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ABSTRACT

The fluorescent toolbox is expanding, and Fluorogen Activating Protein Technology (FAP) is contributing
by providing tools for collecting direct real-time, live cell protein trafficking measurements. Chapter |
includes a brief overview of current fluorescent and fluorogenic labeling approaches. After the review
of labeling methods, FAP Technology is presented as a well suited tool for cell surface protein trafficking
investigations. Core strengths of the developed fluorogenic dyes are highlighted. This chapter is a
discussion on using FAP labeling strategies to quantify cell surface protein translocation, particularly
addressing the needs for a direct, quick, and high-throughput adaptable protein trafficking detection
assay for GPCRs and lon channels. Chapter | concludes with introducing new methods for assessing
intracellular trafficking of protein pools in the cell. Chapter Il entails the development of a new pH
sensor tool that can quantify pH related changes associated with protein trafficking from the surface to
the endosomal network, and how it was applied to observe B2AR differential agonist induced trafficking
behavior. Chapter Il describes the development of a high-throughput assay for identifying potential
kinase targets that enhance VX-809 corrector ability to rescue the mutant AF508 cystic fibrosis
transmembrane conductance regulator (CFTR). The screen was based on a FAP approach that uses both
surface and total protein fluorescence measurements collected from a plate reader. Chapter IV presents
the current work on creating a lysosomal FAP construct that will function as a test-bed for monitoring

protein trafficking related to lysosomal dysfunction.
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CHAPTER |

Fluorogen Activating Protein Tools Fit for Protein Trafficking
Measurements

ABSTRACT: There is a large, growing array of fluorescent protein and chemical labeling methods
currently available, and throughout the past decade the list of Fluorogen Activating Proteins (FAPs) and
reporter dyes has grown to support a variety of methods to investigate protein trafficking events. The
platform’s capabilities have been demonstrated in several systems expanded, and commercialized for
widespread use. The FAP labeling techniques have been applied to basic science research studies and
high-throughput screens using microscopy, flow-cytometry, and plate readers.

Review of Protein and Chemical Labeling Approaches: From Fluorophores to Fluorogens

Live cell imaging involving the dynamics of organelles and proteins is enabled by fluorescent
protein (FP) tags and chemical, fluorescent labeling techniques which are continuously evolving to answer
complicated biological questions. Addressing FP and chemical labeling limitations and expanding their
capabilities for more sophisticated temporal and spatial protein measurements has come hand in hand
with the advancement of microscopy and experimental throughput, commanding more dynamic,
brighter, and more photostable fluorescent probes. Fluorescent labeling optimization and development
has produced diverse labeling strategies that enable quantitative analysis of biological processes or
events, increasing the number of tools in the fluorescent toolkit.

FP tags are among the first and most commonly used, as they provide straightforward specific,
genetically encoded protein labels that offer a wide selection of FP colors and biosensors. FP tags
originated from the discovery of Aequorea victoria green fluorescent protein (GFP). The fluorescent
property of GFP comes from its own protein folding that creates a chromophore through interactions
within its B- barrel structure,(Chalfie et al., 1994; Tsien, 1998) which has been mutagenized and
remodeled to produce numerous variants that are brighter, fluoresce in different colors from blue to
yellow, and serve as functional reporter probes. (Heim and Tsien, 1996; Shaner et al., 2005) Exploring
other marine species also added blue to far-red spectrum colored FPs to the arsenal.(Rodriguez et al.,
2017; Shaner et al.,, 2004) While there have been considerable improvements with FP modification,
engineering brighter and photostable FPs is a tricky challenge due to their buried chromophores that are
not amenable to chemical modification, and their environment sensitivity i.e. fluorescence quenching at
low pH. (Rodriguez et al., 2017) Yet, there is a continuous effort to find new FPs from different organisms.
A significant limitation of any FP tag is the ubiquitous fluorescence of the FP tagged protein, hindering
investigation of distinct populations of the protein. For example, G-protein coupled receptor (GPCR)
dimerization studies in the early 2000s were limited by being unable to distinguish between cell-surface
and intracellular receptors.(Goddard and Watts, 2012; Milligan et al., 2003)



Chemical probe labeling techniques, also called semi-synthetic labeling, feature genetically
encoded peptide tags that associate with customized synthetic dyes to suit different experimental needs,
offering a powerful approach for specifically and selectively labeling proteins of interest, coupled with the
power of synthetic chemistry to limit the sites accessed by the labeling dye. The first of these used dye
labeling methods arrived in the early 2000s. Johnsson’s lab in 2003 produced the most recognized,
prominent chemical labeling-tag technology, the SNAP tag.(Keppler et al., 2003) The SNAP tag is derived
from the human DNA repair protein, O%-alkylguanine-DNA alkyltransferase (hAGT). The 20 kDa fusion tag
transfers the alkyl group on the O® position of benzyl-guanine (BG) to its reactive cysteine site, causing BG
to covalently bind to the hAGT protein.(Keppler et al., 2003) BG derivatives can be designed with different
fluorescent elements, which do not interfere with BG binding to hAGT. CLIP tag is the 33 kDa brother to
SNAP-tag; developed in 2008 from a different mutant variant of hAGT, the CLIP tag covalently reacts with
benzyl-cytosine (BC).(Gautier et al., 2008) SNAP-tag and CLIP tags can function as orthogonal partners in
the same cell, allowing for multicolor labeling and ability to detect protein-protein interactions through
cross-linking of a BG-BC substrate hybrid joined together by a fluorophore.(Gautier et al., 2008) A similar
functioning 33 kDa probe established in 2007, the Halo-tag, is a mutant form of a bacterial enzyme that
can covalently bind to the alkyl group of chloroalkynes conjugated to fluorophores.(Los and Wood, 2007)
In addition, the trimethoprim, TMP-tag, is a designed high-affinity, non-covalent interaction probe
between trimethoprim (with fluorophores attached), and the 18 kDa E. coli dihydrofolate reductase
(2005).(Jing and Cornish, 2013; Miller et al., 2005) However, a weakness of fluorophore-based synthetic
compounds is the presence of background fluorescence with dye addition, requiring the need for wash-
steps to remove unbound fluorescent dye, adding another experimental variable, while also interfering
with real-time biological measurements.

The ability to activate specific fluorescence on-demand is desirable for improving signal to
background noise, and providing more experimental design options. Fluorogenic approaches have been
developed to achieve fluorescence only upon dye-protein tag binding. Tsien’s group, who had initiated
the development of multicolored FPs, also pioneered the first fluorogenic chemical label in 1998.(Griffin
et al.,, 1998) The fluorogenic reagents use an arsenic scaffold with green fluorescein (FIAsH) or red
resorufin (ReAsh) that bind to a small tetracysteine sequence (TC) protein tag. Both FIAsH and ReAsh are
essentially non-fluorescent when associated with EDT, Bis-1,2-ethanedithiol, but after EDT is replaced by
TC binding, the TC-FIAsH or TC-ReAsh complex displays bright fluorescence.(Luedtke et al., 2007) Yet,
several pitfalls exist with FIAsH and ReASh labeling. The TC tag can only bind the reagents in a reducing
environment, and due to the reagents arsenic property, there can be nonspecific protein binding, in
addition to low signal-to-noise with weak expression of TC-tagged proteins.(Hoffmann et al., 2010)

In 2008 Fluorogen Activating Protein (FAP) technology was introduced as a new class of protein-
dye reporters, combining the selectivity of genetically encoded single chain antibody 25 kDa tag (FAP)
with specific fluorogenic dyes, which are non-fluorescent until bound to their cognate FAP.(Szent-Gyorgyi
et al., 2008a) There are several dyes available that emit in the far-red spectrum, reducing background
autofluorescence, and provide photostability for super-resolution microscopy. FAP technology will be
discussed in more detail in the following section. A year later the 14 kDa photoactive yellow protein (PYP)
tag was published after its discovery in bacteria as a blue light receptor.(Hori et al., 2009; Kort et al., 1996)



The Cys-69 residue within the PYP active center covalently binds with coumarin and cinnamic acid
thioester derivatives by transthioesterification. The PYP dyes are non-fluorescent in polar environments,
but become fluorescent within the PYPs' nonpolar active center.(Hori et al.,, 2013) With directed
evolution, PYP was later reengineered to Y-FAST (yellow fluorescence-activating and absorption shifting
tag) in 2016.(Plamont et al., 2016) This new fluorogenic tag non-covalently binds hydroxybenzylidene
rhodamine dyes of different colors. Y-FASTs binding affinity provides the option to washout dyes to turn
off fluorescence when desired.(Plamont et al., 2016) A different fluorogenic probe tactic was inspired by
the absorptive properties of vision chromophores, where cellular retinoic acid binding protein Il (CRABPII)
was investigated as a 15.6 kDa fluorogenic probe tag in 2015. The CRABPII tag is paired with a non-
fluorescent cyanine dye precursor to achieve bright, far-red emission fluorescence that is pH stable.(Yapici
et al., 2015)

Only more recently has SNAP, CLIP, Halo, and TMP tags adopted fluorogenic or activatable dye
probes.(Jing and Cornish, 2013; Leng et al., 2017; Liu et al., 2017; Prifti et al., 2014; Sun et al.) Silicon-
rhodamine (siR) dyes were created by Johnsson and colleagues as a near-infrared, cell permeable
fluorogenic probe compatible with the popular SNAP,CLIP, and Halo tags.(Lukinavicius et al., 2012) The
photostable siR substrates have proved to be invaluable for super-resolution microscopy, and there
continues to be evaluation of silicon rhodamine, rhodamine, and carbopyronine dyes for super resolution
application.(Butkevich et al., 2016; Grimm et al., 2016a) To improve spatial resolution with single molecule
microscopy in live-cells, the Lavis lab at Janelia developed a strategy to enhance the brightness of cell-
permeable fluorophores by minimal structural adjustments. They reported increased quantum yield of
tetramethylrhodamine by replacing the N,N-dialkyl groups with azetidine rings, and expanded it to several
other fluorophores: coumarin, naphthalimide, acridine, rhodol, carborhodamine, oxazine and Si-
rhodamine classes. (Grimm et al., 2015) These adjusted versatile fluorophores, known as Janelia Fluor (JF)
dyes, have also been made photoactivable, compatible with super resolution PALM microscopy and are
currently the best “light up” labels for the Halo and SNAP tag. (Grimm et al., 2016b, 2017)

There is a large, growing catalog of protein-fluorogenic labeling techniques for biologists to use;
however picking which one is best suited for individual research needs, on the small or large scale, is not
a simple choice. A single genetically encoded tag, labeled with distinct chemical dyes, can perform
different “functional” measurements. Hence, design of the right dye for the measurement, and use of
the right dye and labeling protocol, provides a new experimental avenue for specific information
collection.

There have been several recent reviews on fluorescent and fluorogenic labeling
techniques(Bruchez, 2015; Jullien and Gautier, 2015; Li et al., 2017; Rodriguez et al., 2017; Thorn, 2017;
Xu and Hu, 2018; Yan and Bruchez, 2015) (Shengnan Xu and Hai-Yu Hu, 2018; Rodriguez et al., 2017; Li et
al., 2017; Thorn, 2017; Jullien and Gautier, 2015; Qi and Bruchez, 2015; Bruchez, 2015), which describe
strengths and weaknesses of different methods. Qi and Bruchez, and more recently Xu and Hu have
already provided an extensive background and perspective of FAP technology. Here, | will be discussing
FAP labeling strategies for measuring cell surface protein trafficking adaptable for high-throughput assays.



Fluorogen Activating Protein Technology for Protein Trafficking Measurements

Important cell surface proteins, such as receptors and ion channels, are finely controlled in their
bioavailability at the cell surface, where they perform significant physiological functions and responses.
Aberrant cellular trafficking can lead to altered activity and thereby pathological disease states.
Understanding the trafficking mechanism of these crucial surface proteins is important for elucidating
function and correcting disease conditions. Studying plasma membrane (PM) protein dynamics has been
revolutionized by using fluorescence, either by labeling with fluorophore conjugated antibodies, pH
sensitive GFP tags, or use of chemical tags to specifically and quantitatively label surface proteins.
However, there is a clinical urgency for drugs to treat their associated disorders, and high-throughput drug
discovery screens have been on-going to find “hits” that have a desirable effect on a specific disease state.
Yet, due to the constraints of direct trafficking detection methods, the most common approach to
determine a target effect is through using tools to measure functional changes in protein activity. These
drug screens do not necessarily differentiate between a direct effect on protein activity or protein
trafficking. Activity is dependent on both the properties of the protein and the density of protein at the
cell surface, and being able to distinguish between activity and trafficking provides a significant
perspective of mechanistic action (Figure 1). To include this measurement in screens, detection methods
have to be readily adaptable to large scale assays, without prohibitive costs or lengthy multi-step
procedures. These requirements are met by the fluorogen activating protein platform, and strategies
have been developed for large-scale measurements of cell surface protein transit.
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Figure 1. Overall activity can be either caused by altered bioavailability or altered direct protein

activity.



Assessing protein trafficking in live cells is a core strength of FAP technology. The rapid and specific
labeling of a tagged protein of interest (POI), intracellular or surface, with far-red malachite green
derivatives creates a toolbox suitable for scalable, dynamic multi-color imaging experiments and direct
guantitative trafficking-related measurements. Over the past several years, a library of distinct fluorogenic
dye ligands has been demonstrated to bind to a common, well-folded FAP tag, the dL5** FAP. These dye
variants include variants of cell excluded and cell permeable fluorogens (Figure 2,3,4) Limiting labeling to
extracellular FAP tagged protein on the plasma membrane (PM) is advantageous for selectively observing
endocytosis and endosomal trafficking without confounding signal from intracellular POI. Still, labeling all
tagged protein (inside and out) can be a useful tactic for relating the amount of protein at the cell surface
with total amount of protein. Either a matched or a different color cell-permeable dye can be used
sequentially after surface labeling to give a surface/total POl measurement that increases overall assay
sensitivity. The fluoromodule activating system continues to gain new designer dyes, tagged-proteins,
and innovative experimental methods to improve detection of protein itineraries that can be adapted to
a high-throughput format.
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Figure 2. A Snapshot of FAP-POI labeled with cell excluded or permeable dye.



dL5** Cell Impermeable Dyes
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AM2.2 Cell Impermeable Dyes
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Figure 4. Fluorogenic dyes specific for AM2.2. Cell excluded to mammalian PM

GPCRS

GPCRS are the largest, overarching class of surface signaling protein. Their important physiological
roles make them the most heavily investigated drug targets. The surface receptors can be activated by
many different ligands, and pair to intracellular G-proteins, which relay signals and a biological effect
downstream of receptor activation.(Hill, 2006) GPCRs are generally only ligand-activated on the cell
surface, and are desensitized through their removal from the plasma membrane. After GPCR
internalization, they are either degraded or sent through the recycling endosomal network to the cell
surface. The careful regulation of GPCR traffic to and from the plasma membrane controls their activity
and overall biological role. (Hanyaloglu and Zastrow, 2008) Thus, having fluorescent labeling techniques
that can report receptor localization and trafficking is crucial for elucidating GPCR specific therapeutic
mechanisms.(Hislop and Von Zastrow, 2011) GPCRs tagged with FP at the intracellular c-terminus has
been used as a general observation technique, yet lacks the ability to determine distinct surface signal
from collective signal. (Barak et al., 1997) Cell surface receptor labeling with GPCR ligands or antibodies
conjugated with fluorophores has been a long-standing classical approach for internalization and recycling
measurements, although it is unclear whether or not antibodies or ligands remain bound downstream
after internalization.(Kumagai et al., 2015) These techniques can also entail long incubation periods and
multiple wash-steps, constraining the scale of the experiment. The extracellular n-terminus of GPCRs can
be fused with a small peptide tag if it does not interfere with activity, allowing for GPCR fusions with
different extracellular tags such as the SNAP tag, Halo tag, FAP tag, or FLAG (antibody epitope tag). As an



extracellular tag, the fluorogenic FAP complex is particularly advantageous due to its simplicity and core
strength for quick, selective cell surface protein labeling and detecting trafficking events. The
development of the FAP-GPCR platform is described below.

