABL Kinase Activity Attenuates GM-CSFR Signal Transduction in TF1 Cells 

To further characterize the GM-CSFR signaling axis and to investigate the 

molecular mechanisms through which BCR–ABL may subvert GF-R signaling, we 

cultured TF1/puro and TF1/BCR–ABL cells under serum- and growth factor–deprived 

conditions and then stimulated the cells with hGM-CSF, which activates the JAK2–

STAT5, RAS–MAPK, and PI3K–AKT signaling pathways (Guthridge, Stomski et al. 

1998). Although robust activation of JAK2 was observed in both cell lines, GTP loading 

of RAS was observed only in hGM-CSF–stimulated TF1/puro cells (Fig. 4.2B, lane 3 vs. 

lane 7, and Supplementary Fig. S4.2C and S4.2D). We also assessed the effect of a 1-

hour dasatinib pretreatment before stimulation with hGM-CSF. Again, increased RAS–
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GTP loading was observed only in TF1/puro cells (Fig. 4.2B, lane 4 vs. lane 8, and 

Supplementary Fig. S4.2C and S4.2D) and hGM-CSF–mediated STAT5, ERK, and 

AKT activation was substantially attenuated in TF1/BCR–ABL cells relative to TF1/puro 

cells. Collectively, these data demonstrate that BCR–ABL kinase activity negatively 

regulates GM-CSFR signaling, and this regulation persists for more than 1 hour 

following BCR–ABL kinase inhibition. 

To determine whether GF-R signaling in BCR–ABL-expressing cells can be fully 

restored within 2 to 4 hours following kinase inhibition, as has been observed with 

vemurafenib-treated BRAFV600E melanoma cells stimulated with hepatocyte growth 

factor (HGF), EGF, or neuregulin-1 (NRG1) (Lito, Pratilas et al. 2012, Straussman, 

Morikawa et al. 2012, Wilson, Fridlyand et al. 2012), TF1/puro and TF1/BCR–ABL cells 

were treated with BCR–ABL TKI for up to 8 hours before hGM-CSF stimulation. 

Although a gradual increase in the hGM-CSF–mediated activation of STAT5, ERK, and 

AKT was observed with more prolonged BCR–ABL inhibition (Fig. 4.2C, lanes 9, 10, 

11, and 12), the magnitude of pathway reactivation in TF1/BCR–ABL cells after 8 hours 

of BCR–ABL kinase inhibition was substantially less than that observed in TF1/puro 

cells (Fig. 4.2C, lanes 3, 4, 5, and 6). In addition, despite moderate hGM-CSF–mediated 

rephosphorylation of ERK in TF1/BCR–ABL cells after 8 hours of BCR–ABL inhibition, 

RAS activation was minimal. BCR–ABL inhibition was maintained throughout this 

period, as evidenced by dephosphorylation of the activation loop tyrosine Y393 (Fig. 

4.2C, lanes 9, 10, 11, and 12). 

We next assessed whether more prolonged BCR–ABL inhibition is required to 

enable a near complete restoration of GM-CSFR signaling. Indeed, treatment of TF1/puro 
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and TF1/BCR–ABL cells with dasatinib for 24 hours before hGM-CSF stimulation 

resulted in more complete RAS activation in TF1/BCR–ABL cells (Fig. 4.2D). Similarly, 

activation of STAT5, ERK, and AKT was restored to levels comparable with those 

observed in TF1/puro cells (Fig. 4.2E). However, as demonstrated earlier, despite this 

delayed restoration of growth factor signaling, hGM-CSF failed to fully rescue 

TF1/BCR–ABL cells from TKI-mediated apoptosis (Fig. 4.2A). These results 

demonstrate an important biologic consequence of GF-R signaling rewiring by BCR–

ABL: a substantial proportion of cells commit to apoptosis despite the eventual 

reestablishment of prosurvival growth factor signaling. Similar results were obtained 

when TF1/puro and TF1/BCR–ABL cells were treated with imatinib, indicating that these 

effects are due to inhibition of BCR–ABL and not other targets of the TKI 

(Supplementary Fig. S4.3A–S4.3D). 

BCR–ABL Kinase Activity Attenuates Erythropoietin Receptor Signal Transduction in 

Patient–Derived CML Cells 

To extend our findings to a patient–derived CML cell line, we evaluated whether 

BCR–ABL rewires GF-R signaling in K562 cells, which express a functional 

erythropoietin receptor (EPOR; (Fraser, Lin et al. 1988)). Relative to HEL 

erythroleukemia cells harboring the activating JAK2V617Fallele, K562 cells exhibit nearly 

undetectable levels of JAK2 Y1007 phosphorylation in the absence of human 

erythropoietin (hEPO; Supplementary Fig. S4.4A). Stimulation of K562 cells with 

hEPO led to a modest increase in JAK2 activation; 1 hour pretreatment with a BCR–ABL 

TKI before hEPO stimulation did not appreciably affect the degree of JAK2 activation 

(Fig. 4.3A). 
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We next assessed the effect of prolonged BCR–ABL inhibition (2–24 hours) on 

hEPO-mediated activation of JAK2 and downstream pathways in K562 cells. A time-

dependent increase in hEPO-mediated STAT5, ERK, and AKT activation occurred with 

either dasatinib or imatinib pretreatment (Fig. 4.3B and Supplementary Fig. S4.4B). A 

statistically significant increase in the degree of hEPO-mediated activation of JAK2 (Fig. 

4.3C and Supplementary Fig. S4.4C) and a substantial increase in RAS activity (Fig. 

4.3D) were observed following 24 hours of BCR–ABL TKI pretreatment. 

JAK2 Activity Becomes Critical for EPO-R Signaling and K562 Cell Survival after 

Prolonged BCR–ABL Inhibition 

To determine whether restoration of EPO-R signaling following prolonged BCR–

ABL inhibition is mediated through the canonical EPO-R–JAK2 axis, we used the 

selective JAK2 inhibitor TG101348. Combined 24-hour pretreatment of K562 cells with 

TG101348 and a BCR–ABL TKI completely prevented hEPO-mediated JAK2 activation 

and rephosphorylation of STAT5, ERK, and AKT (Fig. 4.3E and F, lanes 8, 9, 11, and 

12). Similar to the partial rescue from apoptosis hGM-CSF provides TKI-treated 

TF1/BCR–ABL cells (Fig. 4.2A), hEPO partially rescues K562 cells from imatinib-

mediated apoptosis (Kirschner and Baltensperger 2003).  This partial rescue from 

imatinib (or dasatinib)-mediated apoptosis was completely reversed by coadministration 

of TG101348. However, in the setting of active BCR–ABL, TG101348 had no 

proapoptotic effect on K562 cells. These observations suggest that JAK2 kinase is 

minimally active in the presence of BCR–ABL kinase activity, but can become critical 

for growth factor–mediated CML cell survival upon prolonged BCR–ABL inhibition. 

76 
 

http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F3
http://cancerdiscovery.aacrjournals.org.ucsf.idm.oclc.org/content/4/2/200.long%23F2


 

BCR–ABL Inhibition Downregulates Modulators of Negative Feedback and 

Upregulates EPO-R 

To better understand the mechanism(s) responsible for the inability of GF-Rs to 

effectively transduce signal in BCR–ABL-expressing cells, time-dependent changes in 

global gene expression were assessed in K562 cells that were treated with dasatinib. In 

total, microarray analysis revealed 1,903 genes that were significantly differentially 

expressed at either 4, 8, or 24 hours of dasatinib treatment.  As negative regulators of 

RAS–MAPK signaling were previously shown to be downregulated early after mitogen-

activated protein kinase (MAPK) inhibition in BRAFV600E cells (Pratilas, Taylor et al. 

2009), we reasoned that key negative regulators of EPO-R signaling in K562 cells would 

be enriched among genes significantly downregulated after 4 hours of dasatinib 

treatment. In total, 162 genes followed this pattern [false discovery rate (FDR) < 1%], 

including well-characterized members of the JAK–STAT and RAS–MAPK negative 

feedback machinery: SOCS1,SOCS2, CISH, SPRY2, SPRY4, SPRED1, SPRED2, 

and PIM1, but notably excluded were others, such as DUSP4 and DUSP6 (Fig. 4.4A). 

Other genes among these 162 potently downregulated genes after 4 hours of treatment 

were downstream effectors of MEK/ERK signaling, such as cyclin D1 (CCND1), as well 

as genes that traditionally comprise ERK-mediated transcriptional output including 

transcription factors associated with transformation (ETV5 and MYC) among other ERK 

targets (IER3 and EGR1). 

We explored the 1,048 unique probes whose expression increased following 

dasatinib treatment to identify genes that become derepressed following prolonged BCR–

ABL inhibition, as might be expected of positive effectors of GF-R signaling, such as 
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JAK2 or the SRC family kinases. Several noncanonical dual-specificity phosphatases 

(DUSP) not traditionally involved in negative feedback regulation of the RAS pathway 

were among this group of genes (i.e., DUSP1, DUSP13, DUSP21, and DUSP28). 

Interestingly, EPORexpression increased significantly in a time-dependent manner in 

dasatinib-treated cells. The observed changes in a subset of these genes were validated by 

quantitative PCR (qPCR) in dasatinib- and imatinib-treated K562 cells (Fig. 4.4B). 

Similar changes in gene expression were observed in K562 cells treated with the MEK 

inhibitor PD0325901, suggesting that the RAS–MAPK pathway is primarily responsible 

for establishing the negative feedback network and transcriptional output associated with 

attenuation of myeloid GF-R signaling. 

MEK/ERK–Dependent Negative Feedback Attenuates EPO-R Signaling in K562 Cells 

To assess the functional importance of MEK-dependent negative feedback toward 

GF-R signaling attenuation in CML cells, we treated K562 cells with PD0325901 for 24 

hours. MEK inhibition alone (in the absence of hEPO stimulation) produced robust GTP 

loading of RAS (Fig. 4.4C, lane 3), whereas cotreatment with dasatinib and PD0325901 

prevented RAS–GTP loading, demonstrating that RAS activation upon MEK inhibition is 

mediated by BCR–ABL and is not the result of exogenous or autocrine growth factors 

(Fig. 4.4C, lanes 3 and 4), as has been recently documented to occur in AML, where 

HGF secretion by leukemic cells can foster survival in the setting of kinase inhibitor 

treatment (Kentsis, Reed et al. 2012). hEPO stimulation of PD0325901-pretreated cells 

resulted in further RAS activation, demonstrating that efficient EPO-R signaling in K562 

cells can be restored by MEK inhibition alone (Fig. 4.4C, lanes 3 and 7, and 

Supplementary Fig. S4.5A). 
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To investigate whether MEK-dependent negative feedback dampens EPO-R 

signaling at the level of JAK2, we assessed JAK2 phosphorylation in response to hEPO 

after a 24-hour pretreatment with PD0325901. hEPO-mediated JAK2 activation was 

comparable with that observed with a 24-hour dasatinib pretreatment (Fig. 4.4D and 

Supplementary Fig. S4.5B), demonstrating that MEK-dependent negative feedback acts 

at the level of EPO-R–JAK2 in K562 cells. No further increase in hEPO-mediated JAK2 

activation was detected when cells were pretreated with the combination of dasatinib and 

MEK inhibitor for 24 hours before hEPO stimulation (Fig. 4.4D, lanes 6 and 7 vs. lane 

8). In the absence of hEPO stimulation, MEK inhibition did not result in a detectable 

increase in JAK2 phosphorylation (Fig. 4.4D, lane 3). 

To determine whether BCR–ABL is itself subjected to MEK-dependent negative 

feedback, we evaluated the effect of MEK inhibition upon the phosphorylation status of 

multiple BCR–ABL tyrosine residues, including the activation loop tyrosine (Y393). 

Across all BCR–ABL phosphotyrosine residues interrogated, little to no change in 

phosphorylation was observed (Supplementary Fig. S4.5C), suggesting that, similar to 

BRAFV600E and in sharp contrast to RTKs (Pratilas, Taylor et al. 2009), BCR–ABL both 

establishes and evades a high level of MEK-dependent negative feedback regulation. 