B2AR

A specific protein of interest in the first category has been the prototypical GPCR, beta-2-
adrenergic receptor (B2AR), which has widely been used as a foundation for understanding complex
GPCRs, and as a classic GPCR test-bed for new assays.(Saunders et al., 2012)

The FAP platform was developed by screening and selecting small scFv tags based on affinity and
activation of to two fluorogenic dyes, malachite green (MG) and sulfonated thiazole orange (TO1). The
dL5** and AM2.2 FAP tags non-covalently bind MG and TO1 dye derivatives respectively (Figure 3 and
Figure 4). FAP-dye binding suppresses some dye bond-rotations in the electronic excited state, thereby
rigidizing the chemical structure and causing fluorescence activation. The first synthesized dyes, MG-2p,
MG-11p, and TO1-2p, possess an amphiphilic diethylene glycol diamine, resulting in a +2 charge that
prevents these dyes from passively crossing the plasma membrane (PM) and entering the cell. (Szent-
Gyorgyi et al., 2008b)

The MG-11p and TO1-2p dyes were first used to create a framework to detect and quantify GPCR
internalization that could be translated to a high-throughput design.(Fisher et al., 2010; Holleran et al.,
2010) There are different FAP-B2AR labeling strategies to measure changes in cell surface density.
Fluorogen labeling can be done before agonist activation to visualize post-activation internalization, or
after surface removal to measure the loss in signal as an indicator of overall FAP-B2AR endocytosis. To
detect recycling after agonist induced internalization, agonist can be removed and dye added to quantify
any increase in cell surface signal. FAP technology was able to quantifiable and reproducibly detect
translocation of cell surface proteins using, imaging, and flow cytometry.(Holleran et al., 2010; Saunders
et al., 2012)

Another assay was designed to measure receptor desensitization and resensitization with two
different cell excluded dyes, TO1-2p-Cy5 and TO1-2p. TO1-2p has a higher binding affinity than TO1-2p-
Cy5, allowing bound fluorogen displacement by the higher affinity dye. AM2.2 FAP-B2AR was labeled on
the surface with TO1-2p-Cy5, measured as a red signal, and after agonist incubation, TO1-2p (green) was
added, without or with antagonist. Without antagonist addition, red labeled receptors are present on the
cell surface and in endosomal vesicles, and the red surface fluorescence is quickly displaced by TO1-2p
green signal, providing a measurement of overall intracellular accumulation in the red channel. With
antagonist addition, red labeled receptors are recycled to the cell surface, where the bound red fluorogen
is displaced by the second, green, dye, as a measurement of resensitization.(Fisher et al., 2014)

More recently, another cell excluded dye, MG-B-Tau, was developed that is the current go-to-
standard for labeling cell surface proteins. MG-B-Tau’s two sulfonated groups (net charge of -1) and short
hydrophilic linker make it substantially more cell impermeable than the precursor MG dye derivatives.
MG-B-Tau demonstrated proficiency to rapidly and selectively label dL5** FAP-B2AR for quantitative
trafficking using flow cytometry and microscopy.(Yan et al., 2015)



The FAP platform has grown to include ratiometric physiological pH indicator fluoromodules. A
cell impermeable tandem dye molecule, TO1-CypHer5, was designed by coupling a pH sensitive Cy5
analog with TO1. This reporter uses FRET with two separate emission channels (TO1 510ex/530em and
pH dependent FRET 510ex/680em), and functions as a ratiometric pH biosensor. TO1-Cypher5 surface
labeling was used as an approach to detect the local changes associated with AM2.2 FAP-B2AR
trafficking.(Grover et al., 2012) Recently, a new far-red, genetically Targetable, Ratiometric, Activatable
Physiological Indicator Complex (TRApHIC) was developed. The pH sensor uses FRET with one emission
channel (MG 640ex/680em and pH dependent FRET 560ex/680em), and the paradigm is pictured in Figure
5. Cy3(S/SA)-MG was shown to quantifiably monitor dL5** FAP-B2AR internalization and recycling in
response to different agonists, and demonstrated compatibility with super resolution microscopy.(Perkins
etal., 2017)
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FAP-GPCR Assay Timeline:

2010

2012

2013

2014

2015

2017

Detection and quantification of beta2AR internalization in living cells using FAP-based biosensor technology.
Fisher GW et al.

Fluorogen-Activating Proteins as Biosensors of Cell-Surface Proteins in Living Cells.
Holleran JP et al.
Fluorogen activating proteins in flow cytometry for the study of surface molecules and receptors.

Saunders MJ et al.

Inhibitors of FAP-fluorogen interaction as a multiplex assay tool compound for receptor internalization assays.
WuYetal.

Genetically encoded pH sensor for tracking surface proteins through endocytosis.
Grover Aetal.

High-throughput Flow Cytometry Compatible Biosensor Based on Fluorogen Activating Protein Technology
Saunders MJ et al.

Self-Checking Cell-Based Assays for GPCR Desensitization and Resensitization
Fisher GW et al.

Near-instant surface-selective fluorogenic protein quantification using sulfonated triarylmethane dyes and

fluorogen activating proteins.
Yan Qetal.

Genetically Targeted Ratiometric and Activated pH Indicator Complexes (TRApHIC) for Receptor Trafficking
Perkins LA et al.
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lon Channels

lon channels are responsible for the regulated and selective transport of ions across the
membrane. The critical functions of ion channels span across a range of pathologies, making them key
therapeutic targets, and the second largest class of drug targets after GPCRs.(Overington et al., 2006)
Their movements to and from the cell surface regulates their overall function, and changes in trafficking
can have drastic impacts on homeostasis. Controlled ion channel activity at the cell surface is important
for regulating heartbeat, blood pressure, muscle excitation, cell proliferation, and salt and water balance.
(Ashcroft, 2006) Thus, detecting ion channel trafficking gives important mechanistic insights and
therapeutic significance. The development of fluorescent labeling techniques caused an advent of
visualizing ion channel dynamics at the plasma membrane that allowed for complementary
measurements to biochemical assays.(Smyth and Shaw, 2008) However, designing genetically encoded
tagged ion channels is difficult due to potential interference with native channel function, which has
greatly limited the development of ion channel assays with genetic chemical labels.(Bocksteins et al.,
2012; Zheng, 2015) Given the minimal ion channel chemical labeling options, ion channel FAP-platforms
that exhibit native function represents a valuable new tool for labeling cell surface ion channels to assess
trafficking.

The ion channels that have been studied with the dL5** FAP platform are the cystic fibrosis
transmembrane conductance regulator (CFTR), the large conductance, voltage-and calcium-activated
potassium (BK) channels, and recently the y-Aminobutyric acid (GABA) type A receptors (GABAaRs). This
section is divided by channel for individual strategies to address the specific trafficking questions.

CFTR

The trafficking defective chloride channel, the mutant AF508-CFTR, fails to be exported to the cell
surface where it functions. The AF508 mutation is the most prevalent cause of Cystic Fibrosis (CF), a
genetic disease that results in mucus build-up in the lungs, causing severe breathing difficulties, chronic
bacterial lung infections, and reduced life expectancy.(Ratjen and Doring, 2003) Most CF therapies
available, only treat the symptoms, and finding therapies to treat the underlying cause of the disease has
been extremely challenging. AF508-CFTR is misfolded in the endoplasmic reticulum (ER) and flagged by
the quality control machinery and sent for proteosomal degradation.(Kopito, 1999) However, the mutant
protein can form a functional channel if delivered to the cell surface. Therapeutic screens are searching
for compounds or targets that can rescue the trafficking defective CFTR by delivering it to the PM. Most
corrector HT screens rely on functional CFTR measurements due the prohibitive costs, time, and steps
that come with quantifying CFTR at the PM in a large-scale format, usually by cellular fractionation and
western blotting. FAP technology has mitigated other labeling assay limitations by only needing a simple,
quick dye addition to label cell surface CFTR. FAP fusion AF508-CFTR has been shown to be accessible to
high-throughput assay development utilizing different measurement approaches, including imaging, flow
cytometry and multi-well fluorescent quantitation.

Holleran et al.,, developed dL5** FAP-WT CFTR and dL5** FAP-AF508-CFTR constructs and
established a novel detection platform. Initial work used MG-11p as a single, fast surface CFTR labeling
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fluorogen measurable by flow-cytometry and microscopy.(Holleran et al., 2010) The streamlined system
was validated by using corrector compounds to rescue FAP-AF508-CFTR to the cell surface.(Holleran et
al., 2012) The detection system developed was later used with high-temporal resolution microscopy to
visualize internalization and accumulation of CFTR from the PM, and demonstrated that treatment with,
C4 or C18 correctors, can redirect FAP-AF508-CFTR trafficking from a degradation route to recycling
pathway.(Holleran et al., 2013) More recently a 96-well format, HT microscopy based, no wash method
was developed as a platform for drug discovery. This platform uses MG-B-Tau to selectively label FAP-
AF508-CFTR at the PM.(Larsen et al., 2016) To improve experimental sensitivity, we have now included
the capability to measure direct CFTR traffic efficiency through measuring both cell surface protein and
total protein. A surface and total protein HT measurement assay was developed on a plate reader, but
could also be implemented using high-throughput flow-cytometry or microscopy. This assay first labels
CFTR at the cell surface with MG-B-Tau, then after measuring surface signal, a second dye that is cell
permeable is added to wells. The second dye, MGnBu, is a new MG dye derivative that has the same
brightness as MG-B-Tau allowing for quantitative collection of the combined signal of MG-B-Tau labeling
on the surface plus MGnBu intracellular labeling with the same excitation and emission wavelengths. This
FAP approach was used to investigate potential kinase targets that could enhance CFTR corrector, VX-809,
rescue of AF508-CFTR.(Perkins et al., 2018) The versatility of FAP across microscopy, plate reader, and
flow-cytometry instruments has allowed for diverse strategies of measuring CFTR trafficking and rescue
to the plasma membrane.

BK

The BK channel is expressed throughout the central nervous system (CNS), kidney, and smooth
muscle. (Wu and Marx, 2010) Reduced function in the CNS can cause epilepsy and seizures.(N’Gouemo,
2011) Changes to the density of cell surface BK channels can have significant influences on its ability to
regulate neurotransmitter release. (Faber and Sah, 2003)To investigate BK channel trafficking, the BKa
channel was tagged with dL5** FAP and surface labeled with MG-2p or all expressed FAP-BKa was labeled
with cell-permeable dye, MG-Ester. Assessing the signal of BKa at the PM in comparison to observing its
intracellular localization, showed that co-transfecting its beta-4 subunit regulated it.

s cell surface presence. This study showed that the beta-4 subunit expression plays a role in
reducing BKas PM density.(Shruti et al., 2012) Pratt et. al., created a method to quantify surface and
internal BK channel pools by using a two color dye FAP labeling system. The fluorogenic Green-Inside Red-
Outside (GIRO) labeling strategy uses MG-B-Tau in combination with a cell permeable green dye, MHN-
Ester. GIRO labeling was able to detect BKa channel surface expression dynamics. This approach
recapitulated surface and internal immunofluorescence labeling, with FAP clearly being advantageous
over immunofluorescence methods by detecting real-time changes in live cells, with labeling within
minutes.(Pratt et al., 2015) Using microscopy and flow-cytometry, the GIRO method reported BKa channel
stability, with a long cell surface half-life, and that forskolin induced activation of adenylyl cyclase reduced
BKa PM density.(Pratt et al., 2015) Recently Pratt et al., demonstrated CRISPR insertion of dL5** FAP- BKa
in mouse brain tissue, creating a novel mouse model for studying BK channels in live or fixed brain
tissue.(Pratt et al., 2017) In this project, MG-TCarb became one of the newest dye additions to the cell
excluded category. MG-TCarb utilizes a negatively charged moiety configuration to reduce background
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nuclear DNA dye binding in fixed brain tissue. The new mouse FAP platform was used to reveal BK channel
clustering with beta-4 subunit expression in the cerebellum, and shows promise for future BK channel
trafficking studies.(Pratt et al., 2017)

GABA

A new FAP tool was designed to track multistage synaptic GABA, Receptor internalization and
trafficking, extendable for future use in drug related HT screens.(Lorenz-Guertin et al., 2017) These
receptors function as ligand gated chloride channels involved in inhibitory neurotransmission in the brain.
(Luscher et al., 2011) GABA.R primarily consist of two subunits, with the y2 subunit being heavily involved
in GABA,R function-being critical for receptor synaptic targeting and cluster maintenance.(Schweizer et
al., 2003) The mechanisms of GABA.R trafficking in response to endogenous and pharmacological
molecules has not been fully investigated, which has led Lorzen-Guertin et al. to develop dL5** y2pHFAP
GABAARs as a versatile trafficking sensor. This tool has largely employed the previously described
Cy3(S/SA)-MG dye as a monitor the trafficking itinerary of y2pHFAP GABAARSs, providing vesicle-level pH
measurements. The platform has established a trafficking paradigm of GABAaRs that can be used to assess
trafficking changes caused by different agents.(Lorenz-Guertin et al., 2017)
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FAP-lon Channel Assay Timeline:

2010

2012

2013

2015

2016

2017

2018

Fluorogen-Activating Proteins as Biosensors of Cell-Surface Proteins in Living Cells.
Holleran JP et al.

The brain-specific Beta4 subunit downregulates BK channel cell surface expression.
Shruti S et al.

Pharmacological rescue of the mutant cystic fibrosis transmembrane conductance regulator (CFTR) detected by
use of a novel fluorescence platform.
Holleran JP et al.

Regulated recycling of mutant CFTR is partially restored by pharmacological treatment.
Holleran JP et al.

Fluorogenic Green-Inside Red-Outside (GIRO) Labeling Approach Reveals Adenylyl Cyclase-Dependent Control of
BKa Surface Expression.
Pratt, CP et al.

Simple image-based no-wash method for quantitative detection of surface expressed CFTR.
Larsen MB et al.

A versatile optical tool for studying synaptic GABAA receptor trafficking
Lorenz-Guertin, IM

Tagging of Endogenous BK Channels with a Fluorogen-Activating Peptide Reveals B4-Mediated Control of Channel
Clustering in Cerebellum.
Pratt CP, et al.

High-Content Surface and Total Expression siRNA Kinase Library Screen with VX-809 Treatment Reveals Kinase Targets
that Enhance F508del-CFTR Rescue.

Perkins LA, et al.
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Discussion and Future Directions

We have shown different assays and strategies for cell surface protein detection that have been
validated in several different systems and show promising use as high-throughput methods utilizing
fluorescence and various measuring instruments. Intracellular dye labeling is another component that was
discussed as a means to relate overall protein amounts with PM traffic efficiency. Recently Shiwarski et
al., introduced a dL5** FAP delta opioid receptor construct for a quick labeling scheme with cell
permeable dye MG-Ester. The assay design took advantage of the far-red properties of MG for
multicolored imaging with GFP, and worked as a simple, live cell assessment of delta opioid receptor
localization in the golgi vs cell surface. (Shiwarski et al., 2017)

We are currently expanding our protein trafficking measurement capabilities inside the cell for
detecting lysosomal protein delivery. Dysfunctional lysosomal trafficking is responsible for several
neurological diseases, and the functions of most lysosomal proteins remain unknown. (Aridor and
Hannan, 2000; Schwake et al., 2013) A FAP tool could be useful for pulse-chase lysosomal trafficking
observation and lysosomal proteolysis activity measurements. Developing a lysosomal based FAP
platform may provide a new method for therapeutic drug screens for diseases caused by aberrant
lysosomal trafficking, such as Niemann Pick C.

The non-covalent dye-binding nature of FAP technology is a feature that can allow dye exchanges,
like the AM2.2 TO1-2p and TO1-Cy5 paradigm, and could potentially permit dye washouts. The current
developed dL5** MG dyes have subnanomolar Kds, taking hours for dye dissociation. Developing new
dyes with higher Kds would be another tool for creating dynamic assays and pulse-chase labeling
strategies. The molecular biosensor imaging center (MBIC) and Bruchez group has designed and created
the current list of dyes, and recently another lab, Hu and colleagues, has started to develop several new
malachite green derivatives.(Zhang et al., 2017) The FAP toolbox is continuously growing with the
exploration of new fluorogen dyes, whether improvement on current existing dyes or creating new
biosensors, that provides new opportunities for protein labeling methods.

The FAP toolbox is expanding by improving existing dyes and modifying properties to create
biosensors and improve the arsenal for tackling the next generation of scientific problems.
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CHAPTER I
Genetically Targeted Ratiometric and Activated pH
Indicator Complexes (TRApHIC) for Receptor Trafficking
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ABSTRACT: Fluorescent protein based pH sensors are a useful tool for measuring protein trafficking
through pH changes associated with endo-and exocytosis. However, commonly used pH sensing probes
are ubiquitously expressed with their protein of interest throughout the cell, hindering the ability to focus
on specific trafficking pools of proteins. We developed a family of excitation-ratiometric, activatable pH
responsive tandem dyes, consisting of a pH sensitive Cy3 donor linked to a fluorogenic malachite green
acceptor. These cell-excluded dyes are targeted and activated upon binding to a genetically expressed
fluorogen activating protein, and are suitable for selective labeling of surface proteins for analysis of
endocytosis and recycling in live cells using both confocal and superresolution microscopy. Quantitative
profiling of the endocytosis and recycling of tagged f2-adrenergic receptor (B2AR) at a single vesicle level
revealed differences among B2AR agonists, consistent with more detailed pharmacological profiling.
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INTRODUCTION: G-protein coupled receptors (GPCRs) comprise the largest family of membrane signaling
receptors.(Pierce et al.,, 2002) These cell surface receptors play an important role in controlling
homeostasis and cellular phenotypes by relaying extracellular stimuli to intracellular downstream targets.
Defects in GPCR signaling and trafficking are associated with many human diseases, such as drug addiction
and heart disease.(Yao et al., 2003; Salazar et al., 2007) This class of receptors is the dominant class among
all drug targets.(Hopkins and Groom, 2002) The search for new GPCR drug candidates has demonstrated
that different agonists can exhibit bias towards different cell signaling pathways.(Liu et al., 2012) The
pharmaceutical significance of ligand bias has altered the methods of therapeutic screens and drug
candidate evaluation.(Kenakin and Christopoulos, 2013) GPCR desensitization through endocytosis and its
intracellular sorting, recycling, or degradation, are important mechanistic features that are associated with
GPCR signaling.(Drake et al., 2006; Hanyaloglu and Zastrow, 2008) B2AR has been extensively studied, and
is a classic test-bed for developing new procedures for drug classification, including the influence of drugs
on B2AR’s endocytic itinerary. The measurement of trafficking of GPCRs and other membrane proteins
under the influence of various chemical and biological ligands is now an area that requires robust tools to
establish quantitative trafficking phenotypes.

To tackle these challenges, fluorescent protein (FP) based sensors have been developed to study
intracellular pH changes. (Super-)ecliptic pHluorin exhibits low fluorescence signal at pH < 6 and therefore
has been widely used to investigate secretory vesicle exocytosis, internalization, and
recycling.(Miesenbock et al., 1998; Sankaranarayanan et al., 2000; Diril et al., 2006; Xu et al., 2011)
Ratiometric pHluorin produces a characteristic ratio with two excitation wavelengths and has been
employed to measure the pH of various organelles.(Bizzarri et al., 2008) An enhanced, ratiometric
pHluorin2(Mahon, 2011) was developed with increased fluorescence in acidic compartments. These
characteristics made it a useful probe to study protein dynamics in endocytosis and recycling. While
undergoing trafficking, the surface proteins are exposed to local environments with measurable pH
changes that can be used to assess trafficking pathways. As an alternative to pH sensitive GFP, a Forster
Resonant Energy Transfer (FRET)-based protein pH sensor family, pHlameleons(Esposito et al.), were
established using FRET from a pH insensitive CFP to various pH sensitive YFP variants. To further advance
multicolor imaging capabilities, a ratiometric red fluorescent protein pH sensor, pHRed, was developed,
and was shown to detect pH changes in the cytosol and mitochondria.(Tantama et al., 2011) In addition,
a pH sensitive, red fluorescent protein, pHTomtato(Li and Tsien, 2012), was engineered as a synaptic probe
to report vesicle exocytosis in tandem with a GFP based calcium indicator. Subsequently, pHuji(Shen et al.,
2014), an alternative red fluorescent protein pH sensor, with increased pH sensitivity, was demonstrated
in parallel with pHluorin to image exocytosis and endocytosis of the transferrin receptor and B2AR
simultaneously, exhibiting its utility as a second color pH probe.

A general weakness of FP based pH sensors, however, is that they label the total expressed pool
of the protein of interest. After endocytosis the internalized pH sensitive FP-tagged receptors become
indistinguishable from the resident intracellular pool of FP-tagged receptors, and contribute to
background signal from incompletely quenched FPs or previously internalized protein in various acidic
compartments. Discrimination of the surface pool from biosynthetic pools, which are also in neutral
compartments, poses a fundamental limit for many FP pH sensor tags. Although FP methods have been
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developed to distinguish surface receptor localization vs. intracellular by using a surface FRET based
assay(Drake et al., 2008), this method only provides enhanced surface measurements without
investigating individual vesicle trafficking after receptor activation.

Several non-FP methods have been developed to measure the pH of endosomal pathways and pH
alterations in compartments. Programmable pH sensitive DNA nanomachines have been used as a tool to
map endocytic pathways by tagging select trafficking proteins,(Modi et al., 2013) and cysteine cathepsin
selective cell-permeable bifunctional probes have been designed to detect specific combinations of pH
and protein activity.(Sanman et al., 2016) However, for the purpose of selectively studying GPCR trafficking
itineraries, using chemo-selective methods that selectively visualize cell surface receptors, rather than the
active site binders or ligands that bind the receptor, is necessary to achieve high-contrast labeling of the
plasma-membrane resident protein fraction, suitable for robust trafficking analysis under a variety of
manipulations.

Current pH sensitive chemo-selective labeling methods either use expressed epitope tags for
antibody binding, labeled-ligand binding, peptide tags that covalently link to modified fluorophores (such
as SNAP-tag(Mollwitz et al., 2012) and Halo tag(Los and Wood, 2007)), or coiled-coil tag probes.(B6hme
and Beck-Sickinger, 2009; Takeda et al., 2012) A recently developed red-shifted pH sensitive fluorophore
showed utility as a semisynthetic sensor platform with both SNAP-tag and protein specific antibodies,
leading to a new genetically encoded long-wavelength pH indicator and provided an option for no protein
expression modification in studying endo/exocytosis. However, the many chemo-selective methods can
involve lengthy incubation times for optimal labeling, and multiple wash steps to remove any unbound
fluorophores or ligands, which can lead to higher background signal.

Recent fluorogenic labeling applications reduced these challenges by using activatable “dark”
fluorogens or fluorophores and show promising opportunities for superresolution microscopy.(Li et al.,
2017) Development of far-red fluorogenic probes for superresolution imaging has improved the available
photostability and brightness.(Grimm et al., 2015)(Butkevich et al., 2016)

We recently demonstrated rapid labeling of fluorogen activating protein (FAP) tagged B2AR at the
cell surface using a cell-excluded fluorogenic ligand based on the far-red triarylmethane dye malachite
green (MG-B-Tau).(Yan et al., 2015) FAP technology utilizes a single chain antibody fragment that
specifically binds and activates fluorogenic dyes that are otherwise non-fluorescent.(Szent-Gyorgyi et al.,
2008) This FAP-dye labeling approach allows for high specificity, rapid dye labeling, and does not require
wash steps to remove unbound (dark) dye. While the cell-excluded fluorogenic dye, MG-B-Tau, enabled
detection of FAP-fused surface proteins, there remains a need for a robust method for dynamic imaging
of receptor trafficking and pH changes during active endocytosis and recycling.

Here we demonstrate a family of far-red, genetically targetable, ratiometric, activatable pH
indicator complexes (TRApHIC), based on a pH sensitive Cy3 indicator dye linked to the pH independent
fluorogen malachite green, bound to the dL5** FAP. In the absence of FAP binding, the MG moiety
guenches emission from the cell-excluded tandem dye, but upon binding of MG to FAP the indicator
complex is formed, displaying dual fluorescence excitation with far-red emission, and an excitation ratio
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that depends on the pH of the local environment. A family of pH sensitive Cy3 analogs provided a range
of pKa values suitable for measurement of extracellular pH changes or changes in the endocytic/recycling
pathway. The pH probe was validated in studies of endocytosis and recycling of a model GPCR, the B2-
adrenergic receptor, in both confocal and Stimulated Emission Depletion (STED)-based superresolution
imaging, confirming reported differences between agonists in induced endocytosis and revealing
differences in recycling after agonist removal.

RESULTS:

pH Sensor Development: Previously, a FAP-based TO1-cypHer5 pH sensor(Grover et al., 2012) was
established. When bound to the cognate FAP, the cell impermeable tandem dye based on thiazole orange
and cypher5 displays pH dependent FRET and an increased ratio in the acceptor to donor emission signal.
This sensor was used to study receptor trafficking endpoints and antigen transfer in dendritic cells. In this
sensor system, the acceptor shows fluorescence signal at low pH in the absence of FAP, resulting in a
modest, 10-fold fluorogenic activation upon binding and the potential for significant off-target
fluorescence due to cellular uptake into acidic compartments. TO1l-cypHer5 is an emission-based
ratiometric sensor, requiring the separation of the two emission channels during image acquisition and
careful evaluation of photobleaching of the independent channels to provide robust pH measurements.
To overcome these limitations, we developed a new tandem dye sensor using malachite green (MG) as a
fluorogenic acceptor, and a pH dependent Cy3-based donor. This sensor is a variant of our previously
demonstrated Cy3-MG tandem dyes(Yushchenko et al., 2012) employed for signal enhancement, and
establishes a genetically targetable, highly fluorogenic, excitation-based ratiometric pH reporter that
enables quantitative measurement of physiologic pH changes during endocytosis and recycling,
dynamically in living cells.
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Scheme 1. Synthesis of pH dependent cyanine-malachite green tandem dyes. Detailed synthesis and
yields are provided in the supplementary material.

A new series of unsymmetrical Cy3-based pH sensitive donors (1-3), prepared as active esters were
coupled to an amine-modified MG analog to produce a series of pH sensor tandem dyes (5-7) (Scheme 1).
In the same fashion, the pH-insensitive analog (8) was made from the potassium salt of Cy3.29, a bis-
alkylated Cy3 analog (4). Upon binding of the MG fluorogen moiety to a FAP (dL5**), the quenched tandem
dye becomes activated (Figure S1; Figure S2). In both free and FAP-bound states, the Cy3 signal is efficiently
guenched, and the excitation is transferred to the free MG, which acts as a quencher, or to the MG-FAP
fluorescent complex, which displays FRET-sensitized emission. At low pH, protonation of the indole
nitrogen of the pH sensitive Cy3 moiety extends the resonant aromatic system, increasing the donor
absorption and energy transfer signal. While detecting emission from the MG-FAP complex (680 nm), the
excitation contribution of the pH sensitive moiety (1-3) increases monotonically with respect to pH,
whereas MG direct excitation is relatively pH independent (illustrated in Figure 1a and shown in Figure
1b).
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Figure 1. TRApHIC labeling results in pKa tunable, pH responsive ratiometric probes. A. lllustration of dye
structure pH sensitivity and the excitation-based ratiometric pH response. B. Excitation spectra of
Cy3(S/S)pH-MG, Cy3(S/SA)pH-MG, and Cy3(SA/SA)pH-MG from pH 4.0 to pH 9.6, complexed with dL5**.
Emission was recorded at 710 nm in TECAN Infinite M1000 plate reader. C. Ratiometric characterization
of dyes (5-8) response to pH in vitro. The normalized ratio of the fluorescence emission of the dye-
protein complex in solution was measured using two excitation wavelengths (560 nm and 640 nm, 710
nm emission in TECAN Infinite M1000 plate reader) was plotted against the solution pH. Mean results
were fitted to a non-linear sigmoidal curve, error bars are shown as S.D. TRApHIC pKas were determined
from curve fitting. D. Live FAP-B2AR expressing HEK cells were incubated with Cy3(S/SA)pH-MG and
calibrated vs pH by nigericin/high K* clamping. Data is shown as surface object measurements (no drug
added) and vesicle object measurements (ISO induced endocytosis). The normalized ratio of the
fluorescence emission from two excitation wavelengths (560 nm and 640 nm) was plotted against the
solution pH. Mean results were fitted to a non-linear sigmoidal curve, error bars are shown as S.D. Dye
pKas were determined from curve fitting. E. Live FAP-CFTR expressing HEK cells were incubated with
each dye and the normalized ratio of the fluorescence emission from two excitation wavelengths (560
nm and 640 nm) was plotted against the solution pH. Results were fitted to a non-linear sigmoidal curve,
pKas were determined from curve fitting.
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The excitation ratio (560 nm/640 nm) of the family of dyes responds to pH changes with a
characteristic sigmoidal curve, showing a ~5-fold change in the ratio from pH 5 to pH 8 when complexed
with purified dL5** protein in solution (Figure 1c). The pK, of the mono-sulfonamide analog (Cy3pH(S/SA)-
MG (6), pKa = 7.0) is better suited for studying endocytosis and recycling than the bis-sulfonate analog
(Cy3pH(S/S)-MG (5), pKa = 7.5), which shows less response throughout the physiological range and
significant FRET at neutral pH. In addition, (6) is more useful than the bis-sulfonamide analog
(Cy3pH(SA/SA)-MG (7), pKa = 6.6), showing the greatest response at moderately acidic conditions, typically
sampled by recycling receptors. However, the bis-alkylated Cy3 donor (Cy3-MG, 8), is unresponsive to pH
changes.

All sensors tightly bind to the same FAP, providing a pH sensitive response that depends only on
the dye. These dyes do not fluoresce in the absence of FAP and are cell impermeable (Figure S3; Figure
S4). The availability of sensors with tunable pKa is useful for studying physiology in various contexts with
a common genetically encoded tag. These probes bind to dL5** with high affinity (Kqs < 10 nM), suitable
for imaging on timescales from minutes to hours, and possess similar quantum yields (Table 1).

Table 1. Dye comparisons (5-8) in the presence of dL5**, with reported % quantum yield (QY), fold
activation, Rmax/Rmin, pKa, and Kd.

Quantum Yield (%)

Dye Fold Activation Rmax/Remin pKa (nM)

pH=5 pH=8 pH=5 pH=8
Cy3(S/S)pH-MG (5) 21.2 17.4 321 116 2.6 7.5 <10
Cy3(S/SA)pH-MG (6) 21.8 13 91 122 3.9 7 <10
Cy3(SA/SA)pH-MG (7) 21.2 10.4 67 49 7.1 6.6 <10
Cy3-MG (8) 25.1 16.2 136 110 1 NA <10

Rmax/Rminis the dynamic range of the dyes. Normalized 560/640 Ratio pH 5/ Normalized 560/640 Ratio pH
8 from Figure 1c.

Cellular Calibration: To calibrate the sensor-FAP complex across physiological pH changes during receptor
trafficking, the nigericin clamping method(Thomas et al., 1979) was used in live human embryonic kidney
(HEK-293) cells stably expressing a dL5** FAP fused to the N-terminus of B2AR. The sensor (6) was first
added to these cells to label B2AR on the plasma membrane through specific interaction with the
extracellular dL5**. Cells were subsequently treated with 10 uM isoproterenol (ISO), a potent B2AR
agonist, to induce endocytosis (vesicle measurements), or left untreated (surface measurements),
followed by switching from the culture media to the nigericin calibration buffer with a high concentration
of KCI. This treatment clamps the intracellular pH to the media pH, allowing ratiometric calibration of pH
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measurements in a living cellular milieu, whether on the surface or internalized into cellular
compartments. The pH responsiveness of sensor (6) bound to dL5**-B2AR on the surface or vesicles
analyzed by confocal microscopy both show the same sigmoidal titration curve as the in vitro analysis using
dL5** complex with (6) in solution (Fig. 1d). Dyes (5-7) showed distinct vesicular calibration responses in
living HEK293 cells expressing a dL5**-CFTR(Holleran et al., 2012) construct that paralleled the pKa values
seen in the in vitro titrations, although shifted slightly lower in absolute fit pKa (Fig. 1e). The pH titrations
of the proteins in cells hence parallel the response seen free in solution, demonstrating the tuning and
cellular compatibility of this family of pH sensor dyes.