K562 Cells Can Commit to Apoptosis before Full Restoration of EPO-R Signaling 

The long delay observed in the restoration of EPO-mediated pathway activation in 

K562 cells sharply contrasts with the rapid (∼2–4 hours) and full reactivation of the 

MEK–ERK pathway in EGF-stimulated BRAFV600E cells following pretreatment with 

vemurafenib (Montero-Conde, Ruiz-Llorente et al. 2013). This finding, coupled with the 

inability of hEPO to fully rescue K562 cells from dasatinib-mediated apoptosis, suggests 
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that TKI-treated CML cells face competing fates: growth factor–mediated survival versus 

commitment to apoptosis before complete restoration of GF-R signaling. To formally test 

this, we initially assessed the kinetics of apoptosis induction in TKI-treated K562 cells by 

Western immunoblot analysis. Although substantial caspase-3 cleavage was detected 

after 24 hours of dasatinib treatment, we observed very little evidence of apoptosis 

following 12 hours of treatment (Fig. 4.5A). To detect caspase-3 activity with a higher 

degree of sensitivity, we used a plasmonic nanosensor technique capable of detecting 

single molecule caspase-3 cleavage events through a change in light scattering intensity 

of a gold nanoshell pair (Fig. 4.5B and C; (Jun, Sheikholeslami et al. 2009)). This assay 

reliably detected caspase-3 activity following only 8 hours of dasatinib treatment (Fig. 

4.5D), demonstrating that a commitment to apoptosis can precede full restoration of GF-

R signaling in patient-derived, BCR–ABL-addicted CML cells. 

BCR–ABL-Dependent Negative Feedback Differs from BRAFV600E- and Oncogenic 

Myeloid RTK–Mediated Negative Feedback in TF1 Cells 

Although both the quality and quantity of negative feedback following inhibition 

of BRAFV600E in melanoma and thyroid cancer cell lines seem to differ from inhibition of 

BCR–ABL in CML cells (Lito, Pratilas et al. 2012, Montero-Conde, Ruiz-Llorente et al. 

2013), we sought to directly compare the molecular mediators and duration of negative 

feedback induced by BCR–ABL, BRAFV600E, and an oncogenic RTK in the same cellular 

context. We therefore introduced BRAFV600E, FLT3-ITD, FLT3D835V, and BCR–ABL into 

TF1 cells. Although hGM-CSF–independent TF1 populations expressing BCR–ABL, 

FLT3-ITD, and FLT3D835V were readily established, multiple attempts to obtain a factor-

independent pool of BRAFV600E-expressing TF1 cells failed. We carefully studied the 
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immediate fate of TF1 cells infected with MIG–BRAFV600E, MIG–BCR–ABL, MIG–

FLT3-ITD, and MIG–FLT3D835V. Following transduction, infected cells were sorted and 

their growth in hGM-CSF was monitored. TF1/MIG–BCR–ABL, TF1/MIG–FLT3-ITD, 

and TF1/MIG–FLT3D835V cells grew somewhat more slowly than control TF1/MIG cells, 

suggesting that both BCR–ABL- and oncogenic FLT3-dependent negative feedback 

partially dampen hGM-CSF responsiveness (Fig. 4.6A). Interestingly, the growth rate of 

TF1/BCR–ABL was significantly slower than that of TF1/FLT3-ITD and 

TF1/FLT3D835V cells, suggesting that negative feedback elicited by BCR–ABL differs in 

magnitude from that elicited by oncogenic FLT3. In contrast, the growth of 

TF1/BRAFV600E cells was significantly attenuated relative to all other cell lines despite 

the presence of hGM-CSF, suggesting that expression of BRAFV600E profoundly 

diminishes hGM-CSF responsiveness. Indeed, high levels of ERK1/2 activation were 

observed in TF1/MIG–BRAFV600E cells after transduction, and although we eventually 

observed hGM-CSF–supported growth of these cells, ERK1/2 activation was 

substantially diminished when this occurred (Supplementary Fig. S4.6). This 

observation suggests that compensation for BRAFV600E signaling through attenuation of 

BRAFV600E-directed negative feedback may be necessary for growth factor–mediated 

proliferation of TF1/BRAFV600E cells. 

To test whether the molecular mediators of negative feedback elicited by an 

oncogenic RTK differ from BCR–ABL, we first assessed the state of oncogene addiction 

mediated by FLT3-ITD expression in TF1 cells. Similar to TF1/BCR–ABL cells treated 

with BCR–ABL TKI, growth factor–deprived TF1/FLT3-ITD cells were significantly 

more sensitive to treatment with the potent selective FLT3 inhibitor AC220 (quizartinib) 
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when compared with growth factor–deprived TF1/puro cells (Fig. 4.6B). However, in 

contrast to what we previously observed with TF1/BCR–ABL cells, hGM-CSF more 

fully rescued TF1/FLT3-ITD cells from AC220-mediated apoptosis. To assess whether 

the duration of negative feedback in TF1/FLT3-ITD cells following kinase inhibition 

differs from what we observed in TF1/BCR–ABL cells, we treated TF1/FLT3-ITD cells 

with AC220 for varying lengths of time before hGM-CSF stimulation. In contrast to 

TF1/BCR–ABL cells, hGM-CSF–mediated activation of STAT5A/B and ERK1/2 was 

fully restored following only 2 hours of kinase inhibition (Fig. 4.6C), suggesting that, 

similar to what is observed following BRAFV600Einhibitor treatment in melanoma and 

thyroid cancer cell lines, FLT3-ITD–dependent negative feedback rapidly diminishes 

following FLT3 inhibition. Interestingly, the kinetics of GM-CSFR–mediated AKT 

phosphorylation following kinase inhibitor treatment differ between TF1/BCR–ABL and 

TF1/FLT3-ITD cells. In TF1/BCR–ABL cells, partial AKT rephosphorylation was 

observed after 2 to 4 hours of dasatinib treatment (Fig. 4.2C), whereas prolonged FLT3-

ITD inhibition was necessary for GM-CSFR–mediated AKT phosphorylation in 

TF1/FLT3-ITD cells. These results highlight the substantial differences in negative 

feedback elicited by BCR–ABL and an oncogenic RTK. 

Discussion 

The efficacy of BCR–ABL TKI therapy for CML surpasses that of all other U.S. 

Food and Drug Administration (FDA)–approved targeted kinase inhibitors, and thereby 

provides the most compelling clinical example of oncogene addiction. Our poor 

understanding of the molecular basis of this phenomenon has been due, in part, to a lack 

of effective models. Here, we transiently exposed CML cells to dasatinib and identified 
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durable changes in effectors of GF-R signaling, which likely explain the cytotoxic effects 

of BCR–ABL inhibition. We then established and validated an isogenic system of BCR–

ABL-mediated oncogene addiction and investigated its molecular features. We found that 

BCR–ABL-mediated oncogene addiction is the result of physiologic negative feedback 

inhibition that functionally and persistently dampens GF-R signaling at multiple nodes, 

including, in the case of EPO-R, at the level of GF-R transcription. As with BRAFV600E in 

melanoma cells, BCR–ABL establishes a high level of MEK-dependent negative 

feedback. Relief from MEK-dependent negative feedback is required to enable full 

restoration of GF-R signaling and occurs only after prolonged BCR–ABL kinase 

inhibition. Importantly, negative feedback dampens GF-R signaling substantially longer 

in CML cells than what has been reported in BRAFV600E-expressing melanoma cells. As a 

consequence, GF-R signaling is insufficient to fully rescue CML cells from the 

competing fate of apoptosis, which, for the first time, we demonstrate to be initiated as 

early as 8 hours following TKI treatment. As a result of this interplay between a 

commitment to apoptosis and the decay of negative feedback that facilitates restoration of 

prosurvival growth factor signaling, CML cells demonstrate a profound reliance upon 

BCR–ABL kinase activity for survival (Fig. 4.7A and B). 

Both experimental and clinical evidence suggest that the effectiveness of 

BRAFV600Einhibition in melanoma contrasts sharply with BCR–ABL inhibition in 

CML. In vitro, BRAFV600E melanoma cell lines largely fail to undergo apoptosis when 

treated with BRAF inhibitors such as vemurafenib (Sala, Mologni et al. 2008, Tsai, Lee 

et al. 2008, Joseph, Pratilas et al. 2010, Sondergaard, Nazarian et al. 2010), and although 

the majority of melanoma patients treated with vemurafinib respond to some degree, 
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most fail to achieve deep remissions (Flaherty, Puzanov et al. 2010). A number of 

BRAFV600E-expressing melanoma, colorectal, and thyroid cancer cell lines can be rescued 

from BRAF inhibitor treatment by RTK ligands in vitro, leading to subsequent 

reactivation of MAPK and AKT signaling as soon as 1 hour after BRAF inhibitor 

treatment (Lito, Pratilas et al. 2012, Prahallad, Sun et al. 2012, Straussman, Morikawa et 

al. 2012, Wilson, Fridlyand et al. 2012, Montero-Conde, Ruiz-Llorente et al. 2013). In 

contrast, the corresponding time frame we observed in BCR–ABL-expressing cells is 

markedly different: only partial restoration of GF-R signaling occurs after 8 hours of TKI 

treatment, at which time a competing commitment to apoptosis has already been initiated 

in a substantial proportion of cells. 

Despite the clinical differences observed with inhibitors of BRAFV600E and BCR–

ABL, these two oncoproteins share some biologic properties. Both are pathologically 

activated cytosolic kinases that establish and evade a high degree of MEK-dependent 

negative feedback (Pratilas, Taylor et al. 2009). Also, a substantial core component of the 

ERK transcriptional output is similarly diminished when these oncoproteins are inhibited, 

including ERK pathway effectors, negative feedback regulators, and downstream 

transcription factors. For instance, both kinases seem to induce the expression of 

members of the Sprouty gene family, which typically target the ERK pathway for 

negative feedback inhibition at the level of RAF, RAS, and upstream RTKs. 

There are, however, notable differences in the negative feedback networks 

generated by BCR–ABL and BRAFV600E, particularly with respect to where feedback is 

operable. At the GF-R level, BCR–ABL kinase activity downregulates EPO-R expression 

in K562 cells, largely through MEK/ERK signaling, which may further contribute to the 
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delay in restoring prosurvival GF-R–mediated signaling following BCR–ABL inhibition. 

In contrast, experimental evidence suggests that there is sufficient RTK expression in 

BRAFV600Emelanoma and colorectal cancer cells to rapidly restore prosurvival signaling 

(Sun, Lee et al. 2010, Lito, Pratilas et al. 2012, Straussman, Morikawa et al. 2012, 

Wilson, Fridlyand et al. 2012, Montero-Conde, Ruiz-Llorente et al. 2013). Additional 

differences exist in downstream components of negative feedback, particularly at the 

level of ERK phosphatases, which target either nuclear or cytosolic ERK for regulation 

downstream of the oncogenic insult. In sharp contrast to the effect of 

BRAFV600E inhibition in melanoma cells where downregulation of DUSP6 is apparent at 

multiple levels (Pratilas, Taylor et al. 2009, Lito, Pratilas et al. 2012), we failed to detect 

DUSP6 at the protein level in CML cells (data not shown) and, in agreement with this 

observation, BCR–ABL inhibition failed to downregulate DUSP6 expression. These 

differences suggest that MEK-dependent negative feedback is oncogene-specific. 