We evaluated a variety of imaging protocols to assess photobleaching during the imaging time
course, recognizing there is a tradeoff between exposure time, intracellular dynamics, experimental
duration, and ratiometric quantitation. After (6) surface labeling, B2AR endocytosis was induced with 10
UM isoproterenol (ISO) for 15 min, and then nigericin pH clamped in different pH buffers. Cells were
imaged with exposure times of 100 ms or 500 ms (Supplementary Fig. 5) for 60 frames. Objects <1 pM
diameter were identified, and quantified for excitation ratio (560 hm/640 nm) with a common emission
filter and camera settings. 60 imaging cycles with 500 ms exposure for each channel (60s total illumination)
resulted in a 10% change only at pH 5, potentially a result of the increased extinction coefficient of the
donor at low pH coupled with the longer exposure. To eliminate potential photobleaching artifacts, using
a short exposure time is preferred in live, real-time imaging > 60 frames. Although the endocytosed
vesicles are relatively immobile in the nigericin photobleaching experiments and endpoint experiment
imaging, vesicles are more mobile during real-time receptor endocytosis and recycling, which may result
in motion artifacts upon longer exposures that skews the ratio analysis without further image analysis and
correction. In super resolution STED imaging with live cells (vide infra), endpoint imaging is optimal for
reducing the total of repeated high intensity laser exposure, vesicle motion, and focal drift.

B2AR Agonist-Induced Trafficking: Upon addition of the sensor dye, cells showed strong fluorescence
staining on the plasma membrane in the 640 nm excitation channel. The surface 560/640 ratio reported
the pH as 7-8, showing pH 7.5 as the average of the fitted Gaussian peak of object ratios (Fig. 2c), consistent
with the pH of the imaging media (Opti-MEM pH 7.4). Soon after exposure to the agonists isoproterenol
(ISO) or epinephrine (EPI), endocytic vesicles started to emerge from the cell surface and move inward
(Supplementary Video 1, 2; Fig. 2 a,b I1SO and EPI). The intensity of the plasma membrane decreased
significantly and punctate vesicular structures gradually accumulated in the cytoplasm. Fluorescence
intensities of the vesicles rose rapidly in both channels, consistent with an enrichment of the receptors in
the vesicle following receptor clustering and fusion of endocytosed vesicles during vesicle trafficking. In
addition, observable pH changes accompanied the redistribution of the receptors following endocytosis.
~15 minutes into endocytosis, the majority of plasma membrane signal had dropped below the detection
threshold. At this point, most of the detected objects were receptors in vesicular compartments. After
30.5 minutes, the pH of internalized vesicles covered a broad range, but had significantly decreased to an
average of pH 6 for both ISO and EPI conditions (Fig. 2c ISO and EPI). This pH drop suggests continuous
acidification of the population of vesicles in the sustained presence of an agonist. Due to the 30 second
inter-frame interval, it was not possible to track single vesicles to assess temporal changes in pH, although
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such studies may be possible when a narrower time window is utilized for imaging. NorEPI displayed a
different endocytic behavior than ISO and EPI, with a widespread population of receptors on the plasma
membrane and a lesser amount in endocytosed vesicles by time point 30.5 min. (Supplementary Video 3;
Fig. 2 a,b,c NorEPI). Over the complete time course, ISO and EPI had a higher population % in pH < 6 than
NorEPI treated cells and the negative controls (Figure 2b). Overall, the calculated t;» median endocytotic
rate was 1SO 5.76 (+/- 0.10) min, statistically indistinguishable from EPI at 5.58 (+/- 0.08) min, and lastly
NorEPl at 11.8 (+/- 0.25) min (Table 2). The negative controls showed no signs of endocytosis with > 80%

objects at pH 7 and > 12% at pH 8, and no significant shift from initiation to 30.5 min (Supplementary
Video 4, 5; Fig. 2a,b,c ALP and DMSO).

Normalized 560/640 Ratio 2>

Normalized Nunber of Objs

NorEPI

A ALP 1

 —

0

80%

Figure 2. TRApHIC labeling highlights differences among B2AR agonists in endocytosis rates by single
vesicle measurements. A. Analysis of individual vesicles from dL5**-tagged B2AR in real time. Each point
represents a single vesicle. The normalized ratio of the emission fluorescence from the two-excitation
wavelengths (560 nm and 640 nm) of single vesicles is shown on the left Y-axis and the pH from the
single vesicle calibration on the right Y-axis. For the endocytosis experiment, either cells were dosed
with 10 uM ISO, 10 uM EPI, 300 uM NorEPI, 10 uM ALP, or 1:1000 DMSO. 1 minute after addition,
endocytosis was observed for 30.5 min with 30 sec intervals. Data includes boxplots representing 90,
75™, median, 25™, and 10" percentile. B. Heat-map and time point bins of vesicle results in A. pH bins
are listed on the left Y-axis. Over the whole imaging time period, the total % objects at different pHs are
listed on the right Y-axis. C. Histograms of time point 1 min and time 30.5 min vesicle ratios, curves are
Gaussian fitted. The average Gaussian fit of each time point was compared. (T-test two tailed) ****p <
0.0001; ***P< 0.001; **P< 0.01;*P< 0.05.No indicator P-value > 0.05
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Recycling was observed after washing out agonist and adding antagonist, Alprenolol (ALP) (10
uM), which halted residual endocytosis. At the beginning of exocytosis, ISO was visible as 2 distinct
populations, with an average of pH 6.6 and pH 5 (Supplementary Video 6; Fig. 3c I1SO). EPI had a broad
spread with an average of pH 6 (Supplementary Video 7; Fig. 3c EPI). During the recycling phase, the pH
shifted back towards baseline pH (Fig. 3a,b,c ISO and EPI). As the vesicles moved back and fused with the
plasma membrane, the plasma membrane regained its fluorescence signal and signal ratio associated with
neutral pH. However, EPI showed 2 populations, one remaining with an average of pH 6, and the other
restored to pH 7 (Fig. 3c EPI). NorEPI exhibited markedly different exocytosis behavior (Supplementary
Video 8). At the start of NorEPI exocytosis, a large population of objects was detected in the pH 7 range (a
sum of 2 Gaussian fitted curve with an average of 7.3 and 6.6) (Fig. 3c NorEPI). Over the exocytosis time
course, the more acidic population quickly returned to neutral pH 7.2.(Fig. 3b,c). The ti;, average
exocytosis rates are shown in Table 2. Throughout the exocytosis imaging period, DMSO and ALP negative
controls showed no significant change after washout and addition of ALP (Supplementary Video 9,10; Fig.
3a,b,c). The NorEPI treated cells showed significantly faster exocytosis and slower endocytosis than other
agonists, suggesting that the agonist effect of the NorEPI may result in distinct signaling pathways that
regulate internalization, intracellular signaling, and recycling.(Reiner et al., 2010)

Table 2. Endocytosis and exoctyosis t1/; rates for B2AR agonists.

t12

(Minutes)

Drug Endocytosis Exocytosis
ISO 5.76 £0.10 18.14 £ 0.32
EF 5.58 + 0.08 18.32+0.33

NorEPI 11.80+0.25 3.04+046
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Figure 3. TRApHIC labeling highlights differences among B2AR agonists in recycling rates after drug
removal and antagonist treament by single vesicle measurements. A. Analysis of individual vesicles from
dL5**-tagged B2AR in real time. Each point represents a single vesicle. The normalized ratio of the
emission fluorescence from the two-excitation wavelengths (560 nm and 640 nm) of single vesicles is
shown on the left Y-axis and the pH from the single vesicle calibration on the right Y-axis. After
endocytosis imaging, drug was washed out and 10 pM ALP was added to the cells and time lapse
imaging started again to capture the receptor recycling process. Images were acquired every 30 sec for a
duration of 30 min Data includes boxplots representing 90', 75, median, 25", and 10" percentile. B.
Heatmap and time point bins of vesicle results in A. pH bins are listed on the left Y-axis. Over the whole
imaging time period, the total % objects at different pHs are listed on the right Y-axis. C. Histograms of
time point 1 min and time 30.5 min results, curves are Gaussian fitted. The average Gaussian fit of each
time point was compared. (T-test two tailed). For results with 2 different populations for a timepoint,
One-Way ANOVA multiple comparisons test was performed. ****P < 0.0001; ***P< 0.001; **P<
0.01;*P< 0.05.No indicator P-value > 0.05
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Superresolution Ratiometric Physiological Imaging: Because the emission of the tandem dye occurs
through the MG fluorogen regardless of excitation, we thought it probable that STED could be used to
achieve superresolution pH measurements using dual excitation and a single depletion wavelength (775
nm), suitable for depletion of the MG fluorogen (Supplementary Fig. 6). Exclusively using the 775 nm
depletion laser is ideal for reducing cellular damage, autofluorescence, light scattering, and
photobleaching.(Butkevich et al., 2016) We used a commercially available Leica STED system with dual
excitation and 775 nm depletion for both excitation channels, and examined the resolution enhancement
and ratiometric properties of FAP-B2AR labeled with tandem dye (6) in living cells. Figure 4a shows a
confocal vs STED single frame image of endocytosed FAP-B2AR 20 min after dye labeling and I1SO addition.
The confocal and STED images show clear resolution differences that are more pronounced in select
endosomal line plots (Fig. 4b). The line plots of the 560 and 640 ex channels in the confocal and STED
channels show different ratiometric intensities, attributed to the differences in laser power between
microscopy methods, required for optimal image quality. Simple raw confocal and STED object 560/640
ratios were obtained and plotted against each other, showing a positive linear correlation (R? = .6),
suggesting a robust ratiometric pH sensor response for both confocal and STED modalities. (Fig. 4c)
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Figure 4. TRApHIC labeling is compatible with ratiometric STED-based superresolution imaging. A.
Confocal and STED image of Cy3(S/SA)pH-MG labeled FAP-B2AR. Scale bar 5 um. B. Line plots across
individual endosomal objects in 560 and 640 excitation channels, show pronounced resolution
enhancement under STED excitation. Scale bar 1 um. C. STED endosomal object 560/640 ratio plotted
against the confocal 560/640 ratio. The resulting ratios show a (R? = .6) positive linear correlation with
each other. (objects were collected from 3 different fields of view)

33



DISCUSSION AND FUTURE DIRECTIONS:

We devised a new approach to develop highly fluorogenic tandem dye sensors, and demonstrated the
utility of the approach using a series of tuned pH sensors to visualize for receptor trafficking. These sensor
dyes are activated on binding with high affinity to a cognate FAP, genetically fused to a target protein,
generating FRET based excitation ratiometric properties. These pH sensors are well-suited for monitoring
the pH dynamics associated with endocytosis and recycling of receptors or other cell surface proteins.
Surface exposed receptor labeling is achieved by adding the dye to the cells in media without washing,
where the cell-impermeant dye selectively labels proteins at the plasma membrane. We demonstrated
this labeling approach using agonist-mediated internalization of B2AR, providing a new approach to
studying real time trafficking of membrane proteins in living cells and demonstrating the first excitation-
ratiometric physiological indicator useful in STED microscopy. B2AR physiology

These probes are well-suited for measuring a range of pH changes in receptor trafficking, or
measuring pH changes in the extracellular and pericellular space. The dyes used as physiological indicators
in our sensor platform are chromogenic and fluorescent in low pH environments, permitting a pH sensitive
excitation channel as a result of physiological changes. It is possible that other reversible or reaction-based
indicators could also be paired with a quenching fluorogen acceptor to produce new targeted, ratiometric,
activatable physiological sensors for use in living cells. Although the pH sensitive probes demonstrated
here are cell-excluded, other sensor dyes could yield cell-permeant physiological sensors, although the
overall molecular weight may limit the ability of some sensor dyes to access intracellular targets.

METHODS:

Plasmid and Cell Line Generation: pBabe-dL5**-B2-AR was generated previously?* and plasmid is
available at Addgene (ID 101253). Stable HEK293 cells were generated by transfecting HEK293 cells with
pBabe-dL5**-B2-AR followed by drug selection (1 mg ml™tpuromycin, Invitrogen) and FACS enrichment

(Becton Dickinson FACS Vantage flow cytometer. Excitation: 633 nm; emission: 685/35 nm).

Cell Culture: HEK cells were cultured in Dulbecco's Modified Eagle Medium. Cultures were
supplied with 10% fetal bovine serum and incubated at 37 °C in 5% CO..

pH Calibration Buffer for In-vitro Measurements: In order to keep ion composition of the pH

buffers the same across the whole range of the pH that should be covered several weak acids were used.
4.8g of glacial acetic acid, 7.84 g of phosphoric acid and 4.95g of boric acid were dissolved in 150mL of DI
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water and brought up to 200 mL total making the stock acidic solution. For each pH buffer 12.5 mL of the
acidic stock was transferred to 50 mL tube titrated with 2M NaOH to the desired pH and brought to 50 mL
total.

Spectroscopic_Analysis: UV-Vis absorption: roughly 0.1 mg Cy3pH(S/SA)-MG was dissolved in

ethanol with 1% acetic acid to prevent carbinol formation of MG. The tandem dye concentration was
measured by the absorbance peak of MG at 606 nm (g = 91,600 M*cm?) in acidic ethanol using a UV-Vis
spectrophotometer (PerkinElmer).

Excitation Spectra: Dyes with 5-fold excess of dL5 were precomplexed in pH buffers from pH 5 to

pH 9 keeping sample absorption below 0.4 at main absorption peaks. Excitation scan was performed from
400 nm to 680 nm with the emission recorded at 710 nm and measured on a TECAN Infinite M1000
fluorescence plate reader.

Fluorescence Titration: Secretion and purification of soluble dL5 was as described
previously.(Wang et al., 2015) Binding affinity to soluble dL5 was measured on a TECAN Infinite M1000
fluorescence plate reader. 1 nM dL5 was mixed with varying concentrations of dye at neutral pH (7.4) in

PBS. The FAP+dye complex fluorescence was corrected by subtracting the fluorescence of a dye only
sample. The data was fitted using a binary ligand depletion equilibrium model in Prism 6.0, which reported
kD. Data points are the mean £ S.D. from triplicate measurements.

Live Cell Spinning Disk Confocal Microscopy: 500 nM Cy3pH(S/SA)-MG (6) was added to cells to
label dL5**-B2AR for 15 min. Then either 10 uM isoproterenol (ISO) (Cayman Chemicals), 10 uM
epinephrine (EPI) (Cayman Chemicals), 300 uM norepinephrine (NorEPI) (Cayman Chemicals), 10 uM

alprenolol (ALP) (Cayman Chemicals), or vehicle DMSO, was added to the cells and time lapse imaging
started 1 minute after the addition of drug. Images were acquired every 30 sec for a duration of 30.5 min.
Then drug was washed off by rinsing cells with at least 4 volumes of imaging medium, Opti-MEM
(Invitrogen). After washout, 10 uM ALP was added to the cells and time lapse imaging started again to
capture the recycling process. Images were acquired every 30 sec for a duration of 30.5 min. During
imaging, cells were cultured in Opti-MEM in Mattek dishes (MatTek Corp.) and kept in an imaging chamber
at 37 °C with 5% CO2 supply (Pathology devices). Cells were imaged on an Andor Revolution XD system
(Andor technology) with a Yokogawa CSU-X1 spinning disk confocal unit (Yokogawa Industries). Cells were
imaged with a 60x, 1.49 TIRF objective (Nikon) and excited with a 640 nm and a 560 nm laser sequentially.
Emission was collected with a 685/70 band pass for both channels. EM gain was set at 300.
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Live Cell Leica STED and Confocal Microscopy: 500 nM Cy3pH(S/SA)-MG in Opti-MEM was added
to cells to label dL5**-B2-AR for 15 min. Then 10 uM isoproterenol (ISO) (Cayman Chemicals) was added
to the cells and imaging started 20 min after addition. Imaging was done on Leica microscope with
100x/1.40 HC PL APO oil objective. Cells were excited with 561 nm and 633 nm laser excitation using a
white-light laser and the acousto-optic beam splitter respectively, while emission was detected at 660 nm

- 725 nm (gain 100, time gate of 0.5 ns- 6.5 ns). STED imaging utilized 775 nm depletion laser (power
100%) for both excitation channels. Confocal laser power: 561ex (56%), 633 ex (12%); STED laser power:
561 ex (100%), 633 ex (64%). During imaging, cells were cultured in Opti-MEM (Invitrogen) in Mattek
dishes (MatTek Corp.) and kept in an imaging chamber at 37 °C with 5% CO2 supply.

pH Calibration with Nigericin Clamping: Nigericin calibration buffers contained 140 mM KCl, 5 mM
a-D-glucose, 0.5 mM CaCl,A2H,0, 1 mM MgCl; and the pH (pH 5 to pH 8) of the mixture was adjusted
using 20 mM MES and 20 mM Tris base, where MES and Tris base were added in different ratios to generate
different pH buffers.(Chow and Hedley, 2001) Cells were treated with the calibration buffer with 10 uM
Nigericin (Sigma) for 10 min prior to imaging.