Moreover, in BCR–ABL-expressing CML cells, feedback effectors of the parallel JAK–

STAT pathway are activated (e.g., SOCS1 andSOCS2), whereas in BRAFV600E melanoma 

cells, these feedback effectors are absent. These results reaffirm that the networks 

mediating negative feedback inhibition of oncogenic signaling are multifaceted, 

pleiotropic, and context-dependent. Indeed, expression of oncogenic alleles of FLT3 in 

TF1 cells demonstrates that activation of a clinically relevant myeloid RTK elicits a 

negative feedback response that is clearly distinct from that elicited by BCR–ABL in the 

same cellular context. Further study is required to dissect the importance of the observed 

qualitative and quantitative differences in negative feedback elicited by these kinases. 
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Our work provides insight into the role of JAK2 in the molecular pathogenesis of 

CML, which has been a subject of considerable controversy. It is known that CML stem 

cells persist for at least several years in most, if not all, patients with CML. It has been 

speculated that successful inhibition of BCR–ABL kinase activity in CML stem cells may 

be insufficient to elicit apoptosis in these cells due to their residence in a cytokine-rich 

bone marrow microenvironment that maintains their viability despite BCR–ABL TKI 

treatment (Corbin, Agarwal et al. 2011). One group provided evidence that combined 

BCR–ABL and JAK2 inhibition achieves more complete eradication of CML cells in 

conditioned media in vitro (Traer, MacKenzie et al. 2012), whereas another group 

recently demonstrated that JAK2 is completely dispensable for nearly all aspects of 

BCR–ABL-mediated myeloid disease initiation and maintenance (Hantschel, Warsch et 

al. 2012). Although these studies offer conflicting views on the importance of JAK2 

activity for CML pathogenesis, our results and proposed model of BCR–ABL-dependent 

attenuation of GF-R signaling resolves this apparent paradox. When BCR–ABL is active, 

JAK2 plays little or no role in signal transduction due to MEK-dependent negative 

feedback-mediated attenuation of GF-R signaling. After prolonged BCR–ABL inhibition, 

negative feedback is relieved and JAK2 may become critically important as a mediator of 

STAT5 phosphorylation in the setting of external growth factors. Our data provide 

mechanistic support for clinical efforts to combine BCR–ABL TKIs with potent JAK2 

TKIs, which are predicted to have no activity in the absence of BCR–ABL inhibition, but 

might demonstrate a synthetic lethal interaction with BCR–ABL TKIs in the setting of 

exogenous growth factors, specifically as a consequence of the decay in negative 

feedback we describe here. If JAK2 serves a redundant function in facilitating 
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prosurvival GF-R–mediated signaling in the bone marrow microenvironment, alternative 

approaches will be required. 

The oncogenic shock model of oncogene addiction (Sharma, Gajowniczek et al. 

2006) was proposed with limited supporting data, and the molecular mediators of 

oncogene addiction have remained elusive. Our data strongly implicate persistent 

negative feedback in the promotion of apoptosis following kinase inactivation, and thus 

provide valuable molecular mechanistic insights into the basis of both oncogene 

addiction and the oncogenic shock model. The recent appreciation of how rapidly 

negative feedback decays in BRAFV600E-expressing systems and thereby facilitates 

prosurvival signal transduction by GF-Rs has led to treatment approaches that combine 

vemurafenib with multikinase GF-R inhibitors. However, given the growing number of 

signaling molecules that have been found to become activated following inhibition of 

BRAFV600E, safe and effective inhibition of all relevant GF-Rs may prove difficult. Our 

studies of BCR–ABL-mediated oncogene addiction suggest an alternative approach 

aimed at potentiating negative feedback in the setting of inhibition of pathologically 

activated kinases, which is predicted to enhance oncogene addiction and increase 

sensitivity to targeted therapy. In addition to possibly facilitating deeper clinical 

responses, this strategy may be applicable to a broad range of malignancies associated 

with activating mutations in actionable signaling molecules. Efforts to further dissect and 

modulate molecular mechanisms of negative feedback in relevant tissue contexts are 

required to formally test this prediction. 
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4.5.  Figures and Tables 
 
 

 
 
Figure 4.1. 
Transient exposure of CML cell lines to dasatinib results in durable dephosphorylation of 
select tyrosine residues in myeloid growth factor receptor signaling pathways. A, 
schematic of SILAC-based quantitative phosphoproteomic analysis of global 
phosphotyrosine signaling in the K562 cells before and after a HDP of dasatinib. K562 
cells grown in “light” (non–isotope-containing) RPMI were treated with a 100 nmol/L 
dasatinib for 20 minutes, and cell lysates were generated before HDP (PRE), at the time 
of drug washout (EOE), and 3 and 6 hours post-HDP (HDP3, HDP6). Equivalent lysates 
were generated from K562 cells grown in “heavy” (isotope-containing) RPMI. Light and 
heavy K562 cell lysates were mixed at a 1:1 ratio before phosphotyrosine peptide 
(PY100) enrichment, peptide fractionation, and tandem mass spectrometry (MS-MS) 
analysis. B, heatmap representation of persistent phosphorylation changes in myeloid GF-
R signaling pathways identified by bioinformatic functional analysis. Change in 
phosphorylation at each HDP time point was normalized to the “PRE” condition and is 
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represented on a log2-transformed scale. Gray areas designate “no data.” C, Western 
immunoblot analysis of select myeloid GF-R signaling pathways in K562 and KU812 
cells before and after a 100 nmol/L HDP of dasatinib. D, heatmap representation of 
BCR–ABL phosphorylation identified by phosphoproteomic analysis and Western 
immunoblot analysis in K562 cells before and after a 100 nmol/L HDP of dasatinib. 
(ABL1a numbering). 
 

 
Figure 4.2. 
BCR–ABL kinase activity rewires GM-CSFR signaling and confers oncogene addiction 
in TF1 cells.A, percentage of cleaved caspase-3–negative population (live cells) of 
TF1/puro and TF1/BCR–ABL cells following 48 hours of treatment with, 0.2% dimethyl 
sulfoxide (DMSO), 2 ng/mL hGM-CSF, 100 nmol/L dasatinib, or 100 nmol/L dasatinib 
supplemented with 2 ng/mL of hGM-CSF. Active caspase-3 was measured by flow 
cytometry. Data represent average ± SD (n = 3; *, P < 0.001; two-way ANOVA with 
Bonferroni posttests). B, top, line diagram representation of duration of serum starve, 
kinase inhibitor treatment, and growth factor stimulation. Bottom, Western immunoblot 
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analysis of hGM-CSF–mediated (10′ stimulation) JAK2 activation, RAS–GTP loading, 
and activation of downstream effectors from whole-cell lysates in TF1/puro and 
TF1/BCR–ABL cells treated for 1 hour with 100 nmol/L dasatinib. The activation status 
of JAK2 was determined by immunoprecipitation and activation loop phosphorylation 
(Y1007). RAS activation was monitored using a RAS–GTP pull-down assay. C, top, line 
diagram representation of duration of serum starve, kinase inhibitor treatment, and 
growth factor stimulation. Bottom, Western immunoblot analysis of hGM-CSF–mediated 
(10′ stimulation) RAS–GTP loading and activation of downstream effectors in TF1/puro 
and TF1/BCR–ABL cells after short-term and extended dasatinib treatment (100 nmol/L: 
1, 2, 4, 8 hours). RAS activity was monitored as in B. D, normalized RAS–GTP loading 
in hGM-CSF–stimulated (10′) TF1/puro and TF1/BCR–ABL cells after prolonged 
dasatinib treatment (100 nmol/L, 24 hours). RAS activity was monitored as in B. RAS-
GTP loading was normalized to the level observed in the “TF1/puro − DMSO + hGM-
CSF” condition for each experimental replicate. Data represent the average ± SD (n = 3; 
**, P < 0.01; two-way ANOVA with Bonferroni posttests). E, top, line diagram 
representation of duration of serum starve, kinase inhibitor treatment, and growth factor 
stimulation. Bottom, Western immunoblot analysis of whole-cell lysates from TF1/puro 
and TF1/BCR–ABL cells after prolonged dasatinib treatment (100 nmol/L, 24 hours) and 
hGM-CSF stimulation (10′). IP, immunoprecipitation. 
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Figure 4.3. 
EPO-R–mediated activation of the JAK2–STAT5, RAS–MAPK, and PI3K–AKT 
signaling pathways is attenuated by BCR–ABL kinase activity in K562 cells. A, 
normalized hEPO-mediated (10′ stimulation) JAK2 activation in K562 cells treated for 1 
hour with either 100 nmol/L dasatinib or 1 μmol/L imatinib. Data represent the average ± 
SD (n = 3). JAK2 activation was monitored by immunoprecipitation and activation loop 
(Y1007) phosphorylation. JAK2 activation was normalized to the level of phospho-
Y1007 observed in the “DMSO” condition for each experimental replicate. B, top, line 
diagram representation of duration of serum starve, kinase inhibitor treatment, and 
growth factor stimulation. Bottom, Western immunoblot analysis of whole-cell lysates 
from K562 cells after short-term and prolonged BCR–ABL inhibition (100 nmol/L 
dasatinib: 2, 4, 8, 24 hours; 0.2% DMSO, 24 hours) followed by hEPO stimulation (10′). 
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C, normalized hEPO-mediated JAK2 activation in K562 cells after short-term (1 hour) 
and prolonged (24 hours) 100 nmol/L dasatinib treatment followed by hEPO stimulation 
(10′). Data are representative of triplicate experimental analysis. JAK2 activation and 
normalization was performed as in A. D, normalized RAS–GTP loading in K562 cells 
after short-term (1 hour) and prolonged (24 hours) 100 nmol/L dasatinib treatment 
followed by hEPO stimulation (10′). Data are representative of triplicate experimental 
analysis. RAS activation was monitored using a RAS–GTP pull-down assay and RAS–
GTP levels were normalized to the “DMSO” condition. E, normalized hEPO-mediated 
(10′ stimulation) JAK2 activation in K562 cells pretreated for 24 hours with 0.2% 
DMSO, 100 nmol/L dasatinib, 1 μmol/L imatinib, 500 nmol/L TG101348, 
dasatinib/TG101348, or imatinib/TG101348. JAK2 activation was monitored and 
normalized as in A. F, top, line diagram representation of duration of serum starve, kinase 
inhibitor treatment, and growth factor stimulation. Bottom, Western immunoblot analysis 
of whole-cell lysates in K562 cells pretreated for 24 hours with 0.2% DMSO, 100 nmol/L 
dasatinib, 1 μmol/L imatinib, 500 nmol/L TG101348, dasatinib/TG101348, or 
imatinib/TG101348 followed by hEPO stimulation (10′). DMSO, dimethyl sulfoxide. 
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Figure 4.4. 
Global gene expression analysis of dasatinib-treated K562 cells identifies candidate 
mediators responsible for the attenuation of myeloid GF-R signaling in CML cells. A, 
heatmap representation of the 162 genes significantly downregulated after 4, 8, and 24 
hours of dasatinib treatment in K562 cells. Heatmap inset to the right highlights genes 
within this group that are associated with negative feedback of the RAS–MAPK and 
JAK–STAT signaling pathways, as well as the transcriptional output of ERK. The 
column to the left denotes genes previously reported to be involved in the negative 
feedback network of BRAFV600E-expressing cells (6,25). The heatmap at the bottom 
highlights a few of the genes with increased expression following dasatinib treatment in 
K562 cells. B, qPCR analysis of potential negative feedback genes in K562 cells treated 
with dasatinib (100 nmol/L), imatinib (1 μmol/L), or PD0325901 (500 nmol/L). The 
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average log2 fold expression change [2−ΔΔCt and SD (SDfold-change) for each gene] is 
represented (n = 3). C, top, line diagram representation of duration of serum starve, 
kinase inhibitor treatment, and growth factor stimulation. Bottom, Western immunoblot 
analysis of RAS and ERK activity before and after hEPO-stimulation (10′) in K562 cells 
pretreated for 24 hours with 0.2% DMSO, 100 nmol/L dasatinib, 500 nmol/L 
PD0325901, or dasatinib/PD0325901. RAS activity was monitored using a RAS–GTP 
pull-down assay. D, top, line diagram representation of duration of serum starve, kinase 
inhibitor treatment, and growth factor stimulation. Bottom, Western immunoblot analysis 
of JAK2 and STAT5 activity before and after hEPO-stimulation in K562 cells treated 
under the same experimental conditions as in C. JAK2 activation was determined by 
immunoprecipitation and activation loop (Y1007) phosphorylation. 
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Figure 4.5. 
Caspase-3 activity is detected in dasatinib-treated K562 cells before complete relief of 
negative feedback. A, Western immunoblot assessment of cleaved caspase-3 in whole-
cell lysates from K562 cells treated with 100 nmol/L dasatinib for 4, 8, 12, and 24 hours. 
B, representation of a single gold nanosensor intensity trace as a function of time. Intact 
nanosensor yields a high scattering intensity, whereas cutting event mediated by caspase-
3 is observed as an intensity drop due to loss in plasmon coupling (21, 32, 33). C, 
representative darkfield images of nanosensors before and after exposure to cell lysates 
from K562 cells treated with vehicle (DMSO) or 100 nmol/L dasatinib. D, total 
normalized nanosensor cutting events observed in K562 cell lysates treated with vehicle 
(DMSO) and 100 nmol/L dasatinib. Treatment of lysates with the caspase-3 inhibitor z-
DEVD-cmk is shown as a control. DMSO, dimethyl sulfoxide. 
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Figure 4.6. 
BCR–ABL-dependent negative feedback differs from BRAFV600E, FLT3-ITD, and 
FLT3D835V in TF1 cells. A, growth curves of TF1 GFP+ cells expressing BCR–ABL, 
BRAFV600E, FLT3-ITD, or FLT3D835V. Cell growth in the presence of 2 ng/mL hGM-
CSF was monitored for 13 days. Data represent the average ± SD (n = 3; *, P < 0.001 for 
p210 vs. FLT3-ITD and FLT3D835V on day 13; **, P < 0.001 for MIG vs. all other cell 
lines on day 13; two-way ANOVA with Bonferroni posttests). B, percentage of cleaved 
caspase-3–negative population (live cells) of TF1/puro and TF1/FLT3-ITD cells 
following 48 hours of treatment with 2 ng/mL hGM-CSF, 10 nmol/L AC220, 0.2% 
DMSO, or 10 nmol/L AC220 supplemented with 2 ng/mL of hGM-CSF. Active caspase-
3 was measured by flow cytometry. Data represent average ± SD (n = 3: *, P < 0.001; 
two-way ANOVA with Bonferroni posttests). C, Western immunoblot analysis of 
TF1/puro and TF1/FLT3-ITD whole-cell lysates following prolonged FLT3-ITD 
inhibition (10 nmol/L AC220: 2, 4, 8, 24 hours; 0.2% DMSO, 24 hours) and hGM-CSF 
stimulation (10′). DMSO, dimethyl sulfoxide. 
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Figure 4.7. 
Model of BCR–ABL-mediated oncogene addiction. A, schematic representation of BCR–
ABL-mediated oncogene addiction. BCR–ABL-expressing cells initiate and commit to 
apoptosis before the complete relief of MEK-dependent negative feedback at the level of 
GF-R signaling. B, schematic comparison of the kinetics of apoptosis induction (red 
dashed line) and loss of negative feedback in BRAFV600E-expressing melanoma cells 
(cyan solid line) and BCR–ABL-expressing CML cells (blue solid line). 
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Supplementary Figure 4.1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PR
E 

EO
E

 
 

H
D

P3
 

H
D

P6
 

p-STAT5A/B 
(Y694/Y699) 
Total  
STAT5A/B 
p-ERK1/2 
(T202/Y204) 

Total ERK1/2 

p-AKT 
(S473) 

Total AKT 

p-S6 
(S235/S236) 

Total S6 

K562 KU812 

PR
E 

EO
E

 
 

H
D

P3
 

H
D

P6
 

101 
 



 

 
 
 
 

 
Supplementary Figure 4.2. 
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Supplementary Figure 4.3. 
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Supplementary Figure 4.3 continued. 
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Supplementary Figure 4.4. 
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Supplementary Figure 4.4 continued 
 

 

 
Supplementary Figure 4.5. 
 
 
 
 
 

106 
 



 

 
Supplementary Figure 4.6. 
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Chapter 5:  Peptide Length and Leaving-Group Sterics Influence Potency of Peptide 
Phosphonate Protease Inhibitors 
 

Re-printed with permission from Chemistry and Biology, 28 January 2011. 

 

The ability to follow enzyme activity in a cellular context represents a 

challenging technological frontier that impacts fields ranging from disease 

pathogenesis to epigenetics. Activity-based probes (ABPs) label the active form of an 

enzyme via covalent modification of catalytic residues. Here we present an analysis 

of parameters influencing potency of peptide phosphonate ABPs for trypsin-fold 

S1A proteases, an abundant and important class of enzymes with similar substrate 

specificities. We find that peptide length and stability influence potency more than 

sequence composition and present structural evidence that steric interactions at the 

prime-side of the substrate-binding cleft affect potency in a protease-dependent 

manner. We introduce guidelines for the design of peptide phosphonate ABPs and 

demonstrate their utility in a live-cell labeling application that specifically targets 

active S1A proteases at the cell surface of cancer cells. 

Highlights:  

► Synthesis of peptide phosphonate ABPs has been optimized to increase yield ► 

Peptide length is a key determinant of phosphonate inhibition ► 3D structure 

reveals an important steric contribution to phosphonate potency ► ABPs were 

shown to label active S1A proteases on the surface of live cancer cells 
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5.1.  Introduction 
 

The creation and implementation of high-throughput nucleic acid analysis 

techniques have revolutionized medicine and biology. The developments of affinity 

capture and protein binding arrays have allowed similar analyses of protein levels and 

interactions. However, such gene and protein profiling data does not always reflect the 

dynamic milieu that one finds at the cellular level in vivo. Furthermore, enzymatic 

activity adds an additional layer of complexity in functionality that cannot currently be 

addressed using available techniques. 

The need to examine enzyme activity is particularly relevant to the study of 

proteolytic enzymes in biological systems. Although synthetic substrates can be used to 

study individual proteases in vitro, their efficacy in studying multiple proteases in a 

complex mixture is limited. For example, the caspase family of cysteine proteases have 

highly overlapping substrate specificities, thus multiple caspases can often cleave the 

same synthetic substrate (McStay et al., 2008). This complicates functional analyses of 

individual caspases during apoptosis. However, covalent labeling of active proteases 

allows one to monitor individual proteases in the context of the whole cell. Technologies 

based on covalent inhibitors are emerging for activity-based proteomics. Phosphonate 

inhibitors of serine proteases form the basis of one such technology (Sienczyk and 

Oleksyszyn, 2009). 

Diisopropylfluorophosphonate (DFP) is one of the earliest irreversible inhibitors 

described for serine proteases, and radiolabeled DFP was one of the first activity-based 

probes (ABPs) described (Powers et al., 2002). More recent studies have modified DFP 
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to include a detection tag for purification and/or visualization purposes (Liu et al., 1999). 

Biotin and fluorophores are the most common tags used, and active enzyme profiles of 

several types of human tissues and tumor types have been created using such molecules 

(Jessani et al., 2005). Although these efforts are valuable to the field, these studies 

identify a preponderance of serine hydrolases that are not proteases, and ABPs specific 

for proteases have been difficult to achieve. 

The specificity of DFP can be improved in two ways. Replacing the highly 

electronegative fluorine atoms with two phenoxy groups reduces reactivity and increases 

stability (Powers et al., 2002). Further modifying these functional groups modulates the 

electrophilicity and shape of the phosphonate reactive center, which can add selectivity to 

the compound. For example, incorporating different electron withdrawing or donating 

groups onto the phenyl rings of diphenyl phosphonates (DPPs) results in differential 

specificity between the urokinase-type plasminogen activator (uPA) and trypsin 

(Sienczyk and Oleksyszyn, 2006). A second way to reduce DFP promiscuity is to include 

a short peptide, which helps the inhibitor bind to the active site of the targeted protease. 

By utilizing substrate cleavage data and combinatorial peptide libraries, the peptide 

sequence can direct the inhibitor toward a target protease or group of proteases (Lim and 

Craik, 2009). This methodology was used to design specific ABPs for Granzymes A and 

B (Mahrus and Craik, 2005). 

Despite the aforementioned tunable properties, the emergence of peptide 

phosphonates as the premier ABPs for specific serine proteases has yet to occur. One can 

imagine a platform where peptide phosphonates are incorporated into existing microarray 

technology to create high-throughput assays to monitor active proteases at the bench or in 
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the clinic. However, such a technology has yet to be developed, and the utility of peptide 

phosphonates has come into question. 

Here we describe the synthesis, evaluation, and application of peptide 

phosphonate inhibitors designed to target S1A family proteases. This subfamily of Clan 

PA proteases contains the trypsin-like enzymes, and it is the largest family of proteases in 

higher eukaryotes (Rawlings et al., 2010). These proteases play many important roles in 

biology and disease progression, and thus are of interest to many fields. This work 

examines the effects of peptide sequence and length on inhibition of two similar S1A 

proteases, thrombin and MT-SP1/matriptase, via enzymatic, structural, and imaging 

methods. We find that peptide length and leaving group sterics are large determinants of 

potency, whereas sequence composition contributes to a lesser degree. Our findings 

suggest general guidelines for the design of phosphonate ABPs that are optimized for 

S1A proteases. By applying these guidelines, we demonstrate that peptide phosphonates 

can quantitatively label and follow proteases on the surface of cancer cells, a novel use of 

ABPs that can be applied to many systems. 

 5.2.  Methods 

MT-SP1 was expressed and purified as described previously and stored at −20°C in 

50 mM Tris pH 8.0, 50 mM NaCl, 10% glycerol (Takeuchi et al., 1999). Mutants for 

crystallography and kinetic studies were expressed, purified, and stored in the same 

manner. Thrombin was purchased from Sigma and stored at −20°C in 50 mM Tris pH 

8.0, 50 mM NaCl, 0.1 mg/ml BSA. The MT-SP1 substrates spectrazyme-tPA and 

spectrafluor-tPA were purchased from American Diagnostics and stored at −20 at 10 mM 

in H2O. 
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The materials for peptide synthesis including PyBOP, EDAC, HOBt, Fmoc-PEG20atom-

OH, and 2-chlorotrityl chloride resin were purchased from NovaBiochem. All other 

chemicals were purchased from Sigma unless otherwise noted. Solvents including 

anhydrous ethanol (EtOH), chloroform (CHCl3), 1,4-dioxane, diethyl ether (Et2O), 

dichloromethane (DCM), triflouroethanol (TFE), trifluoroacetic acid (TFA), and DMF 

were used as received. The peptides were synthesized following standard Fmoc-SPPS 

procedure on 2-chlorotrityl chloride resin. 

Reactions were analyzed by LC-MS performed on a Waters Alliance liquid 

chromatography system with a Waters Micromass ZQ single-quadrupole mass 

spectrometer. HPLC purifications were carried out using an Agilent 1200 series system 

with C18 reversed-phase columns (Waters). Mobile phase consisted of 99.9%:0.1% 

water/trifluoroacetic acid (solvent A) and 95%:4.9%:0.1% 

acetonitrile/water/trifluoroacetic acid (solvent B). All final compounds were 

characterized by Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 

mass spectrometry using an ABI 4700 MALDI-TOF-TOF mass spectrometer. 

Compound numbers in bold refer to the structures shown in Figure 1. Diphenyl [N-

(benzyloxycarbonyl)amino](4-cyanophenyl)methanephosphonate (9) and NHS-biotin 

were synthesized according to literature procedure. No attempts were made to resolve the 

D,L-(4-AmPhGly)P(OPh)2 diastereomers. 

Diphenyl-[N-(benzyloxycarbonyl)amino](4-ethylesterphenyl)methane phosphonate 

Hydrochloride (10) 

A batch of 9 (3.0g, 6.0mmol) was dissolved in 100 ml CHCl3 and placed in a 0°C bath. 

Next Ar was passed over the solution and under the flow of Ar, 3 ml of anhydrous EtOH 
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(60 mmol) and 100 ml of 4 M HCl in dioxane were added. The reaction was stirred under 

argon at 4°C for 5 days, after which 10 formed as a fine white precipitate formed. The 

precipitate was filtered, washed with Et2O, and dried under reduced pressure (2.32 g, 

72%). Mass calculated for C30H29N2O6P: 544.18; found 545.45 (M + H)+. 