Single Object Ratio Analysis: Analysis was carried out using Imaris software. Objects were

identified with spot detection and background subtraction in the 640 nm channel. After identifying
objects, they were automatically thresholded based on the “average center intensity” in the 640 nm
channel using default settings. The resulting object’s average intensity measurements were determined in
the Cy3pH(S/SA) FRET (560 nm ex) and MG (640 nm ex) channels. For each identified object, the average
560/640 ratio was plotted vs. time after treatment for endocytosis and recycling conditions (Fig. 2a; Fig.
3a). The 75", median, and 25" percentile were calculated at every time point and median was fitted to a
sigmoidal curve to determine the ty/; values (curve not shown, all curves R?>.85). The boxplot whiskers
represent the 90" and 10™ percentile. The experimental data was also binned to .05 intervals from 0 - 1.5
(normalized 560/640 ratio) for each time point. Collectively, a heat map was generated, which displays the
consensus and what percentage of all identified objects are in a pH range (Fig. 2b; Fig. 3b). The first time
point (1 min) and last time point (30.5 min) bins for both endo- and exocytosis experiments, were plotted
as a histogram and fitted to a robust Gaussian, or sum of 2 Gaussians, curve (Fig. 2c; Fig. 3c). The histogram
fitted curves demonstrate if there was a significant population shift in pH between selected time points.
Data analysis was performed with Prism 6.0. ****P < 0.0001; ***P< 0.001; **P< 0.01;*P< 0.05.No
indicator P-value > 0.05

pH Calibration Analysis: Expressing cells were labeled with 500 nM Cy3pH(S/SA)-MG for 15 min
and then subjected to either 10 uM ISO (vesicle) for 15 min or no drug (surface). In both conditions,

nigericin clamping was done at each pH (from pH 5 to pH 8), at least 6 pairs of images (640 nm excitation
followed by 560 nm excitation, both 680 emission) were taken for the ratio analysis. Exposure time was
100 ms for both channels. Objects were combined from all the images and binned histograms representing
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the distribution of the ratio were generated by single Gaussian peak fitting. The best-fit average values
were used for plots and non-linear sigmoid fitting using Prism 6.0. Data points are the mean £ S.D. from
the fit.

Photostability Measurement: Cells were labeled with 300 nM Cy3pH(S/SA)-MG and exposed to 10
UM ISO for 15 min. Then the cells were subjected to nigericin clamping. Following Nigericin clamping, the

cells were imaged with 640 nm excitation and 560 nm excitation sequentially for 60 cycles with an
exposure time of 100 ms or 500 ms for both channels. The data is expressed as the mean + S.E.M. of 3
different fields of view.

Statistical Analysis: All statistics were performed by GraphPad Prism 6.0 and are either described

in methods or in figure legends.

Data_Availability: Synthesis and NMR of the final products is available in the supporting

information. Cy3(S/SA)pH-MG cell impermeability and specificity is shown in supporting information. All
data presented are available from the corresponding author upon request.

Supporting Information.

Dye activation with dL5 illustrated by emission spectra for dyes with or without protein (excitation at 610
nm (MG excitation) or 532 nm (Cy3 excitation) (Figure S1). Excitation spectra of dyes and their complexes
at different pH with emission collected at 690 nm (Figure S2). Cy3(S/SA)pH-MG dye is FAP specific (Figure
S3). Cy3(S/SA)pH-MG dye is cell impermeable (Figure S4)..Photobleaching analysis of Cy3(S/SA)pH-MG
when pH is clamped by nigericin (Figure S5).STED spectral depletion (Figure S6). Detailed synthesis of dyes
is in chemistry supplemental information section. B2AR agonist endocytosis and exocytosis movies (Movie
$1-S10)
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SUPPORTING INFORMATION:

Supplemental movies are available at: https://cmu.box.com/s/djsnkfmt71x502c4enpudeadw0853xpc
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Figure S1. Dye activation with dL5 illustrated by emission spectra for dyes with or without protein (excitation at
610 nm (MG excitation) or 532 nm (Cy3 excitation)). Fold activation calculated as ratio of the integral emission
at 660-700 nm range (common emission filter used for microscopy) with 610 nm excitation after correction for
the sample absorption at the excitation wavelength. Dyes with 5-fold excess of dL5 were precomplexed in a pH
5 buffer and measured on a Quantamaster monochromator fluorimeter (Photon Technology International).
Absorption of the samples was controlled to be lower than 0.1 on the excitation wavelength. The samples were
excited at 530 nm and the emission scan was from 550 nm to 750 nm. The tandem dye only sample was also
measured the same way and served as a control. D.K. and S.S. collected data

42



[
¥
c
(']
n
=

Cy3-MG

Normalized
c

-

=

Q
]
c
Q
0
o

=

Cy3pH(S/S)-MG

Normalized
c

-

(]
[¥]
c
(/]
[¥]
7]

Cy3pH(S/SA)-MG

Normalized

5

=

Cy3pH(SA/SA)-MG

Normalized
fluorescence

Figure S2. Excitation spectra of dyes and their complexes at different pH with emission collected at 690 nm.

1.2=
1.0+
0.8+
0.6+
0.4+
0.2+

0.0

pPHS5 — -dL5

1.2=
1.0+
0.8+
0.6+
0.4+
0.2+
0.0

400 500 600
Wavelength, nm

1
700

1.2m
1.0+
0.8+
0.6+
0.4+
0.2+
0.0

400 500 600
Wavelength, nm

1
700

-
N
']

1.0+

e
o
1

0.6+
0.4
0.2+

400 500 600
Wavelength, nm

1
700

0.0

-

400 500 600
Wavelength, nm

1
700

Normalized

-

Normalized

-

Normalized

I

Normalized

=

— +dL5 pH38

[}
Q
c
Q
0
<]

=

Q
]
c
Q
0

S

=

[}
o
c
[}
(¥
0
=

=

Q
]
c
Q
0
=

[e)

=

1.2=
1.0+
0.8+
0.6+
0.4+
0.2+

0.0

1.2=
1.0+
0.8+
0.6+
0.4+
0.2+
0.0

1
400 500 600 700
Wavelength, nm

1.2m
1.0+
0.8+
0.6+
0.4+
0.2+
0.0

1
400 500 600 700
Wavelength, nm

1.2m
1.0+
0.8+
0.6+
0.4+
0.2+

1
400 500 600 700
Wavelength, nm

0.0

1
400 500 600 700
Wavelength, nm

For this measurements, same samples as for the emission spectra (Supplemental figure 1) were used.
Emission was collected at 690 nm with excitation scanned from 360 to 680 nm. Samples were measured on

Quantamaster monochromator fluorimeter (Photon Technology International) with excitation correction. D.K.

and S.S collected data.
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DIC Cy3(S/SA)pH-MG FRET MG

Figure S3. Cy3(S/SA)pH-MG dye is FAP specific. 500 nM Cy3sApH in HBSS was incubated with non-FAP
expressing HEK293 cells for 15 min. Cell images were acquired on Andor revolution XD system spinning disk
with a 60x, 1.49 TIRF objective (Nikon). Cy3(S/SA)pH-MG FRET: 560ex, 685/70 em. MG: 640ex, 680/75 em.
Matched lookup tables. Scale Bar: 10 uM.

DIC mCer Cy3(S/SA)pH-MG FRET
B .
o ..

Cy3(S/SA)pH-MG
+
MG-Ester

Figure S4. Cy3(S/SA)pH-MG dye is cell impermeable. Demonstrated pH probe cell exclusion through incubating
500 nM Cy3(S/SA)pH-MG dye in DMEM with HEK293 cells expressing FAP-mCerulean (mCer) tagged
mitochondria.(Telmer et al., 2015) Top panel row is without any dye incubation, showing exclusively
mitochondrial associated mCer fluorescence. Middle panel row is after 15 min incubation with 500 nM
Cy3(S/SA)pH-MG dye, demonstrating no intracellular labeling of FAP-tagged mitochondria in either the FRET or
MG channel. After Cy3(S/SA)pH-MG imaging, 500 nM cell permeable MG-Ester' was directly added and
incubated for 15 min (last panel row). The presence of MG fluorescence and its colocalization with mCer,
indicated that MG-ester labeled FAP-mitochondia.

Cell images were acquired on Andor revolution XD system spinning disk with a 60x, 1.49 TIRF objective (Nikon).
mCer: 405 ex, 435/25 em. Cy3(S/SA)pH-MG FRET: 560ex, 685/75em. MG: 640ex, 680/75 em. Matched lookup
tables. Scale Bar: 10 pM.
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Figure S5.-Photobleaching analysis of Cy3(S/SA)pH-MG when pH is clamped by nigericin. Following
endocytosis and nigericin pH clamping, the cells were imaged for 60 cycles with an exposure time of 100 ms or
500 ms. In each cycle the sample was imaged with 640 nm and 560 nm excitation sequentially. The averaged
560/640 ratio at cycle #1, 30 and 60 was normalized to cycle #1 at pH 5 across the pH range. Data is
expressed as the mean + S.E.M of 3 different fields of view. Cell images were acquired on Andor revolution XD
system spinning disk with a 60x, 1.49 TIRF objective (Nikon). Cy3(S/SA)pH-MG FRET: 560ex, 685/75em. MG:
640ex, 680/75 em. Q.Y. collected data
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Figure S6. STED spectral depletion.

Chemistry Supplemental Information Section
Brigitte F. Schmidt designed and synthesized dyes

IH NMR spectra were recorded at 500 MHz on a Bruker Avance instrument in MeOD-ds, DMSO-ds or D20 as
the solvent. Electrospray ionization mass spectrometry (ESI-MS) experiments were conducted on a Finnigan
LCQ quadrupole ion trap mass spectrometer in positive ion mode using Xcalibur version 1.2.

Synthesis of the pH-sensitive Cy3 dyes
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1-(5-Carboxypentyl)-2-((1E,32)-3-(3,3-dimethyl-5-sulfoindolin-2-ylidene)prop-1-en-1-yl)-3,3-dimethyl-3H-
indol-1-ium-5-sulfonate (R1=OH; R>=0OH); Cy3pH (1)

2,3,3-Trimethyl-3H-indole-5-sulfonic acid (240 mg, 1 mmol) was dissolved at 60°C in 1 mL of 1 M sulfuric acid in
acidic acid. N,N’-Diphenylformamidine (590 mg, 3 mmol) dissolved in diethylene glycol dimethyl ether (diglyme)
(3 mL) was added. The reaction mixture was heated to 140°C for 2 hrs. After cooling to rt the precipitate was
filtered off. The solid was suspended in hot glacial acidic acid (10 mL) and hot filtered yielding the half dye, (E)-
3,3-dimethyl-2-(2-(phenylamino)vinyl)-3H-indol-1-ium-5-sulfonate in 95 % yield.

!H-NMR (MeOD/1 drop of NaOD): 7.69 (3H m, 1H bridge, 2H indolenine ring), 7.38 (1H,d, 2H indolenine ring),
7.30 (2H,m, phenyl ring), 7.10 (2H, m, phenyl ring), 7.0 (1H, t, phenyl ring), 5.39 (1H,d, bridge), 1.31 (6H,s,
indolenine methyl groups). ESI M* calcd. for C1sH19N203S™ monoisotope 343.11 found 343.2.

1-(6-Carboxypentyl)-2,3.3-trimethylindoleninium sulfonic acid (354 mg, 1 mmol) was added to the half-dye and
the mixture was dissolved in a 1:1 mixture of pyridine/acetic anhydride (4 mL). The reaction mixture was heated
to 90 °C under stirring for 1 hr. The reaction mixture was dropwise added to ether (20 mL). The precipitate was
dissolved in 20 % ethanol / water, adding 1N sodium hydroxide until the color changed from red to orange. The
dye was purified by MPLC on RP-18, eluent: ethanol/water/ 0.1% ammonia. ESI M* calcd. for C29H33N20sgS>"
monoisotope 601.29, found 602.3. Yield: 240 mg (40%)

IH-NMR (D-0) 8.56 (1H,dd,13.4 Hz ), 7.90 (1H,s), 7.88 (1H,dd, 8.2 Hz, 1.6 Hz), 7.86 (1H,s), 7.83 (1H, dd, 8.2
Hz, 1.6 Hz), 7.37 (1H,d, 8.2 Hz), 7.25 (1H,d, 8.2 Hz), 6.43 (1H,d, 1.4 Hz), 6.20 (1H,d, 13.4 Hz), 4.14 (2H,t, 7.6
Hz), 3.59 (12H,s), 2.31 (2H, t, 7.4 Ha), 1.81 (2H,m), 1.73 (6H, s), 1.67 (2H,m), 1.55 (6H,s), 1.45 (2H,m).

(2)-2-((E)-3-(1-(5-carboxypentyl)-3,3-dimethyl-5-sulfamoyl-3H-indol-1-ium-2-yl)allylidene)-3,3-
dimethylindoline-5-sulfonate (Ri=OH; R2=NH3); Cy3pH(S/SA) (2)

1-(6-Carboxypentyl)-2,3.3-trimethylindoleninium sulfonamide (354 mg, 1 mmol) was added to the half dye, (E)-
3,3-dimethyl-2-(2-(phenylamino)vinyl)-3H-indol-1-ium-5-sulfonate  (342mg, 1mmol) and the mixture was
dissolved in a 1:1 mixture of pyridine / acetic anhydride (4 mL). The reaction mixture was heated to 90 °C under
stirring for 1 hr. The reaction mixture was dropwise added to ether (20 mL). The precipitate was dissolved in 20
% ethanol / water, adding 1 N sodium hydroxide until the color changed from red to orange. The dye was purified
by MPLC on RP-18, eluent: ethanol/water/ 0.1% ammonia. ESI M* calcd. for C2¢ H3sN3OsS2 monoisotope 601.29,
found 602.3. Yield: 210 mg (35 %).

1H-NMR (MeOD): 8.55 (1H.t, 13.5 Hz), 7.90 (1H,d,1.6 Hz) 7.88 (1H,dd, 8.4 Hz, 1.6 Hz), 7.86 (1H,d, 1.6 Hz), 7.82
(1H,dd, 8.2 Hz, 1.6 Hz), 7.37 (1H,d, 8.4 Hz), 7.24 (1H,d, 8.2 Hz), 6,42 (1H,d, 13.5 Hz), 6.19 (1H, d, 13.5 Hz),
4.14 (2H1,7.2 Hz), 2.28 (2H, t, 7.2 Hz), 1.81 (2H, m), 1.75 (6H,s), 1.67 (2H,m), 1.55 (6H,s), 1.48 (2H,m).

6-(2-((1E,32)-3-(3,3-dimethyl-5-sulfamoylindolin-2-ylidene)prop-1-en-1-yl)-3,3-dimethyl-5-sulfamoyl-3H-
indol-1-ium-1-yl)hexanoate (R1=NH2; R2= NHz); Cy3pH(SA/SA) (3)

2,3,3-Trimethyl-3H-indole-5-sulfonamide (238 mg, 1 mmol) was dissolved at 60°C in 1 mL of 1 M sulfuric acid in
acidic acid. N,N’-Diphenylformamidine (590 mg, 3 mmol) dissolved in diethylene glycol dimethyl ether (3 mL) was
added. The reaction mixture was heated to 140°C for 2 hrs. After cooling to rt the precipitate was filtered off. The
product was precipitated from the solution by the addition of ethyl acetate (6 mL). The solid was collected and
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washed with ethyl acetate yielding the half dye in 80 % yield. ESI M* calcd. for C1sH20N302S* monoisotope 342.13,
found 342.1.

1-(6-Carboxypentyl)-2,3.3-trimethylindoleninium sulfonamide (354 mg, 1 mmol) was added and the mixture was
dissolved in a 1:1 mixture of pyridine / acetic anhydride (4 mL). The reaction mixture was heated to 90 °C under
stirring for 1 hr. The reaction mixture was dropwise added to ether (20 mL). The precipitate was dissolved in
20 % ethanol / water, adding 1 N sodium hydroxide until the color changed from red to orange. The dye was
purified by MPLC on RP-18, eluent: ethanol/water/ 0.1% ammonia. ESI M* calcd. for C20HzsN30sS2 monoisotope
601.20, found 602.3. Yield: 150 mg (25 %).