Diphenyl Amino(4-amidinophenyl)methanephosphonate, Trifluoroacetic Acid Salt 

(12) 

A batch of 10 (1.0g, 1.8 mmol) was dissolved in 25 ml 1,4-dioxane and 25 ml anhydrous 

EtOH. Next the reaction was purged with Ar and 10 ml of 0.5M NH3 in dioxane 

(5 mmol) was added dropwise. The reaction was stirred under argon at 23°C for 2 days, 

and the solvent was removed completely under vacuum to afford the gummy white crude 

intermediate, diphenyl [N-(benzyloxycarbonyl)amino](4-amidinophenyl) 

methanephosphonate 11. This intermediate was dissolved in anhydrous EtOH (80 ml) and 

concentrated HCl (305 μL, 3.7 mmol) and hydrogenated over 10% palladium on 

activated carbon for 5 hr at room temperature. The catalyst was separated by filtration, 

and the solvent was removed under reduced pressure. The white powder thus isolated was 

dissolved in HPLC solvent (water with 0.1% TFA) with the aid of DMF and purified by 

reverse-phase HPLC. Lyophilization of fractions containing product afforded 0.49 g 

(27%) of 12 as a white powder. Mass calculated for C20H20N3O3P: 381.12, m/z found: 

382.01 (M + H)+. 

Coupling of the Biotinylated Peptide to 12: General Procedure 

To a DCM/TFE (5:2) solution containing the biotin-PEG-peptide (0.03 mmol), EDAC 

(0.03 mmol) and HOBt (0.03 mmol), was added H-Bz-DPP 12 (0.03 mmol). After 2 hr, 
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an additional equivalent of EDAC and HOBt was added and the mixture stirred for 8 hr. 

Next the solvent was removed, the isolated oil was dissolved in MeCN/water (1:3), and 

purified by reverse-phase HPLC. The fractions with product were lyophilized down to 

yield the desired product as a white powder. The final probes were dissolved in DMSO 

and stored at −20°C. The concentration of the solution was determined by HABA biotin 

quantification kit (Pierce). 

Biotin-PEG-Gln-Arg-Val-Bz-DPP × TFA (1) 

Reaction of Biotin-PEG-Gln(Trt)-Arg(Pbf)-Val-OH (0.10 g, 0.11 mmol), with 12 yielded 

39 mg (72% yield) of Biotin-PEG-Gln(Trt)-Arg(Pbf)-Val-DPP as a white powder. Mass 

calculated for C92H119N14O18PS2: 1802.80, m/z found: 1802.10 (M + H)+. Next the 

powder was resuspended in 95% TFA, 2.5% TIS, 2.5% water and agitated for 2 hr, to 

obtain the desired probe 1. The product was precipitated into cold ether, pelleted by 

centrifugation, and purified by reversed-phase HPLC. Lyophilization of fractions 

containing product afforded 22 mg (79%) afforded 1 as a white powder. Mass calculated 

for C60H89N14O15PS: 1308.61,m/z found: 656.34 (M + 2H)2+. 

Biotin-PEG-Leu-Thr-Pro-Bz-DPP (2) 

The protected peptide Biotin-PEG-Leu-Thr(tBu)-Pro-OH was reacted with 12 and 

resulted in Biotin-PEG-Leu-Thr(tBu)-Pro-Bz-DPP as a white powder (22 mg, 56% 

yield). Mass calculated for C63H93N10O15PS: 1292.63, m/z found: 1293.29 (M + H)+. Next 

the powder was resuspended in 95% TFA, 2.5% TIS, 2.5% water and agitated for 2 hr, to 

obtain the desired probe 2. The product was precipitated into cold ether, pelleted by 

centrifugation, and purified by reversed-phase HPLC. Lyophilization of fractions 
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containing product afforded 8 mg (36% yield). Mass calculated for C59H85N10O15PS: 

1236.57, m/z found: 1237.12 (M +H)+. 

Biotin-PEG-Gly-Ser-Gly-Bz-DPP (3) 

Reaction of Biotin-PEG-Gly-Ser-Gly-OH with 12 resulted in 3 as a white powder 

(22 mg, 65%). Mass calculated for C51H71N10O15PS: 1126.46, m/z found: 1126.92(M + 

H)+. 

Biotin-PEG-Glu-Pro-Ile-Bz-DPP (4) 

Biotin-PEG-Glu(OtBu)-Pro-Ile-OH was reacted with 12 to afford 23 mg (57% yield) of 

Biotin-PEG-Glu(OtBu)-Pro-Ile-Bz-DPP. Mass calculated for C64H93N10O16PS: 

1320.62, m/z found: 1321.43 (M + H)+. Then the powder was resuspended in 95% TFA, 

2.5% TIS, 2.5% water, and agitated for 2 hr to obtain the desired probe. The product was 

precipitated into cold ether, pelleted by centrifugation, and purified by reversed-phase 

HPLC. Lyophilization of fractions containing product afforded 20 mg (90% yield) of 4. 

Mass calculated for C60H85N10O16PS: 1264.56, m/z found: 1266.31 (M + H)+. 

Biotin-PEG-Bz-DPP (5) 

Reaction of Biotin-PEG-OH with 12 yielded 5, which was isolated as white powder 

(7 mg, 25%). Mass calculated for C44H60N7O11PS: 925.38, m/z found: 926.17 (M + H)+. 

Biotin-PEG-Val-Bz-DPP (6) 

A batch of Biotin-PEG-Val-OH was reacted with 12 to afford 6 as a powder after HPLC 

purification (7 mg, 20%). Mass calculated for C49H69N8O13PS: 1024.45, m/z found: 

1025.82 (M + H)+. 
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Biotin-PEG-Arg-Val-Bz-DPP (7) 

Reaction of Biotin-PEG-Arg(Pbf)-Val-OH with 12 afforded Biotin-PEG-Arg(Pbf)-Val-

OH as a white powder (34 mg, 77%). Mass calculated for C68H99N12O17PS2,: 

1450.64, m/z found: 1451.24 (M + H)+. Then the powder was dissolved in 95% TFA, 

2.5% TIS, 2.5% water, and agitated for 2 hr to obtain the desired probe. The product was 

precipitated into cold ether, pelleted by centrifugation, and purified by reversed-phase 

HPLC. Lyophilization of fractions containing product afforded 24 mg (90% yield) of 7. 

Mass calculated for C55H81N12O14PS: 1180.55, m/z found: 1181.64 (M + H)+. 

Biotin-PEG-Phe-Thr-Gly-Ser-Gly-Bz-DPP (13) 

Reaction of Biotin-PEG-Phe-Thr-Gly-Ser-Gly-OH with 12 afforded 13 as a white powder 

(45 mg, 40%). Mass calculated for C64H87N12O18PS: 1374.57, m/z found: 1376.27 (M + 

H)+. 

Inhibition Assays 

All kinetic fluorescence measurements were taken in duplicate using a SpectraMax 

Gemini fluorescence spectrometer (Molecular Devices) with an excitation wavelength of 

380 nm, an emission wavelength of 460 nm, and a 435 nm cutoff filter. A solution of 

inhibitor was serially diluted over an appropriate concentration range and incubated with 

enzyme. Substrate was added at the end of 4 hr to initiate the reaction, and IC50s were 

calculated. MT-SP1 was used at 0.2 nM in a buffer containing 50 mM Tris pH 8.0, 

50 mM NaCl, 0.01% Tween-20, with 200 μM spectrafluor-tPA as the substrate. 

Thrombin was used at 0.5 nM in a buffer containing 50 mM Tris pH 8.0, 50 mM NaCl, 
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0.01% Tween-20, 0.1 mg/ml BSA, with 200 μM Boc-b-benzyl-Asp-Pro-Arg-AMC as the 

substrate. All reactions were run in duplicate. 

Steady-state kinetics were used to determine the observed rate constants for the inhibition 

reaction. The inhibitors were serially diluted in a 96-well plate at an appropriate range of 

concentrations. Enzyme was added in hour intervals over 8–10 hr. The reaction was 

initiated by the addition of 200 μM substrate, and the Vmax recorded on a SpectraMax 

fluorescence spectrometer. Kobs was determined at each inhibitor concentration by 

plotting Vmax versus time, and KIapp was determined by plotting Kobs versus [I]. 

Kinact/KIwas determined using the equation 

 

Crystallization 

Crystals were grown at room temperature by vapor diffusion in hanging drops. A 

combination of micro and macro seeding was used to grow large single crystals in 4.0 M 

Na Formate at pH = 7.0 and 25 mM FeCl3 as additive. Crystals belong to monoclinic 

space group C2 with one protease-inhibitor complex in the asymmetric unit 

corresponding to a solvent content of 50% and diffracted to >1.2 Å resolution. 

Structure Resolution and Refinement 

Data were collected at beamline 8.3.1 at the Advanced Light Source in Berkeley on a 

single crystal cryoprotected in mother liquor supplemented with 20% glycerol. The data 

were indexed, scaled, and reduced using Mosflm and Scala in Elves (Holton and Alber, 

2004). The structure was solved by molecular replacement using Phaser (McCoy et al., 
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2007) with the previously solved protease structure (PDB: 3BN9) as search probe 

(Farady et al., 2008). Automatic building and refinement were performed 

in Phenix (Adams et al., 2002) using Phenix elBow to generate the covalently bound 

ligand. Manual building was carried out inCoot (Emsley and Cowtan, 2004). The 

stereochemistry of the final model was validated using MolProbity (Davis et al., 2007). 

Western Blot Labeling Analysis 

For recombinant protease labeling, enzyme was combined with varying concentrations of 

phosphonate inhibitor (3 mM–30 μM) at room temperature overnight. The reaction was 

stopped by the addition of SDS loading buffer and boiling for 10 min. Western blots were 

developed using the Vectastain ABC elite kit (Vector Labs). 

Fluorescent Substrate Synthesis 

Substrates corresponding to each inhibitor were synthesized by solid phase peptide 

synthesis. ACC-Rink-amide resin was obtained from Kimia Corp. The first amino acid 

was coupled using five equivalents each of amino acid, HATU, and collidine in dry DMF 

under argon for 16 hr with agitation. The full-length peptide was synthesized using a 

Symphony Quartet peptide synthesizer (Protein Technologies), acetylated with eight 

equivalents each of acetic anhydride and DIPEA, and cleaved with 95% TFA/2.5% 

water/ 2.5% triisopropyl silane. Cleaved peptides were precipitated into cold ether, 

collected by centrifugation, and purified by HPLC. 
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Cell Culture and Propagation 

PC3 cells were obtained from the American Type Culture Collection (ATCC) and 

propagated in F12K Nutrient mixture with Kaighn's Modification (1×) and L-Glutamine 

(GIBCO). Media was supplemented with 10% FBS and 1× penicillin/streptomycin. 

MCF7 cells were obtained from the ATCC and propagated in Dulbecco's modified 

Eagle's medium with high-glucose (D-ME H21) without phenol red (GIBCO). Media was 

supplemented with 10% FBS, 10 ug/ml Insulin, and 1× penicillin/streptomycin. 

PDAC2.1 cells were isolated from p48-Cre/+, LSL-KrasG12D/+, Trp53F/+ transgenic 

mice according to (Nolan-Stevaux et al., 2009). PDAC2.1 cells were propagated in D-ME 

H21 (GIBCO) supplemented with 10% FBS and 1× penicillin/streptomycin. 

Flow Cytometry 

Cells were grown to confluence in 6-well cell culture-treated dishes using complete 

media appropriate for each specific cell line. Media was then aspirated and replaced with 

Opti-MEM serum-free medium (GIBCO). All experiments were done in triplicate. 

FTGSGBz-DPP (13) was added to the appropriate wells at a final concentration of 50 

μM. To test proteolysis, ABP was added in the presence of 1× Complete Protease 

Inhibitor Cocktail (Roche) dissolved in Opti-MEM. The cells were then incubated at 

37°C for ∼20 hr. After incubation, ABP-containing media was aspirated and cells were 

washed three times with Opti-MEM. Cells were detached from the surface of the wells 

with Enzyme-free Cell Dissociation Buffer (GIBCO) for 15 min. Detached cells were 

washed two times with Opti-MEM, resuspended in 200 μl, and incubated for 20 min with 

Streptavidin/AlexaFluor 488 conjugate (Invitrogen) at 4°C. Cells were washed three 

times with Opti-MEM and resuspended in 500 μl Opti-MEM and assayed for 
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fluorescence using a BD FACSCalibur (BD Biosciences). Data was analyzed and 

population mean fluorescence values were obtained using FlowJo Flow Cytometry 

Analysis Software (TreeStar, Inc.). 

Microscopy 

Cells were grown to confluence in 9.5 cm2 glass bottom microwell dishes (MatTek) in 

complete media. Media was then aspirated and replaced with Opti-MEM. Phosphonate 

was added to each dish to a final concentration of 50 μM. FTGSGBz-DPP (13) was 

incubated for 20 hr at 37°C and QRVBz-DPP (1) was incubated for 3 hr at 37°C, 

respectively. Cells were washed three times with Opti-MEM and then incubated for 

20 min with Streptavidin/AlexaFluor 488 conjugate and tetramethylrhodamine-

conjugated wheat germ agglutinin (Invitrogen), simultaneously, at 4°C. Cells were then 

washed three times with Opti-MEM and imaged. Fluorescence microscopy was carried 

out in the wide field using a Nikon Diaphot with a Nikon 60× lens, numerical aperture 

1.4, objective and standard interference filter sets (Omega Optical). Images were 

collected using a 12-bit cooled charge-coupled device camera (Princeton Instruments) 

interfaced to a computer running Micro-Manager 1.3 software (http://micro-

manager.org). Images were processed using Adobe Photoshop to assemble dual color 

image files. Brightness/contrast was adjusted, where necessary, to improve image quality 

and clarity. 

5.3.  Results and Discussion 
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Improvement to the Synthesis of Peptide Phosphonates 

Several modifications to published protocols have improved the synthesis of the 

diphenyl phosphonate ester of 4-amidinophenyl-glycine (H-(AmPhg)P(OPh)2, for brevity 

referred to herein as H-Bz-DPP, 12) and the final biotinylated peptide phosphonate 

probes (Oleksyszyn et al., 1994). The synthesis of 12 (Figure 5.1) has been reported 

previously, though isolation of pure compound has been difficult. Briefly, compounds 9–

11 were synthesized as described in (Mahrus and Craik, 2005 and Oleksyszyn et al., 

1994). Published methods describe isolation of 11 by diethyl ether precipitation, 

however, under the basic reaction conditions to produce 11, the phosphonate center is not 

stable. Hydrolysis of one of the phenyl ester groups can occur and be replaced with either 

an ethyl or methyl ester adduct. Reducing reaction c from 5 to 2 days prevented 

accumulation of the side product as monitored by LC-MS. Longer incubations increased 

levels of the undesired product. Direct hydrogenation of 11 followed by high-

performance liquid chromatography (HPLC) produced pure 12. 

Alternatively, 11 and 12 were separable by silica gel flash chromatography (10:1 

CH2Cl2:MeOH and 5:1 CH2Cl2:MeOH with ninhydrin staining, respectively) at Rf ≈ 0.3. 

Improvements to the synthesis of the final biotinylated peptide diphenyl 

phosphonate probes include (1) separate construction of the biotinylated peptide moiety; 

and (2) optimization of the coupling reaction of the peptide to 12 to increase yield and 

reduce reaction time. Instead of building the probe by extending 12 one amino acid at a 

time as described in Boduszek et al. (1994) and Jackson et al. (1998), biotinylated 

peptides were synthesized on 2-chlorotrityl chloride resin by standard Fmoc chemistry, 

cleaved under mild acidic conditions to retain the protecting groups, and coupled to the 
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phosphonate. Previous reports indicate this phosphonate coupling reaction to be time 

consuming (12–48 hr) and low yielding (5%–30%) (Oleksyszyn et al., 1994). 

Optimization of this reaction proceeded with a TFE:CH2Cl2 (2:5) solvent mixture to 

reduce the reaction time from overnight to 6 hr, where N,N-dimethylformamide (DMF) 

had been used previously. Treatment with the coupling agent EDAC resulted in the 

greatest yield of product (Table 5.1) as compared to PyBOP or DCC (∼20%). EDAC 

protects the base-sensitive phosphonate from hydrolysis because it is typically utilized in 

the pH range of 4–6. After the coupling reaction, deprotection of the amino acid side 

chains followed. HPLC purification was applied to both the protected and deprotected 

biotinylated peptide phosphonates. As a result, a combination of TFE:CH2Cl2 and EDAC 

resulted in a fast, efficient coupling that protected the integrity of the phosphonate center 

and improved product yield (Table 5.1). 

Increasing Peptide Length Improves Phosphonate Inhibition of Serine Proteases 

Having optimized synthesis of the phosphonate inhibitors, the inhibitors were next 

characterized in vitro. Previous work using positional scanning, synthetic combinatorial 

library (PS-SCL) profiling had identified RKSR as the preferred P4-P1 tetrapeptide 

sequence for MT-SP1 and LTPR as the preferred sequence for thrombin (Bhatt et al., 

2007 and Harris et al., 2000). Combining this data with other validated substrates and 

structural information led to the creation of a series of peptide phosphonates that were 

designed to target MT-SP1 and thrombin (Table 5.1). Two sequences, QRVBz (1) and 

LTPBz (2) were rationally designed to maximize specificity for the two S1A proteases. A 

peptide element designed to be moderately effective against both proteases (GSGBz 3) 

was also synthesized, as was a fourth sequence (EPIBz 4) containing suboptimal amino 
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acids for both proteases at each P2-P4 position. Thus, a series of peptides were 

incorporated to create ABPs that were predicted to cover a range of activities against both 

MT-SP1 and thrombin. 

IC50 values were calculated for each inhibitor against both MT-SP1 and thrombin, and 

kinact/KI values were calculated for inhibitors of a representative subset against MT-SP1 

(Table 5.2). For MT-SP1, both the IC50 and kinact/KI values for the tetrapeptide inhibitors 

trended as expected, with the optimal sequence QRVBz-DPP (1) inhibiting best at 0.37 

μM, and the nonoptimal sequence EPIBz-DPP (4) inhibiting worst at 76 μM (Table 5.2, 

sections A and D). These values were in agreement with kcat values measured for 

synthetic fluorogenic substrates with sequences corresponding to each inhibitor (Table 

S5.1). This correlation between kcat and inhibitory potency has been previously observed 

(Drag et al., 2010). 

Each of the peptide phosphonates tested proved to be slow inhibitors of MT-SP1. 

The fastest inhibitor, QRVBz-DPP (1), was only 200 M−1s−1. Previous studies have 

reported values approaching 37,000 M−1s−1for phosphonate inhibition of serine proteases 

(Powers et al., 2002). The data shown here indicates that diphenyl phosphonate ABPs did 

not inhibit MT-SP1 rapidly, and either long incubation times or high phosphonate 

concentrations were needed to reach complete inhibition. Although optimizing the amino 

acid composition of the peptide improved inhibition, we were unable to gain a large 

degree of selectivity. The best inhibitor for MT-SP1, 1, was better than optimal inhibitors 

designed against thrombin or uPA, another S1A protease (data not shown), further 

evidence suggesting that sequence composition plays a minor role in inhibitory potency 

for certain proteases. 
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The minor contribution due to sequence is reiterated by the ability of the peptide 

phosphonates to label proteases in vitro. The inhibitors were incubated with MT-SP1 and 

thrombin at increasing concentrations for 16 hr, and biotin-labeled proteases were 

detected via a western blot using avidin-HRP. Figure S5.1 shows that the ability of the 

ABPs to label both proteases was also not strongly dependent on sequence composition. 

GSGBz-DPP (3), designed to confer intermediate potency for MT-SP1 and thrombin, 

labeled more efficiently than the ABPs with optimal sequences for each protease. This 

observation is partly explained by the greater stability of 3 over time in aqueous solution 

(Table S5.1), indicating that sequence stability was an additional parameter for labeling 

efficiency. Additionally, QRVBz, the best kinetic inhibitor of MT-SP1, contains a second 

cleavage site after the P3 Arg. This cleavage removed the biotin from the ABP, rendering 

it undetectable by avidin-HRP and complicating analysis. This secondary cleavage event 

is evidenced by the appearance of an 846Da fragment on postincubation LC-MS analysis. 

In addition to the ABPs described above that were designed to test the effects of amino 

acid sequence on inhibition, three additional ABPs were synthesized to test the effects of 

peptide length on potency. Previous reports have noted a dependence of peptide length on 

the mechanistic rate constant k2, which suggest a possible effect of length on peptidyl 

DPP potency (Case and Stein, 2003). A mono-, di-, and tripeptide phosphonate was 

synthesized for the QRVBz-DPP probe (1), as this sequence proved to inhibit both 

proteases well (Table 5.2). A clear correlation was observed between increasing peptide 

length and improvement in inhibition, with a 10-fold increase between the IC50 of the 

longest inhibitor (QRVBz-DPP, 1) and the shortest inhibitor (Bz-DPP, 5), from 0.37 μM 

to 3.5 μM. A similar trend was seen in the kinact/KI data across the same parameters. 
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It was clear that not all positions affected MT-SP1 inhibition equally. The 

addition of a P3 residue increased potency by an order of magnitude (from 8 μM to 0.56 

μM), whereas only modest changes were observed by the addition of P2 or P4. This was 

consistent with previously observed substrate:enzyme binding interactions with serine 

proteases, in which much of the binding energy is contributed by the P1 amino acid 

interacting with the S1 pocket of the protease. This also correlated with known MT-SP1 

substrate data and with crystallographic observations about the S4 and S3 pockets (Bhatt 

et al., 2007 and Friedrich et al., 2002).  Friedrich et al. (2002) observed that the deep S3 

pocket of MT-SP1 could accommodate a Lys or Arg residue from either P3 or P4 of a 

substrate whereas the other amino acid is solvent exposed. This phenomenon could 

explain the modest increase in inhibition seen when increasing from a tripeptide- to a 

tetrapeptide phosphonate. 

A similar trend was seen in IC-50 values measured against thrombin (Table 5.2, 

section C) and uPA (data not shown). Again, it is notable that QRVBz-DPP (1), the ideal 

MT-SP1 inhibitor, was more potent than the ideal thrombin inhibitor LTPBz-DPP (2) by 

an order of magnitude (0.125 uM for 1 compared to 1.1 uM for 2). Sequence data alone 

does not seem to be sufficient to design ABPs that can distinguish between these two 

proteases, though other proteases with much more stringent substrate binding pockets 

have shown to be amenable to sequence-derived specificity (Mahrus and Craik, 2005). 

To determine if potency continued to improve beyond P4, a hexapeptide ABP was 

synthesized and tested against MT-SP1. The preferred P5 and P6 amino acids for MT-

SP1 were added to the most stable inhibitor (GSGBz, 3) to create 13 (FTGSGBz). 13 is 
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25% more potent than 3 against MT-SP1, verifying that further increasing length 

improved potency. 

Interestingly, each of the ABPs synthesized for this study inhibited thrombin 

at much lower concentrations than MT-SP1. We next sought to obtain a structural basis 

for the improvement in inhibition observed against thrombin. 

Structure of MT-SP1 Bound to Bz-DPP 

The structure of MT-SP1 bound to Bz-DPP phosphonate was solved to 1.19 Å 

resolution (Figure 5.2 and Table 5.3). The protein was incubated with saturating ABP 

concentrations overnight at room temperature and purified via size exclusion 

chromatography. Attempts to crystallize MT-SP1 with Ac-QRVBz-DPP only produced 

crystals containing Bz-DPP. A possible explanation is that nonspecific hydrolysis of the 

peptide bond occurred during the several rounds of seeding and crystal growth that were 

necessary to obtain high-quality crystals, all of which took place in an aqueous 

environment at room temperature over several months. The truncated inhibitor may have 

also resulted from incomplete purification of the Bz-DPP (12) starting material from the 

full-length ABP. 

This is the highest resolution MT-SP1 structure to date, which allows for 

visualization of all bonds. The phosphonate bound in the solvent exposed binding pocket 

in the expected conformation, with the phosphorous atom bound to the active site Ser195 

and Bz in the S1 pocket (Figure 5.2A). The positively charged guanidine group of Bz 

formed two hydrogen bonds with the negatively charged Asp189. The N-terminal end of 

the inhibitor pointed down the substrate binding pocket, and the phenyl ring is solvent 

exposed. 
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A structure of thrombin (PDB: 1QUR) (Steinmetzer et al., 1999) was overlaid 

onto the MT-SP1-Bz-DPP structure, and the probe fit similarly into the binding pocket 

(Figure 5.2B). Inspection of the placement of the phenyl rings of the phosphonate 

revealed one important difference in the active site architecture. In MT-SP1 residue 

Phe99 lay in the region where the leaving group phenyl ring binds during catalysis. In 

thrombin, a smaller Leu99 occupied this location, forming a larger pocket than seen in 

MT-SP1. The Phe99 was only 2 Å away from the phosphorous, thus we hypothesized 

that Phe99 caused steric interference with the leaving phenyl ring, slowing orientation of 

the inhibitor in the active site and slowing inhibition of MT-SP1 relative to that of 

thrombin. 