IH-NMR(MeOD 300 MHz) 8.25 (1H,dd, 14.6 Hz, 12.2 Hz), 7.89 (1H,d, 1.8 Hz), 7.88 (1H,dd, 7.3 Hz, 1.8 Hz), 7.80
(1H,dd, 8.3 Hz, 1.8 Hz), 7.77 (1H,d, 1.8 Hz), 7.51 (dd, 1H, 7.3 Hz, 1.8 Hz), 6.98 (d, 1H, 8.3 Hz), 3.83 (2H,t, 7.5
Hz), 2.19 (2H,t, 7.4 Hz), 1.75 (2H,m), 1.73 (6H,s), 1.70 (2H,m), 1.50 (2H,m), 1.47 (6H,s).
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Synthesis of the pH-sensitive Cy3*-MG tandem dyes
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Cy3pH-MG (R1=OH; R2=OH) (5)

Cy3pH in it's basic form (60 mg, 0.1 mmol) was dissolved in 1 mL of dry DMF. TSTU (36 mg, 0.1 mmol) was
added followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture turns deep yellow and back to red as the
active ester forms. After one hr at rt MG[H]-amine (40 mg, 0.1 mmol) dissolved in dry DMF (1 mL) was added
followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture was stirred at rt overnight. The reaction mixture
was precipitated by the addition of ethyl acetate (15 mL). The organic layer was decanted and the residue washed
with ethyl acetate followed by acetonitrile to remove any unreacted MG[H]-amine. The crude product was
dissolved in a mixture of acetonitrile/methanol and heated to reflux. The product was oxidized by the addition of
a hot solution of tetrachlorobenzoquinone (25mg, 0.01 mmol) in acetonitrile. The reaction mixture was refluxed
for one hour. The solvent was removed and the residue was taken up in 20 % acetonitrile/water adding 1N sodium
hydroxide until the color changed from purple to yellowish green. The mixture was separated by MPLC on RP-
18, eluent: acetonitrile /water/ 0.1% ammonia. The product fractions were collected and adjusted to pH 7 with
diluted hydrochloric acid. Yield: 45 mg (45%). ESI M* calcd. for Css HesNsOsS2 monoisotope 986.44 found 985.5.

H-NMR (DMSO-ds 500 MHz) 8.50 (1H, dd, H44), 7.86 (1H, s, H37), 7.73 (1H,s, H51), 7.67 (1H,dd, H35), 7.64
(1H,d, H53), 7.37 (1H, d, H34), 7.29 (2H,d, H20, H22), 7.28 (4H,d, H5, H7, H11, H17), 7.20 (1H,d, H54), 7.19
(2H,d, H19, H23), 7.03 (4H,d, H4, H8, H12, H16), 6.39 (1H, d, H43), 6.19 (1H, d, H45), 4.14 (2H.t, H24), 4.05
(2H.t, H32), 3.23 (1H,t, H26), 3.24 (12H,s, H1, H2, H14, H15), 2.08 (2H, t, H28), 1.87 (2H, t, H25), 1.70 (2H,m,
H31), 1.67 (6H,s, H40, H41), 1.56 (2H,m, H29), 1.46 (6H,s, H48, H49), 1.34 (2H,m, H30).

13C-NMR (DMSO-ds 125.75 MHz) 177.85 (C46), 176.34 (C9), 172.55 (C27), 175.17 (C42), 163.96 (C21), 156.73
(C3, C13), 150.20 (C44), 142.26 (C33), 142.62 (C55), 142.37 (C52,C36), 141.27 (C38), 140.49 (C5, C7, C11,
C17), 139.24 (50), 137.76 (C20, C23), 131.76 (C18), 126.62 (C35), 126.74 (C53), 126.67 (C6, C10), 120.42
(C37), 120.84 (C51), 115.45 (C19, C23), 114.07 (C4, C8, C12, C16), 111.32 (C54), 111.06 (C34), 102.93 (C43),
101.56 (C45), 66.49 (C24), 49.83 (C47), 49.63 (C39), 44.14 (C32), 40.81 (C1, C2, C14, C15), 35.72 (C28), 35.63
(C26), 29.19 (C25), 27.77 (C40, CA1), 27.46 (C31), 27.20 (C30), 26.11 (C48, C49), 25.34(C29).
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Cy3pH(S/SA)-MG (Ri=OH; R2=NH;) (6)

Cy3pH(S/SA) in it's basic form (60 mg, 0.1 mmol) was dissolved in 1 mL of dry DMF. TSTU (36 mg, 0.1 mmol)
was added followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture turns deep yellow and back to red as
the active ester forms. After one hour at rt MG[H]-amine (40 mg, 0.1 mmol) dissolved in dry DMF (1 mL) was
added followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture was stirred at rt overnight. The reaction
mixture was precipitated by the addition of ethyl acetate (15 mL). The organic layer was decanted and the residue
washed with ethyl acetate followed by acetonitrile to remove any unreacted MG[H]-amine. The crude product
was dissolved in a mixture of acetonitrile/methanol and heated to reflux. The product was oxidized by the addition
of a hot solution of tetrachlorobenzoquinone (25mg, 0.01 mmol) in acetonitrile. The reaction mixture was refluxed
for one hour. The solvent was removed and the residue was taken up in 30% acetonitrile/water adding 1N sodium
hydroxide until the color changed from purple to yellowish green. The mixture was separated by MPLC on RP-
18, eluent: acetonitrile/water/ 0.1% ammonia. The product fractions were collected and adjusted to pH 7 with
diluted hydrochloric acid. Yield: 28 mg (28%). ESI M* calcd. for Css HesNsO7S2 monoisotope 986.44 found 985.5.

IH-NMR (MeOD 500 MHz) 8.62 (1H, dd, H44), 8.09 (1H, s, H37), 8.06 (1H,dd, H35), 7.94 (1H,s, H51), 7.89
(1H,d, H53), 7.47 (1H, d, H34), 7.39 (4H,d, H5, H7, H11, H17), 7.37 (2H,d, H20, H23), 7.34 (1H,d, H54), 7.18
(2H,d, H19, H23), 7.02 (4H,d, H4, H8, H12, H16), 6.42 (1H, d, H43), 6.36 (1H, d, H45), 4.20 (2H.t, H24), 4.10
(2H.t, H32), 3.41 (1H,t, H26), 3.33 (12H,s, H1, H2, H14, H15), 2.26 (2H, t, H28), 2.03 (2H, t, H25), 1.83 (2H,m,
H31), 1.76 (6H,s, H40, H41), 1.72 (2H,m, H29), 1.58 (6H,s, H48, H49), 1.48 (2H,m, H30).

13C-NMR (MeOD 125.75 MHz) 180.51 (C46), 177.94 (C9), 174.68 (C27), 174.54 (C42), 164.22 (C21), 156.94
(C3, C13), 150.88 (C44), 146.35 (C33), 142.62 (C55), 142.37 (C52,C36), 141.42 (C38), 140.40 (C5, C7, C11,
C17), 139.7 (50), 137.45 (C20, C23), 131.80 (C18), 129.58 (C35), 126.85 (C53), 126.81 (C6, C10), 122.31 (C37),
120.56 (C51), 114.64 (C19, C23), 113.06 (C4, C8, C12, C16), 111.82 (C54), 110.65 (C34), 103.35 (C45), 102.48
(C43), 66.00 (C24), 50.30 (C47), 48.97 (C39), 43.73 (C32), 39.42 (C1, C2, C14, C15), 35.89 (C26), 35.29 (C28),
28.69 (C25), 26.82 (C40, C41), 26.58 (C31), 25.82 (C30), 25.03 (C29), 24.59 (C48, C49).

Cy3pH(SA/SA)-MG (Ri=NHz; R:=NH) (7)

Cy3pH(SA/SA) (60 mg, 0.1 mmol) was dissolved in 1 mL of dry DMF. TSTU (36 mg, 0.1 mmol) was added
followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture turns deep yellow and back to red as the active
ester forms. After one hr at rt MG[H] amine (40 mg, 0.1 mmol) dissolved in dry DMF (1 mL) was added followed
by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture was stirred at rt overnight. The reaction mixture was
precipitated by the addition of ether (15 mL). The organic layer was decanted and the residue was dissolved in
30% methanol/chloroform and purified on a short column of silica gel (eluent: methanol/chloroform). The product
fraction was collected and concentrated. The product fraction was dissolved in acetonitrile and heated to reflux.
The product was oxidized by the addition of a hot solution of tetrachlorobenzoquinone (25mg, 0.01 mmol) in
acetonitrile. The reaction mixture was refluxed for one hour. The solvent was removed and the residue was taken
up in 30 % acetonitrile/water. The mixture was separated by MPLC on RP-18, eluent: acetonitrile /water/ 0.1%
trifluoroacetic acid. Yield: 20 mg (20%). ESI M* calcd for Css He7N7OeS2 monoisotope 986.44 found 985.5.

IH-NMR (MeOD 500 MHz) 8.65 (1H, dd, H44), 8.00 (1H, s, H37), 7.95 (1H,dd, H35), 8.03 (1H,s, H51), 8.00
(1H,d, H53), 7.39 (1H, d, H34), 7.41(4H,d, H5, H7, H11, H17), 7.37 (2H,d, H20, H23), 7.51(1H,d, H54), 7.19
(2H,d, H19, H23), 7.03 (4H,d, H4, H8, H12, H16), 6.32 (1H, d, H43), 6.49(1H, d, H45), 4.20 (2H,t, H24), 4.16
(2H.t, H32), 3.41 (1H,t, H26), 3.31 (12H,s, H1, H2, H14, H15), 2.26 (2H, t, H28), 2.03 (2H, t, H25), 1.86 (2H,m,
H31), 1.79 (6H,s, H40, H41), 1.73 (2H,m, H29), 1.61 (6H,s, H48, H49), 1.48 (2H,m, H30).

13C-NMR (MeOD 125.75 MHz) 179.28 (C46), 8.04 (C9), 176.09 (C42), 174.51(C27), 164.25(C21), 156.96 (C3,
C13), 151.39 (C44), 144.72 (C55), 144.39 (C33), 142.03 (C38), 140.42 (C5, C7, C11, C17), 140.79 (50), 140.0
(C52, C36), 137.46 (C20, C23), 131.82 (C18), 127.36 (C35), 127.30 (C53), 126.84 (C6, C10), 120.73 (C37),

50



120.24 (C51), 114.63 (C19, C23), 113.04 (C4, C8, C12, C16), 111.80 (C34), 111.30 (C54), 103.31 (C45), 102.40
(C43), 66.00 (C24), 49.91 (C47), 49.54 (C39), 44.01 (C32), 39.41 (C1, C2, C14, C15), 35.90(C26), 35.28 (C28),
28.70 (C25), 26.76 (C31), 26.69 (C40, C41), 25.03 (C30), 25.87 (C29), 24.88 (C48, C49).
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Cy3.29 in its basic form (60 mg, 0.1 mmol) was dissolved in 1 mL of dry DMF. TSTU (36 mg, 0.1 mmol) was
added followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture turns deep yellow and back to red as the
active ester forms. After one hr at rt MG[H]-amine (40 mg, 0.1 mmol) dissolved in dry DMF (1 mL) was added
followed by DIEA (0.0175 ml, 0.1 mmol). The reaction mixture was stirred at rt overnight. The reaction mixture
was precipitated by the addition of ethyl acetate (15 mL). The organic layer was decanted and the residue washed
with ethyl acetate followed by acetonitrile to remove any unreacted MG[H]-amine. The crude product was
dissolved in a mixture of acetonitrile/methanol and heated to reflux. The product was oxidized by the addition of
a hot solution of tetrachlorobenzoquinone (25mg, 0.01 mmol) in acetonitrile. The reaction mixture was refluxed
for one hour. The solvent was removed and the residue was taken up in 20 % acetonitrile/water adding 1N sodium
hydroxide until the color changed from purple to yellowish green. The mixture was separated by MPLC on RP-
18, eluent: acetonitrile/water/ 0.1% ammonia. The product fractions were collected and adjusted to pH 7 with
diluted hydrochloric acid. Yield: 65 mg (64%).

ESI M calcd. for Cs7HssNsOsS22* monoisotope 507.73 found 507.83

IH NMR (500 MHz, DMSO-ds) & 8.35 (t, J = 13.4 Hz, 1H), 7.91 (t, J = 5.6 Hz, 1H), 7.82 (dd, J = 3.3, 1.6 Hz,
2H), 7.72 — 7.65 (m, 2H), 7.39 (t, J = 7.7 Hz, 2H), 7.31 (dd, J = 9.0, 3.4 Hz, 6H), 7.19 (d, J = 8.3 Hz, 2H), 7.06
(d, J = 9.0 Hz, 4H), 6.99 — 6.93 (m, OH), 6.61 (d, J = 8.8 Hz, OH), 6.58 — 6.50 (M, 2H), 4.17 (d, J = 9.8 Hz, 3H),
4.14 (d, J = 6.0 Hz, 1H), 4.09 (d, J = 8.2 Hz, 2H), 3.28 (s, 12H), 3.21 (d, J = 6.2 Hz, 2H), 2.85 (s, 1H), 2.51 (p, J
= 1.9 Hz, 6H), 2.08 (t, J = 7.2 Hz, 2H), 1.86 (p, J = 6.5 Hz, 2H), 1.75 (d, J = 12.9 Hz, 1H), 1.69 (d, J = 3.3 Hz,
11H), 1.57 (g, J = 7.5 Hz, 2H), 1.37 (d, J = 6.3 Hz, 1H), 1.32 (t, J = 7.3 Hz, 3H).
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ABSTRACT: The most promising F508del-CFTR corrector, VX-809, has been unsuccessful as an effective,
stand-alone treatment for CF patients, but the rescue effect in combination with other drugs may confer
an acceptable level of therapeutic benefit. Targeting cellular factors that modify trafficking may act to
enhance the cell surface density of F508-CFTR with VX-809 correction. Our goal is to identify druggable
kinases that enhance F508del-CFTR rescue and stabilization at the cell surface beyond that achievable
with VX-809 corrector alone. To achieve this goal, we implemented a new high-throughput screening
paradigm that quickly and quantitatively measures surface density and total protein in the same cells. This
allowed for rapid screening for increased surface targeting and proteostatic regulation. The assay utilizes
Fluorogen-Activating-Protein (FAP) technology with cell excluded and cell permeant fluorogenic dyes in a
quick, wash-free fluorescent plate reader format on live cells to first measure F508del-CFTR expressed on
the surface and then the total amount of F508del-CFTR protein present. To screen for kinase targets we
used Dharmacon’s ON-TARGETplus SMARTpool™ siRNA Kinase library (715 target kinases) with and
without 10 uM VX-809 treatment in triplicate at 37°C. We identified several targets that had a significant
interaction with VX-809 treatment in enhancing surface density with siRNA knockdown. Select small-
molecule inhibitors of the kinase targets demonstrated augmented surface expression with VX-809
treatment.
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INTRODUCTION: Cystic Fibrosis Transmembrane conductance Regulator (CFTR) is finely controlled in its
bioavailability at the apical surface of epithelial cells, where it plays a significant role as a chloride channel.
Aberrant cellular trafficking and dysfunction of CFTR in the lung leads to decreased chloride transport,
resulting in Cystic Fibrosis (CF) symptoms. These arise from a thickened mucus layer in lung epithelia,
which causes airway obstruction, inflammation, chronic infection, and severe reduction in life expectancy.
CF remains the most common fatal genetic disease among Caucasians.(Ratjen and Déring, 2003)

The disease is most frequently caused by the deletion of phenylalanine at position 508 of the CFTR
gene (F508del-CFTR). F508del-CFTR is misfolded and becomes trafficking defective, where it is largely
degraded by endoplasmic reticulum associated degradation pathways involving the proteasome.(Cheng
et al., 1990) Rescuing trafficking to increase bioavailability would help restore anion channel function,
where recovering only 30% of wild-type activity can provide a therapeutic benefit to CF patients.(Kerem,
2004) Partial rescue of F508del-CFTR trafficking to the plasma membrane (PM) has been shown with low
temperature incubation that promotes proper folding of the channel, and through small molecule
correctors, which can either act by direct participation in stabilizing CFTR conformation, or indirectly
through interactions with quality control machinery or other cellular components involved in CFTR folding
and trafficking. (Amaral and Farinha, 2013) F508del-CFTR that is rescued to the cell surface shows a
moderate functional defect due to its inherent altered protein conformation and faces significant stability
problems, where the peripheral protein quality control system redirects mutant CFTR from recycling
endosomes towards degradation.(Okiyoneda et al., 2010) Hence, rescue of CFTR to the surface, combined
with decreased degradation of rescued CFTR may present deliver improved therapeutic effects.