To test this hypothesis, MT-SP1 Phe99 was mutated to Ala to create MT-SP1 F99A, and 

IC50measurements with the same series of inhibitors were repeated (Table 5.2, section 

B). The IC50 values for MT-SP1 F99A fell between that of MT-SP1 and thrombin in each 

case, indicating the size of the binding pocket for the leaving group in MT-SP1 

influenced phosphonate inhibition. 

When the structure of uPA (PDB: 3KGP) (Zhang et al., 2010), an S1A protease 

with slow kinetics of phosphonate inhibition similar to those of MT-SP1 was overlaid 

with thrombin, a similar steric hindrance was observed (Figure 5.2D). At the same 

pocket in uPA, His99 protruded exactly where Phe99 did in MT-SP1. Thrombin had a 

larger binding pocket than either MT-SP1 or uPA, due to the Leu found at residue 99. 

The smaller pocket in uPA, as with MT-SP1, may explain the slow inhibition of uPA by 

DPPs. This reinforces the idea that the steric fit of the leaving group on the prime side has 

an important effect on potency. 
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Labeling of Cell Surface Proteases by ABPs 

Having determined the kinetic and labeling properties of the ABPs in vitro, their 

potential for labeling active proteases on the surface of live immortalized cancer cells 

was examined. The most stable inhibitor (13) and the most potent inhibitor (1) were used 

to label the cell surface proteases of two different cell lines grown in culture. These cell 

lines represented epithelial cancer types from two different species: PC3 cells, derived 

from human prostate cancer, and PDAC2.1 cells, derived from a transgenic mouse model 

of pancreatic ductal adenocarcinoma (Nolan-Stevaux et al., 2009). Live cells were 

incubated with phosphonate overnight in serum free media at 37°C. Streptavidin 

conjugated with AlexaFluor488 dye was used to fluorescently tag the ABPs. Cells were 

examined for the presence of labeled proteases either by fluorescent microscopy or by 

flow cytometry. 

As seen in Figure 5.3, green fluorescent labeling was observed in PC3 and PDAC 

cells that had been exposed to ABPs, indicating the presence of active S1A proteases on 

the cell surface. PDAC2.1 (Figure 5.3A) cells labeled discrete foci on the cell surface. In 

the case of PC3 cells (Figure 5.3B), these labeled proteases were localized to one end of 

each cell. In addition to cell surface labeling, punctate labeling was also observed just 

internal to the plasma membrane. These puncta colocalized with membrane staining dye, 

indicative of internalization of labeled surface proteases. Internalization was also 

occasionally observed in PDAC2.1 cells and more frequently observed in MCF7 cells, a 

human breast cancer cell line (Figure S5.2).  This result indicates that ABPs can 

visualize and follow active serine proteases on the surface of live cells, a novel use for 

peptide phosphonates. 
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After demonstrating the ability to label cell surface proteases, the ability to quantify the 

active form of these proteases was tested. Cells were grown, exposed to phosphonate 

overnight at 37°C, and fluorescently tagged with labeled streptavidin. Fluorescence was 

quantified using flow cytometry on the live cells. Fluorescence increased relative to 

background when cells had been incubated with an ABP, and this labeling was reduced in 

the presence of protease inhibitors (Figure 5.3E). These results demonstrate that ABPs 

can be used to quantify active proteases on the surface of live cells, and that labeling can 

be directly attributed to proteolysis. 

Collectively, the cell-based experiments show that peptide phosphonates can be 

used to quantitatively label active cell surface proteases on different cell types. Live cell 

imaging can also be used in conjunction with ABP labeling to determine the localization 

of active proteases in the context of a cell or group of cells. 

Discussion 

This study presents additional guidelines for the synthesis, design, and application 

of peptide phosphonate ABPs to those described previously (Oleksyszyn and Powers, 

1994). Our results show that by focusing on peptide length, stability, and leaving group 

sterics, the lifetime and utility of these ABPs can be improved dramatically. By following 

these guidelines, a novel protease imaging application using ABPs was developed. These 

experiments demonstrate that ABPs can be used to quantify, image, and follow proteases 

on cell surfaces. 

We have improved the utility of phosphonate ABPs by combining synthetic, 

kinetic, and structural data. Obtaining reagent quantities of material has been a significant 

barrier to using these molecules in numerous applications. The improved synthesis 
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methodology presented here both increases reproducibility of ABP production and 

increases yields up to seven fold compared to previous methods. The robust generation of 

ABPs greatly improves their utility, and synthesizing greater quantities of these probes 

enabled a systematic study of their potency. 

Three major factors were found to contribute to peptide phosphonate potency: 

peptide stability, length, and leaving group sterics. Peptide sequence is often viewed as a 

primary determinant of potency, and reports of sequence-based selectivity exist for 

Granzymes A and B, two S1A proteases with highly selective and differing substrate 

specificities at P2-P4 (Mahrus and Craik, 2005). However, for the majority of trypsin-

fold proteases, much of the substrate binding energy of is contributed via binding of a 

basic P1 amino acid in the deep S1 pocket of the active site. Because of the strong P1 

contribution, the P2-P4 sequence often plays a minor role. Peptide stability, however, was 

found to contribute significantly to ABP functionality. Inhibitors containing the amino 

acid Pro were especially unstable and problematic for both synthesis and purification, 

whereas long, charged side chains like Arg were found to react with the electrophilic 

phosphonate, subsequently inactivating the inhibitor. Additionally, the use of basic 

residues like Arg upstream of P1 can result in a secondary cleavage site for trypsin-like 

proteases, which removes the probe from the reactive diphenylphosphonate moiety. 

Poorly fitting residues can have a detrimental effect on inhibition, as seen by the slow 

kinetics of the EPIBz (4) probe against MT-SP1, thrombin, and uPA (Table 5.2; data not 

shown). Therefore, the optimal peptide element should be composed of the most stable 

residues tolerated by the protease. 
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Peptide length, rather than sequence, had a more noticeable contribution to 

improving inhibitory capabilities. Increasing length increased potency, most notably at 

the P3 position. This agrees with earlier findings (Oleksyszyn and Powers, 1991). The 

data suggests that when designing peptide phosphonate inhibitors, including a longer 

peptide will improve inhibition more reliably than modifying the sequence. The sequence 

composition data and stability observations indicate that phosphonate inhibitors of 

trypsin-fold proteases should contain at least a tetrapeptide composed solely of stable 

amino acids. 

The third factor contributing to potency is the steric fit of the phosphonate leaving 

group in the binding pocket of the protease. Atomic-resolution structural data showed this 

pocket is smaller in MT-SP1 than in thrombin. This pocket is adjacent to the catalytic 

S195, exactly where the leaving group phenyl ring would reside. This smaller pocket in 

MT-SP1 is due to the presence of a bulky Phe at residue 99. Mutagenesis experiments 

confirmed that this pocket is an important binding determinant for DPPs and MT-SP1. 

The data indicates that the leaving group of the phosphonate can have a large effect on 

inhibition. When designing a phosphonate ABP specific for a protease, multiple leaving 

groups should be tested on a stable peptide scaffold to find the best inhibitor. 

The data shown here provide important information for the design of peptide 

phosphonate ABPs with both broad and narrow specificity. We show that the peptide 

element (in stability and length) and the leaving group (in reactivity and sterics) 

contribute to inhibitory potency of phosphonate ABPs. When designing a broad-

specificity phosphonate ABP, one should start with a scaffold containing at least four 

stable amino acids and then consider varying the leaving group if improved potency is 
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desired. When designing an inhibitor for a specific S1A protease, substrate cleavage data 

should be viewed as a starting point. Varying the leaving group may result in larger 

differences in potency, even for closely related proteases. Interestingly, kinetic data 

indicates that varying the reaction time may label different sets of proteases, with longer 

incubations resulting in larger sets of labeled proteases. Therefore, reaction time may also 

influence selectivity. However, these experiments suggest that only in rare instances will 

true specificity be engineered by varying peptide composition alone. 

By following the guidelines presented here, several broad-spectrum ABPs for 

S1A proteases were produced in high yields. We used the most potent (1) and stable (13) 

ABPs to develop a novel method of imaging proteases on the surface of cancer cells. 

ABP-labeled proteases can be visualized and quantified with fluorescently conjugated 

streptavidin. This approach found that levels of protease activity vary by cell type, and 

that the location of labeled proteases can be tracked through the cell (Figure 3). Protease 

activity and localization information can be leveraged to obtain new information about 

protease function. 

The ability to study the localization of active proteases is a novel use of 

phosphonate activity-based probes, and offers a promising way to examine the biology of 

cell surface protease activity. Previous studies with cysteine protease ABPs have been 

successful at labeling and visualizing lysosomal cathepsins and extracellular cathepsins in 

tumors (Blum et al., 2005 and Joyce et al., 2004). The current study extends the use of 

ABPs to serine proteases on the surface of live cells. Differences in labeling and 

localization varied between the cell types, a conclusion previously observed with MT-
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SP1 using specific antibody-based probes (Darragh et al., 2010). These broad-spectrum 

ABPs may be used to highlight cell-specific differences in global S1A protease function. 

For example, cell surface proteases have been implicated in metastasis, and it is 

interesting to note that active protease localization was polarized. Notably, high 

concentrations of enzymes were observed at one edge of the cells distal to cell-cell 

junctions. In addition, correlating the degree of labeling with a cellular phenotype such as 

metastatic potential may yield new information about cancer cell biology. 

Although the pattern varied, internalization of proteases was observed in all cell 

types, as evidenced by the colocalization of membrane and ABP in puncta just inside the 

cell membrane. We hypothesize two explanations for this observation. First, many 

proteins undergo natural trafficking to and from the cell surface, modulating cellular 

interactions with the outside environment. Trafficking has been implicated previously in 

the regulation of proteases in the cell (Ghosh et al., 2003). ABPs could thus be used to 

track the movement and function of active proteases in many complex biological 

systems, including cancer biology, where protease activity is frequently dysregulated. 

Alternatively, the ABPs themselves may cause proteases to become internalized. Ligand-

dependent endocytosis has been observed with other cell surface receptors (Behrendt, 

2004 and Ghosh et al., 2003). The molecular mechanism of cell surface protease 

internalization observed via ABPs invites further investigation. 

In summary, through synthetic, kinetic, and structural insights, we have developed 

additional guidelines that define and expand the use of peptide phosphonate ABPs. By 

following these guidelines, we have created a potent pan-S1A protease probe and 

developed a general methodology for the study of active proteases at the surface of cells. 
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This technology could allow for future insights into the role of proteases in cancer, and 

has potential applications to other fields in biology. 
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 5.5.  Figures and Tables 
 

 
 

Figure 5.1.  

General Synthesis of 4-Amidinophenyl-Glycine that Incorporates Benzamidine at 
the P1 Position 
Reagents and conditions: (A) P(OPh)3, benzyl carbamate, HOAc, 1 hr at room 
temperature, 1 hr at 85°C; (B) dry EtOH, CHCl3, HCl in dioxane, 5 days at 4°C; 
(C) NH3 in dioxane, dry EtOH/dioxane (1:1), 2 days at room temperature; (D) 
H2/Pd, HCl, EtOH, 6 hr at room temperature; (E) EDAC, HOBt, TFE:DCM, 6 hr 
at room temperature. See also Table S1. 