Identified correctors have been unsuccessful at achieving clinical relief as stand-alone treatments.
The corrector, VX-809, promotes stabilization of the disrupted F508del-CFTR conformation, but that alone
is insufficient for therapeutic effect.(Clancy et al., 2012) The combination of VX-809 and VX-770, a CFTR
potentiator that increases channel activity at the PM, has been approved as a treatment strategy
(Orkambi) for improving lung function in specific patient populations. Recently, two phase 3 clinical trials
with VX-770 in combination with a different candidate corrector,VX-661, resulted in significant
improvements in lung function.(Business Wire, 2015) However, there have been concerns regarding use
of VX-770 for treatment of F508del-CFTR mutations because it appears to accelerate F508del-CFTR
degradation from the PM after rescue with VX-809 or VX-661 correctors.(Cholon et al., 2015; Veit et al.,
2014)

Repairing trafficking, the implicit defect of F508del-CFTR, has been a difficult objective for
F508del-CFTR directed therapies. Currently, new-generation correctors, VX-152 and VX-440, are
undergoing clinical development alone and in a triple combination with VX-661/VX-770. (Business Wire,
2017) Combinations of CFTR modulators have the potential to confer an acceptable therapeutic
benefit.(Lin et al., 2010; Cholon et al., 2017) Despite VX-809’s stand-alone clinical shortcomings and low
therapeutic effect in combination with VX-770, it still remains an encouraging corrector since its discovery
in 2011. A synergy-based small molecule screen for enhancing VX-809 correction efficacy was previously
conducted to search for molecular correctors that restore F508del-CFTR structure stability that is not fully
accomplished through VX-809 interaction alone. Identifying second-generation correctors can result in
further rescue when applied with first generation correctors like VX-809.(Phuan et al.,, 2014)
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Combinational therapies that utilize different possible methods of correction, have the potential to be the
tipping point for a powerful treatment strategy for CF. Thus, identification of druggable kinase targets
that, when inhibited, enhance the rescuing effect of VX-809 could lead to improved therapeutic strategies.

In screening for F508del-CFTR correction, kinases have been investigated through drug inhibition
and RNA interference libraries.(Trzcinska-Daneluti et al., 2012;Trzcinnska-Daneluti et al., 2015) However,
such kinase centered high-throughput screens (HTS) have not been conducted in tandem with corrector
treatment. Our goal is to develop an assay to identify druggable kinases that enhance F508del-CFTR rescue
and stabilization at the cell surface beyond that achievable with VX-809 corrector alone at physiological
temperature. We developed a screening method to rapidly and simply detect surface expression and total
F508del-CFTR protein, independently assessing trafficking and proteostatic effects of each treatment.

A majority of F508del-CFTR corrector screens have been based on functional rescue. Such HTS
activity assays include the yellow fluorescent protein based halide sensor, or the use of a voltage-sensitive
membrane dye.(Pedemonte et al., 2011; Pedemonte et al., 2005; Van Goor and Straley, 2006; Trzcinska-
Daneluti et al., 2009; Trzcinska-Daneluti et al., 2012; Trzciriska-Daneluti et al., 2015) In contrast, there
have been several F508del-CFTR correction screens developed that measure rescued trafficking directly
by detecting the presence of CFTR at the plasma membrane in non-permeabilized cells using
immunodetection of epitope tags (HA and FLAG) with fluorescent antibody labeling, or quantifying
horseradish peroxidase (HRP) tagged protein for surface specific luminescence.(Carlile et al., 2007;
Botelho et al., 2015; Phuan et al., 2014) These surface-selective assays have several drawbacks, involving
multiple wash steps and lengthy incubation periods, which limits processing speed and introduces
potential variability. The HRP method allows interrogation of surface or total protein, in different assay
wells, depending on permeabilization. There is a need for single well measurements of surface and total
protein pools in a fast, no-wash whole-well format, consistent with high-throughput screening workflows.

A fluorogen-activating protein (FAP) based platform was previously introduced and validated as
an alternative method for selective and sensitive F508del-CFTR surface fluorescence
measurements.(Holleran et al., 2012a) More recently this platform was utilized for high-content imaging
of F508del-CFTR detection.(Larsen et al., 2016) Here, we extended the FAP-F508del-CFTR platform to
establish a new high-throughput screening paradigm that quickly and quantitatively measures surface
expression and total protein at 37°C in a plate reader format, enabled by new quantum-yield matched cell
permeant and cell-excluded dyes. Using this assay, we performed a siRNA screen targeting kinases to
identify kinase targets that enhanced surface trafficking, and enhanced stability of F508del-CFTR. From
these results, we identified targets that increased VX-809 mediated rescue, and several showed a
significant positive interaction with VX-809. Plate reader results were recapitulated in high-throughput
flow cytometry with individual siRNA treatments, and the influence of two identified target kinases were
validated using specific inhibitors with single cell (flow cytometry) measurements. Specific kinase
suppression resulted in significant and substantial increases in VX-809 mediated rescue at 37° C.
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RESULTS:

High-throughput assay development: FAP-CFTR platform. FAP technology is a fluorogenic labeling
approach that uses high specificity binding to activate the fluorescence of a “dark” dye molecule. The FAP
platform consists of a single chain antibody fragment, the size of GFP, fused to the protein of interest. The

dL5** FAP complex has sub-nanomolar affinity binding towards Malachite Green (MG) based fluorogens.
The fluorogenic MG analog dyes become fluorescent only once bound to the dL5**FAP, which eliminates
the need for wash steps. This tool system is dynamic due to the ability to create different compositions of
MG fluorogen analogs (Scheme 1), allowing for selective labeling of different subcellular pools of FAP
fused proteins.(Szent-Gyorgyi et al., 2008a) F508del-CFTR and WT CFTR were fused with FAP (dL5**) at
the N-terminus through an added membrane-spanning segment (PDGFR-TM, derived from pDisplay (Life
Technologies, Inc)), and were stably expressed in HEK293 cells, illustrated in Figure 1. These constructs
and cell populations have been previously established and validated.(Holleran et al., 2012b)

Cell surface protein and total protein labeling. With FAP-CFTR expressing cells, we used MG-B-
Tau, a cell excluded sulfonated MG analog, as a method to label extracellular FAP-F508del-CFTR. MG-B-
Tau has been reported previously as for its selective and rapid surface labeling.(Yan et al., 2015) After
labeling and measuring surface protein, we are able to sequentially label intracellular protein and measure
total protein in the same cells. Measuring both surface and total protein allows us to consider the %
protein present at the cell surface. For labeling intracellular protein, MG-Ester has been the standard cell
permeable dye commonly used in FAP technology.(Telmer et al., 2015) However, MG-Ester has a lower
guantum vyield in comparison to MG-B-Tau (Table 1). To achieve an accurate representation of cellular
total protein, the cell excluded dye and cell permeable dye (both 640 nm ex/ 680 nm em) must have
matched quantum yields and spectral properties. To label intracellular CFTR protein, we prepared and
validated a new dye, MGnBu (Scheme 1, Scheme 2, Supplemental Scheme 1, Supplemental Figures 1-5),
which has a similar quantum yield to MG-B-Tau. We screened various MG variants where the fluorogen
had a different functional tail distal to the fluorogenic moiety, which structural studies indicated was
oriented outside the binding cleft.(Szent-Gyorgyi et al., 2013) MGnBu, containing a butanamide linker
through conjugating a n-butylamine functional group to the carboxylic acid on the MG fluorogen, showed
a 50% increase in the quantum yield compared to MG-Ester and was identical in brightness and spectral
properties to MG-B-Tau (Table 1). In addition, the overall positive charge of MGnBu causes the fluorogen
to be cell-permeable. These properties, enhanced quantum yield and cell-permeability, make this dye an
ideal cell-permeant chase reagent, allowing initial cell surface quantitation with the cell excluded MG-B-
Tau, followed by total protein measurement by using a spectrally and quantum-yield matched cell-
permeant dye to label remaining sites. The final complete dye-protein labeled cell reports total protein
through measuring MG-B-Tau (surface) + MGnBu (inside) 680nm emission. Sequential reads are used to
establish the relative fraction of protein at the surface and within intracellular biosynthetic and endocytic
compartments. In addition, the amide moiety is less susceptible to cleavage by esterases or media
conditions, and may be useful for more reliable labeling in complex specimens or thick tissues.

In addition to spectral equivalence, MG-B-Tau and MGnBu must also have equal brightness in cellular
labeling. Their equivalent brightness permits sequential labeling with cell impermeant and cell permeant
dyes to measure surface and total protein, as qualitatively demonstrated previously with two-color

57



fluorogen labeling.(Pratt et al., 2015) Flow cytometry based fluorescence measurements with HEK293
cells expressing FAP-WT-CFTR demonstrated the identical brightness of MG-B-Tau and MGnBu, and the
comparable challenges with MG-ester. Cells were first measured for surface fluorescence by MG-B-Tau
labeling, followed by remaining protein labeling with MG-ester for MGnBu. Sequentially labeled samples
were compared to samples labeled exclusively with 500 nM MGnBu dye or 500 nM MG-Ester alone which
labeled both surface and internal pools of protein, at a brightness indicative of the cell permeant dye
(Figure 3). There was no significant difference between the two methods of measuring total protein using
MGnBuU, validating that in vivo the brightness of the two dyes are matched. However, MG-Ester showed
a significantly reduced signal relative to the combined labeling, confirming that the higher intrinsic
brightness of MG-B-Tau relative to MG-Ester compromises quantitative assessment of surface and total
pools.

A measurable and quantifiable difference in surface expression of FAP-F508del-CFTR can be obtained
using a whole-well plate-reader format assay with fluorogen detection. HEK293 cells expressing FAP-
F508del-CFTR were plated in a 96 well high optical quality ibidi plate. The following day cells were treated
with or without 10 uM VX-809 for 24 hr at 27°C or 37°C. For surface labeling, 500 nM MG-B-Tau in HBSS
was added to the cells followed immediately by fluorescence measurement on a plate reader (Figure 4).
37°C incubation with VX-809 treatment showed a small, but significant increase in fluorescence (~20%).
As previously shown, 27°C incubation with VX-809 induced a dramatic increase in surface signal.
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Scheme 1. Chemical structure of MG-B-Tau (1), MG-2p (2), MG-11p (3), MG-Ester (4), and MGnBu (5).
Scheme adapted from Qi et al., 2015. MGnBu structure provided by Matharishwan Naganbabu
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Scheme 2. Synthesis of MGnBu (5) Designed and synthesized by Matharishwan Naganbabu

Quantum Yield Kqg
Dye OF (nM)
MG-B-Tau (1) 0.19 0.54 +0.04
MG-2p (2) 0.20 0.50 +0.35
MG-11p (3) 0.08 0.11£0.02
MG-Ester (4) 0.12 0.42 £0.05
MGnBu (5) 0.20 0.40£0.35

Table 1. Dye comparisons (1-5) with reported quantum yield and Kq. 1-4 dye data adapted from Yan et
al., 2015. And (5) provided by Matharishwan Naganbabu.
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Figure 3. Cell permeable dye MGnBu is same quantum yield as the cell impermeable dye, MG-B-Tau, in
FAP-WT-CFTR cells. Fluorescence signal is normalized to surface fluorescence (MG-B-Tau labeling). Total
expression is shown in two different ways: 1) Measuring total expression through only labeling with cell
permeable dyes, MG-Ester or MGnBu. 2) Sequential labeling with first 500 nM MG-B-Tau (surface) for 15
min followed by another15 min incubation with 500 nM MGnBu or MG-Ester (intracellular). MGnBu, is
same quantum vyield as the cell impermeable dye, MG-B-Tau, at 37°C in FAP-WT-CFTR due to non-
significant differences in labeling methods, however MG-Ester shows significant differences in the
measurement of total protein. Data is expressed as the mean + S.D. (4 replicates). One-Way ANOVA with
multiple comparisons. **P< 0.01;*P< 0.05; ns >0.05.
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Figure 4. Measurable surface protein fluorescence differences with AF508-CFTR in a 96-well plate
reader format. Cells were either incubated at 37°C and 27°C, with or without 10 uM VX-809 for 24 hrs.
Fluorescence was normalized to 37°C AF508-CFTR treated with vehicle control, DMSO. Data is expressed
as the mean + S.D. of 6 replicates. One-Way ANOVA with multiple comparisons. ****pP< 0.0001;***P<
0.001; **P<0.01;*P< 0.05.

Hoechst 33342 nuclear stain was added to normalize for any potential differences in cell
confluency across wells that may arise from transfection or the action of kinases on cell proliferation.
Surface and total measurements were normalized to Hoechst stain. This high-throughput assay for
conducting fluorescence measurements is illustrated and described in Figure 2. This simple plate reader-
based, 1 hour assay, was applied as a method for quickly processing 96-well plates in a kinase knockdown
screen using an siRNA library.

Identification of kinases whose repression promotes surface expression of AF508-CFTR beyond that of
VX-809 alone: Using the high-throughput FAP based assay, we screened the Dharmacon ON-TARGETplus
SMARTpool™ siRNA Kinase library (715 target kinases) with and without 10 uM VX-809 treatment in
triplicate at 37°C to determine surface and total cellular expression of the F508del-CFTR construct. Using

this data, we identified kinase targets whose suppression results in increases of surface F508del-CFTR
above the level obtained by VX809 alone.

SiRNA screen quality assessment. The quality control (QC) of the siRNA screen was assessed
through strictly standardize mean difference (SSMD) score.(Zhang, 2011a, 2011b) This scoring method is
favorable due to its ability to report consistent quality control results with positive controls that are not
necessarily very strong. In our system, the positive control for transfection is siRNA that targets CFTR,
with success resulting in a clear reduction in total fluorescence signal measured upon addition of MGnBu.
The total amount of CFTR, however, is reduced due to the F508del mutation, and thus even with VX-809
treatment, total protein expression is low, making knockdown to background levels only a moderate
change in total fluorescence. Our QC criterion was based off of a moderate control effect, assessing the
VX-809 treated plate of a transfection pair, and using the CFTR siRNA wells as a positive control for total
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protein knockdown and scrambled NC siRNA wells as a negative control. The siRNA kinase library was
supplied in a 96-well format consisting of 9 plates total, where each library plate was utilized in true
biological triplicate assays for both treatment conditions (with DMSO and VX-809). A plate passes QC if it
has SSMD < -1 (good or excellent) quality. The QC results are presented in Figure 5, showing that all
replicates passed our QC criterion for effective transfection.

Initial hit selection. Paired SSMD and mean fold change in CFTR surface expression were used to
rank initial hits, identifying the kinase targets whose suppression increases surface expression of F508del-
CFTR. The paired SSMD score was implemented from Zhang, 2011, and is ideal for processing RNAi screens
with replicates. The SSMD score is the average log fold change penalized by variability. Similar to QC, a
threshold of SSMD = 2 (strong positive effect) was set to identify kinase target candidates whose
knockdown increased CFTR surface levels. The SSMD score vs average log fold change of each target can
be visualized in a flashlight plot (Figure 6) to show the spread of effect size and assay statistical quality.
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Figure 5. Quality assessment of transfection throughout siRNA screen. The assay quality scores for each
96-well library plate and their respective replicates. Thresholds for a moderate control: excellent: SMMD
< -2, good: -2 < SMMD < -1, inferior: -1< SMMD < -0.5, poor: SSMD>-0.5. Only one replicate of plate 9
borders between good and inferior at -1.
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Figure 6. Flashlight plot thresholds of kinase screen surface florescence change. SSMD thresholds are
set at 2 and the area below SSMD score 2 is greyed out. The negative control (non-targeted, scrambled
siRNA) in each plot is represented at 0. The line on the mean fold change axis represents the threshold
that yields a significant positive change from the neg. ctrl., the area below this threshold is greyed out.
A) VX-809 flashlight plot where interesting targets are those above the visualized thresholds set from
the VX-809 neg. ctrl. B) DMSO (vehicle treated) flashlight plot, shows that some siRNA treatments
without VX-809 treatment may increase F508del-CFTR surface expression.