 

Table 5.1.  Yields and Masses of Each Phosphonate Probe Synthesized 

Compound (biotin-PEG-
R) 

Yield 
(%) 

m/z Calculated 
(Found) 

R = QRVBz-DPP (1) 72 1308.61 (656.34) 
R = LTPBz-DPP (2) 56 1236.57 (1237.12) 
R = GSGBz-DPP (3) 65 1126.46 (1126.92) 
R = EPIBz-DPP (4) 57 1264.56 (1266.31) 
R = Bz-DPP (5) 25 925.38 (926.7) 
R-VBz-DPP (6) 20 1024.45 (1025.82) 
R = RVBz-DPP (7) 77 1180.55 (1181.64) 
R = FTGSGBz-DPP (13) 40 1374.57 (1376.27) 
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Table 5.2.  Inhibition Kinetics of Phosphonate Probes against MT-SP1 and Thrombin 

MT-SP1 and thrombin were incubated with varying concentrations of inhibitor 
and activity was monitored on addition of substrate. See also Table 
S2 and Figure S1. 

Enzyme Compound Inhibitor IC50 (μM)   
A MTSP1 5 Bz 3.5 ± 0.6 

6 VBz 8 ± 0.1 
7 RVBz 0.56 ± 0.09 
1 QRVBz 0.37 ± 0.2 
3 GSGBz 14 ± 1 
2 LTPBz 1.1 ± 0.02 
4 EPIBz 76 ± 1 
13 FTGSGBz 3.5 ± 0.5 

B MTSP1 
F99A 

5 Bz 1.5 ± 0.04 
6 VBz 1.3 ± 0.06 
7 RVBz 0.23 ± 0.01 
1 QRVBz 0.22 ± 0.01 
3 GSGBz 9.2 ± 0.4 

C Thrombin 5 Bz 0.097 ± 0.01 

6 VBz 0.28 ± 0.05 
7 RVBz 0.068 ± 0.04 

1 QRVBz 0.13 ± .002 
3 GSGBz 0.027 ± 0.01 

D MTSP1 Compound Inhibitor kinact/KI (M−1s−1) 

5 Bz 50 ± 2 
6 VBz 60 ± 10 
7 RVBz 490 ± 40 
1 QRVBz 200 ± 60 
3 GSGBz 26 ± 0.5 
4 EPIBz 11.7 ± 3 
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Figure 5.2.  Structure of the Catalytic Domain of MT-SP1 Bound to Benzamidine 
Phosphonate 

(A) Numbered amino acid residues correspond to chymotrypsin protease 
numbering. 
(B) Close-up ribbon of thrombin (tan) overlaid onto MT-SP1 (light blue). 
Thrombin L99 (purple), MT-SP1 F99 (blue), catalytic triad (cyan). 
(C) Thrombin (tan) surface overlaid onto MT-SP1 (light blue). Thrombin L99 
(purple), MT-SP1 F99 (blue), catalytic triad (cyan). 
(D) Thrombin surface (tan) overlaid onto MT-SP1 (light blue) and uPA (pink). 
uPA His99 (yellow) occupies prime-side pocket similarly as MT-SP1 Phe99 
(blue). Thrombin Leu99 (purple), catalytic triad (cyan). See also Figure S2. 
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Table 5.3.  Data Collection and Refinement Statistics 

Structure MSTP1-
covalent 
adduct 

PDB ID 3NCL 
Data set ALS290709 
Data statistics   

 Wavelength 1.11587 Å 

 Space group C2 

Cell 
dimensions 

a = 79.9 Å 
b = 80.2 Å 
c = 40.5 Å 
β = 95.8° 

 Resolution 
(last shell) 

54.6–1.19 Å 
(1.25–
1.19 Å) 

 Unique 
reflections 

58,355 
(1597) 

 Redundancy 6.7 (3.8) 

 Completeness 76.4% 
(14.5%) 

 Mean I/s (I) 21.0 (5.0) 

 Rsym 6.5% 
(15.0%) 

Refinement 
statistics 

  

 Resolution 
range 

54.6–1.19 Å 

 Reflections 
used word 
(test) 

56,653 
(1530) 

 Rfree/Rfac 20.3%/19.4% 

 Overall figure 
of merit 

0.915 
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 Overall Bwilson 12.7Å2 

 Protein atoms 1900, 
21.8 Å2 

 Ligand atoms 21, 34.8 Å2 

 Solvent atoms 221, 38.9 Å2 

 Rmsd bonds 0.016 Å 

 Rmsd angles 1.010° 

Ramachandran 
analysis 

  

 Residues in 
preferred 
regions 

96.40% 

 Residues in 
allowed 
regions 

3.60% 

 Outliers 0% 
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Figure 5.3.  Cell Surface Labeling of Active Serine Proteases 

PDAC2.1 and PC3 cells were imaged in the presence (A and C) or absence (B and 
D) of ABP. Cell membranes were stained with tetramethylrhodamine-conjugated 
wheat germ agglutinin (red), and labeled proteases were stained with streptavidin-
AlexaFluor 488 (green). Colocalization of labeled proteases with membrane is 
seen at the cell surface and in discrete puncta, but only in the presence of ABP. 
Flow cytometry was used to quantify labeled streptavidin on the surface of cells 
(E). Averaged mean fluorescence intensity values are plotted normalized to 
background staining of labeled streptavidin in the absence of ABP. P values 
correspond to a two-sample t test, and error bars correspond to the addition of the 
relative standard error values for the two averages multiplied by the normalized 
mean of each sample. 
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 5.6.  Addendum:  NMR assignments 

CBz-Benzamidine-Phosphonate 
1H NMR (300 MHz, CDCl3): δ 4.94-5.13 (m, 2H), δ 5.62-5.73 (m, 1H), δ 6.80-7.82 (m, 
19H), δ 8.87-9.07 (d, 3H), 31P NMR (121 MHz, CDCl3): δ 10.32. 
 
Benzamidine-Phosphonate 
1H NMR (300 MHz, CDCl3): δ 4.3-4.4 (m, 1H), δ 6.75-7.75 (m, 15H), δ 9.1 (s, 2H), δ 
9.3-9.4 (d, 2H). 
 
Benzyl (4-carbamimidoylphenyl)(methoxy(phenoxy)phosphoryl)methylcarbamate 
(side product of CBz-Benzamidine-Phosphonate synthesis when reaction is carried 
out for four days) 
1H NMR (300 MHz, CDCl3): δ 3.47-3.57 (m, 3H), δ 4.91-5.15 (m, 2H), δ 5.42 (m, 1H), δ 
6.90-7.82 (m, 14H), δ 8.89-9.02 (d, 4H), 31P NMR (121 MHz, CDCl3): δ 15.05-15.19 (d).   
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Chapter 6: Conclusions and Future Directions 
 
 6.1.  Conclusions and Future Directions 
 

Before the 20th century, noble metal nanoparticles were new and unusual 

materials whose reputation evolved to command an indelible visual presence in both art 

and science.  Their study was exceedingly valued in the beginning of the 20th century 

given the number of Nobel prizes awarded and seminal papers published in that field.  

Utilization of these nanoparticles has since trickled down into the discrete space of the 

cellular environment to understand a myriad of biological processes.  In this thesis, my 

work focused on protease signaling, in particular, monitoring the enzymatic activity of 

caspase-3 whose activation is the desired outcome of certain drug interventions in cancer. 

At single molecule resolution, the outlook for cellular imaging using nanoparticle 

assays is promising given the ability to manipulate their optical properties to report the 

exquisite details of enzymatic behavior and concomitant cellular function at the single 

cell level.  In the single molecule studies, unlike ensemble measurements that reported 

cell death 23 hours after exposure to inducer, the crown nanoparticles allowed full 

display of the colon cancer (SW620) cell line’s vulnerability to drug within minutes and 

indicates that the cell’s internal signaling threshold was met at an early stage.  The onset 

of caspase-3 activity was observed within a range of 15 to 40 minutes (Figure 2.4C) and 

was attributed to the heterogeneous nature of cancer.  To further investigate this, 

synchronization of the cells is another parameter than can be utilized before subsequent 

live cell imaging with the nanosensors.  Though 10 cells were analyzed, more replicates 

could provide insight into how this onset of caspase-3 activity shifts in a greater 

population of cells. 
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Systems biology approaches can be performed to quantify the kinetics of the 

family of caspases on a global level.  Despite remarkable advances in understanding the 

molecular mechanisms of cancer cell death, conventional imaging techniques only allow 

static assessment of cell status. Other approaches measure ensemble behaviors of cancer 

cells against drug treatments and often neglect the heterogeneity or “individuality” of 

their response/resistance. Considering that the “individuality” of a cancer cell’s response 

is directly related to potential cancer recurrence, it is very important to monitor individual 

cell death with real-time, multi-color, high-resolution, and ultra-sensitive (single 

molecule level) capabilities.  Such monitoring will correlate caspase activation to cell 

death and survival and provide key quantitative measurements describing apoptosis in 

diverse cancer cell types.  To do this, multi-color imaging of the consecutive actions of 

caspase signals is possible by varying the material, size, and composition of noble metal 

nanoparticles.  In comparing gold and silver nanoparticles of the same size, silver 

nanoparticles can scatter light more efficiently that gold nanoparticles (Lee and El-Sayed 

2006).  This efficient light scattering ability provides another brighter probe and a means 

to diversify the sensors available for multi-color imaging experiments.  Thus, it can be 

possible to interrogate the activities of multiple proteases simultaneously in real time.  

Synthesis of these silver nanoparticles using (Dadosh 2009) is inexpensive relative to 

gold and requires commercially available reagents that can be purchased at a low cost.   

With the Au nanoshell dimers, an early apoptotic drug response was observed 

with CML K562 lysates at eight hours of treatment.  This was achieved with 10ng of total 

protein equating to material contained within ~55 to 65 cells.  This is compared to 

western blotting and flow cytometry techniques that normally require ~1000x to 10,000x 
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more material, respectively.   Visualization of caspase-3 in this leukemia system opened 

the opportunity for the sensor to be used in other systems.  In fact, interrogation of 

different proteases can be explored by use of a specific cell line or modification of the 

targeting moiety, respectively.  For example, a probe that can detect HIV protease 

activity will be helpful in understanding when during the viral life cycle HIV protease is 

active (Figure 6.1).  Peptide sequences mentioned in Figure 3.2 and Table 3.1 for 

detecting granzyme B activity can find utility in understanding its contribution in prostate 

cancer (Ray, Hostetter et al. 2012) at the single molecule level.   

Since these nanosensors offered a clear indication of when cells in a population 

were responding to drug at such high resolution, their use holds great promise for 

translational applications. With specific interest in monitoring caspases to evaluate 

patient response to chemotherapy, nanogold sensors can act as a screening tool to assess 

the effectiveness of preclinical and clinically approved drugs, and/or drug combinations 

on both cell lines and patient-derived cells.  In fact, IAP antagonists (SMAC mimetics) 

used to induce cell death in cancer cells can be implemented to investigate their drug 

response (Petersen, Wang et al. 2007, Varfolomeev, Blankenship et al. 2007, Vince, 

Wong et al. 2007) using the nanosensors.  These investigations will allow us to stratify 

proapoptotic drugs currently being considered for therapeutic use and ultimately speed 

these developmental efforts.  Furthermore, diagnostic intervention with regard to a blood 

cancer, like leukemia, can be a powerful application where sample acquisition is 

minimally invasive, unlike that of solid tumors.  Observation of elevated caspase-3 levels 

in circulating leukemia cells and/or blood could be used to evaluate patient response to 

drug treatment and identify variant cells displaying heterogeneity in terms of their low 
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death response to apoptotic stimuli.  Also, development of Au nanoparticles as 

colorimetric reagents can be envisioned for detecting metabolites in urine that are specific 

to disease states.  This type of format is reminiscent of commercially available pregnancy 

tests that utilize the same methodology.   

Finally, the study of noble metal nanoparticles has shaped a diverse set of fields 

like biophotonics, medicine, aerosol optics, atmospheric science, defense, and security.  

The same can be said for its emerging influence on provocative inquiries into biology and 

only time will tell how nanotechnologists of today will move the trajectory of colloidal 

chemistry.  
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 6.3 Figure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.  Two single molecule trajectories when nanosensors were treated with 
500nM HIV-2 protease.  SQNYPIVQ was the sequence used in the synthesis of the 
nanosensor. This sequence was chosen because it corresponds to the matrix-capsid 
cleavage site found within the HIV polyproteins gag and gagpol.  Conducted by Starlynn 
Clarke and Cheryl Tajon. 
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