VX-809 + kinase targets above the selected threshold score were ranked based on their observed average
% increase in surface expression from the VX-809 negative control. All hits that were significantly higher
than the VX-809 negative control were selected (One-Way ANOVA, P>.05). The highest scoring, significant
hits are shown in Figure 7. Surface signal of target-specific siRNA transfected cells treated with VX-809 are
shown in red, and siRNA transfected cells treated with DMSO vehicle control are shown in black. The
negative controls were treated with non-targeted, scrambled siRNA. The screen had a primary focus for
identifying VX-809 + siRNA kinase target hits that increased surface CFTR expression significantly above
VX-809 treatment alone. Any kinase target + VX-809 treatment that produced a significant interaction,
where the combination is higher than the sum of their individual treatments, are identified alongside hits
as P-value symbols in blue. We also assessed DMSO + siRNA kinase targets and classified hits compared
to the DMSO negative control. These effects were generally weaker, suggesting that many may be below
statistical significance, but targeting the FGFR4 kinase in both the VX-809 treated and DMSO-treated cell
screens showed a significant increase in surface expression. These results are represented in Figure 8,
depicting the distribution of these kinase targets.
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Figure 7. Ranked surface signal increase of identified kinase targets + VX-809 hits. SiRNA kinase targets
+ VX-809 with a score of SSMD > 2, and are significantly higher than VX-809 control (One-Way ANOVA,
P>.05), are ranked based on their average % surface increase from DMSO negative control. SIRNA targets
treated with VX-809 are shown in red, and targets treated with DMSO vehicle control are shown in black.
Kinase targets in combination with VX-809 treatment that promote surface rescue, beyond VX-809 alone
are shown with blue asterisks. Error bars are shown as mean * S.E.M. (3 replicates). Two-Way ANOVA for
enhancing interaction (blue P-values). ****P < 0.0001; ***P< 0.001; **P< 0.01;*P< 0.05.
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Figure 8. Pie-graph illustrating independent and overlapping hits. VX-809 + siRNA target hits are those
showing a strong increase in surface expression from VX-809 negative control and DMSO + siRNA target
hits are those showing a strong, significant increase in surface expression from DMSO negative control.
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Figure 9. Average % surface vs. total signal in VX-809 treated siRNA kinase target knockdown. Average
% surface and % total protein increase is normalized to F508del-CFTR DMSO negative control. Listing top
VX-809 + siRNA % surface increase hits. Targets above the greyed are those that increased the amount of
total protein expressed at the surface from DMSO negative controls. Mean values from screening (3)
replicates are plotted.

Identified targets can be further evaluated by comparing surface vs total CFTR protein in respect
to basal F508del-CFTR expression (Figure 9). The total protein measurements provide information on
overall protein expression levels in addition to showing if hits shifted distribution of protein. Overall, the
surface vs total protein plot shows a loose, positive linear trend. Targets above the diagonal may represent
kinases whose inhibition would increase surface targeting of the F508del-CFTR protein without a
concomitant increase in overall protein expression.
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Select Kinase Target Validation: Single siRNA CAMKK1 and RAF1 validation in flow cytometry. Following
the screen, the two kinases, CAMKK1 and RAF1 were selected for further validation. These targets were
chosen based upon their significant enhancement of VX-809, and the availability of specific inhibitors. We
confirmed the select kinase knock-down in the SMARTpool siRNA library by cherry picking those wells for
transfection and performing immunofluorescence (supplemental figure 6). To demonstrate agreement

with the plate reader results, which measures on a population scale, we performed confirmation
experiments on a BD Accuri flow cytometer with Intellicyt HTFC for single-cell quantitative measurements.
For flow-cytometry assays, after treatment, cells are plated on a 96-well plate and treated with 500 nM
MG-B-Tau in HBSS for 15 min before measuring.

The initial validation experiment utilized single Dharmacon ON-TARGETplus siRNA vs the
SMARTpool siRNA used in the screening process. The individual siRNA from the pools were used to
confirm the significant increase in surface expression upon siRNA knockdown of CAMKK1 and RAF1. The
SMARTpool is composed of 4 siRNAs, and the 4 individual siRNA results are shown in Figure 10, assessed
by flow cytometry. All four CAMKK1 siRNA targets and one siRNA targeting RAF1, combined with VX-809
significantly increased surface expression relative to the VX-809 scrambled siRNA control.
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Figure 10. RAF1 and CAMKK1 single siRNA validation in flow cytometry. RAF1 and CAMKK1 single
Dharmacon ON-TARGETplus siRNAs with or without VX-809 treatment. Measured surface CFTR
fluorescence with a BD Accuri flow cytometer with Intellicyt HTFC. The greyed out region represents VX-
809s average surface fluorescence. VX-809 + siRNA significance is shown from VX-809 negative control.
Data shown as mean + S.E.M (3-4 replicates). One-Way ANOVA with multiple comparison for significant
changes from VX-809 Neg. Ctrl (0 nM) (red P-values). ***P< 0.001; **P< 0.01;*P< 0.05.

CAMKK1 and RAF1 drug inhibition validation in flow cytometry: Using an independent flow cytometry
method, individual siRNAs showed agreement with screening results. Further validation was conducted
with specific kinase inhibitors (Figure 11). For these studies, we used GW 5074, a drug that acts on Raf1,
previously shown to enhance function of F508del-CFTR(Trzcinska-Daneluti et al., 2012) and STO-609 a
known selective inhibitor of CAMKK1. Kinase inhibitor experiments were carried out via flow cytometry
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(Figure 12). The flow cytometry fluorescence surface measuring assay produced confirmatory results. In
combination with VX-809, the CAMKK1 inhibitor STO-609 and RAF1 inhibitor GW 5074 both showed a
significant increase in surface signal from the VX-809 only control with a significant interaction.

NN

C2H402
TRy

o

AN

CO,H

GW 5074 STO-609
C-RAFlinhibitor CAMKK1 inhibitor

Figure 11. Chemical structures of inhibitors of two identified kinase targets, RAF1 and CAMKK1.
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Figure 12. Measuring surface fluorescence changes using select kinase drug inhibitors with plate reader
and flow cytometry method. Kinase inhibitors, GW 5074 and STO-609, with VX-809 treatment showed
increase in surface fluorescence using a BD Accuri flow cytometer with Intellicyt HTFC. VX-809 + kinase
inhibitor is shown normalized to DMSO treated control cells. The greyed out region represents VX-809s
average surface fluorescence. Each drug showed significant interaction effects. Data shown as mean *
S.E.M. (3 or more replicates). One-Way ANOVA with multiple comparison for significant changes from VX-
809 control (0 nM) (red P-values). Two-Way ANOVA used for measuring interaction. ****p< 0.0001; **P<
0.01.
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DISCUSSION: We have developed a new assay that selectively and quantitatively assesses the cell surface
expression and overall protein content of membrane proteins in the same population of cells, and applied
this assay to identify potential kinase targets that may enhance F508del- CFTR rescue to the plasma
membrane in combination with VX-809 treatment. To determine overall total protein levels, we have
introduced a new cell-permeant fluorogenic dye, MGnBu, that possesses the same quantum yield and
spectral properties as the surface labeling dye, MG-B-Tau, to determine the ratio of surface exposed
protein to total expressed protein. This assay utilizes a simple plate-reader format for accelerated screen
processing, where surface and total protein measurements are readily transitioned to other instruments,
such as flow cytometry or microscopy. The ability to readily collect complementary fluorescence
measurements across different devices while using a single established labeling approach corroborates
results readily. Through our developed screening assay, we identified several targets whose inhibition
showed increased CFTR rescue with VX-809 treatment using a SSMD scoring metric. Of these hits, we used
a Two-way ANOVA interaction test to determine targets that resulted in a significantly higher CFTR surface
localization than either siRNA or VX-809 treatment alone, or the expected sum of the treatments. Kinase
targets, CAMKK1 and RAF1, VX-809 enhancing effects were further validated using single siRNA
knockdown and kinase inhibitors, and evaluated utilizing flow cytometric measurements. We have shown
a high-throughput approach that uses both surface and total measurements that was applied to screening
potential kinase targets that show an enhancement of VX-809 F508del-CFTR rescue. This platform could
also be used for other cell surface protein trafficking related screens that require understanding the
fraction of total protein at the surface and robust measurements to assess or control for proteostatic
effects.

FUTURE DIRECTIONS: Investigating F508del-CFTR Post-Endocytotic Trafficking with VX-809 Correction.

While completing a high content screen for kinase targets that enhance VX-809s rescuing effect, we
discovered a VX-809 induced atypical internalized F508del-CFTR localization pattern by confocal imaging.
While a previous report suggested F508del-CFTR retention in early endosomal compartments with pulse-
chase labeling methods, through our constitutive labeling of PM F508del-CFTR, we propose that VX-809
correction may also promote an irregular retrograde trafficking pathway after internalization that
otherwise might have been too faint to observe by pulse-chase approaches.

WT CFTR that is endocytosed from the PM accumulates into early endosomes, where half is
recycled quickly back to the surface, and the rest collects into slower recycling compartments. At steady
state, 15-20% of CFTR is localized in these recycling compartments. From these pools, CFTR is not only
trafficked to the cell surface, but can be trafficked elsewhere inside the cell. CFTR can be sent to late
endosomes, where it can either undergo a degradation route, or trafficked to the trans-Golgi.(Farinha and
Canato)

The F508del mutation resides in the nucleotide-binding domain 1 (NBD1) of the protein, and as a
result of improper folding, the presentation of di-acidic ER exit motifs and di-arginine ER
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retention/retrieval signals are altered, causing ER retention and even retrograde trafficking of mutant
protein from the Golgi back to ER. VX-809 associates with the disrupted NBD1:CL4 interface of CFTR, aiding
in stabilizing protein conformation, reducing quality control degradation, and increasing rescue to the PM,
where F508del-CFTR remains on the surface for T, ~ 3 hours.(Chiaw et al., 2011; Veit et al., 2014)
Endocytosed VX-809 treated F508del-CFTR avoids MVB trafficking, and instead is confined into endosomal
compartments with a reported pH of 6.31.(Veit et al., 2014) Yet, VX-809 correction is still not sufficient
for fully recapitulating WT protein trafficking. While VX-809 helps stabilize protein conformation, its
mechanism of action is not well understood, and does not stabilize NBD1 in itself. VX-809 treated F50del-
CFTR may still have altered trafficking motifs, altered ER retention/exit signals, or its binding may also
influence an alternate Post-PM trafficking itinerary.

METHODS:

Materials: Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained from Hyclone (SH30022.01).
OptiMEM reduced serum with no phenol red was from Thermo Fisher Scientific (11058201). Hanks
Balanced Salt Solution (HBSS) with calcium and magnesium was from Life Technologies (14025134). High
optical quality 96 well cell culture treated plates were obtained from Ibidi (89626). Poly-L-Lysine for
coating 96 well plates was from Sigma (P4707). The ON-TARGETp/us SMARTpool™ siRNA Kinase library,
single ON-TARGETplus siRNAs (CAMKK1 and RAF1), DharmaFectl transfection reagent (T-2001-02), the
positive controls (ON-TARGET PLUS SMART POOL siRNA CFTR, L-006425-00-0005), and Negative controls
(ON-TARGET Plus Non-targeting pool, D-001810-10) were from GE Heathcare Dharmacon. The kinase
inhibitors were purchased from Cayman Chemicals and Selleck chemicals. VX-809 was purchased from
Selleck chemicals. MG dyes were synthesized at Carnegie Mellon University and Hoechst 33342 cell stain
was from Thermo Fisher Scientific.

Cell Line Generation and Cell Culture: AF508-CFTR and WT CFTR were fused with FAP (dL5**) at the N-
terminus through an added membrane-spanning segment (Figure 1). The fusion constructs were made

with a pBabeSaclac2 plasmid and expressed in HEK-293 cells for stable cell lines, described
previously.(Holleran et al., 2012b) Clonal FAP expressing cell lines were generated by BD FACS Diva
through selecting cells with the brightest fluorescence after MG-B-Tau dye surface labeling. The FAP-CFTR
AF508 cell lines were sorted with the BD FACS Diva for the enrichment of highest responders to 24 hr
treatment of 10 uM VX-809 at 27°C. The enriched population was expanded and cryopreserved for use at
the same passage for each screening experiment. HEK-293 cells were maintained in DMEM with 10% FBS,
100 units ml? penicillin, and 100 ug ml? Streptomycin in a humidified atmosphere of 5% CO, at 37°C.
Antibiotics were absent during transfection, and the 24hr incubation of VX-809/DMSO treatment. G.F.W.
maintained cell cultures
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FAP

N-Term

C-Term

Figure 1. FAP-CFTR construct. An N-terminal fusion of the dL5** fluorogen activating protein with a
PDGFR transmembrane spanning segment was used to express the FAP at the extracellular face of the

plasma membrane.
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Figure 2. Stepwise plate reader fluorescence measurements

1.

After plate treatment, the wells are aspirated.

100 pL of HBSS with Hoechst33342 (1ug/mL) are added to the wells. Immediately afterward, 50
pL of MG-B-Tau is added to the plate at a final concentration of 500 nM. The plate is scanned on
a M1000 Tecan Plate reader at 640/680 nm, 10 nm width, 250 gain, from the bottom, and 16
multiple reads of distinct areas in each well. The plate is scanned 3x.

50 pL of cell permeable dye, MGnBu, is added at a final concentration of 200 nM and incubated
for 20 min at 37°C. Then scanned used the same parameters as step 2.

After an hour incubation with Hoechst 33342 (1ug/mL), the plate is scanned at 362/492 nm, 5 nm
width, and with 150 gain.
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HTS Plate Reader Surface and Total Expression Assay: siRNA screen: HEK-293 cells expressing FAP-
F508del-CFTR were seeded at a density of 3x10* cells/well in a 96 well plate. Transfection was performed
following Dharmacon’s Library transfection protocol, using 25 nM siRNA. One-day post transfection, cells

were transferred to two poly-L-lysine coated ibidi 96 well plates at 5x10° cells/well. Two days post
transfection the media was treated with either 10 uM VX-809 or DMSO for 24 hrs. After 24 hr incubation,
cells were processed on a plate reader, described in figure 2. (Plating and transfection performed by
G.F.W., Processing on plate reader done by L.A.P.)

Kinase drug target validation: Cell were plated at 5x10° cells/well in a poly-L-lysine coated
ibidi 96 well plate and dosed with GW 5074 (RAF1) or STO-609 ( CAMKK1) kinase inhibitors and were
treated in combination with either DMSO or 10 uM VX-809 for 24 hrs. After 24 hr incubation, cells
were processed on a plate reader, described in figure 2. (Plating and dosing performed by G.F.W.,
Processing on plate reader done by L.A.P.)

Flow Cytometry: Asssessing relative brightness of MG fluorogens: FAP-WT-CFTR cells were plated in
35mm dishes and grown to 80% confluency. Cells were incubated with 500 nM MG-B-Tau, MG-Ester,
or MGnBu in PBS for 15 min, then suspended and analyzed for surface (MG-B-Tau) or total

fluorescence via BD Accuri flow cytometer. For remaining cells/PBS/MG-B-Tau mix, 500 nM MGnBu
or MG-Ester was added and incubated for 15 min to label intracellular protein, and then measured
for total protein fluorescence.

SiRNA target validation: Cells were plated at 3x10* cells/well and dosed identical to the HTS
plate reader method for siRNA screening, using single CAMKK1 and RAF1 siRNAs at 25 nM in a 96 well
plate. After VX-809 24 hr incubation, media was removed and 100 puL of cell stripper was added to
detach cells and incubated for 20 min. Cell stripper was gently removed and 150 pL of HBSS with 500
nM MG-B-Tau dye was added to suspend cells and transfer to a U-bottom 96 well plate where they
were allowed to incubate for 15 min in dye before being read on an Intellicyt HTFC BD Accuri flow
cytometer. (Plating and transfection performed by G.F.W., L.A.P. managed the Accuri)

Kinase Drug Target Validation: Cell were plated at 5x10° cells/well in a 96 well plate and dosed
with GW 5074 (RAF1) or STO-609 (CAMKK1) kinase inhibitors and were treated in combination with
either DMSO or 10 uM VX-809 for 24 hrs. After VX-809 24 hr incubation, media was removed and 100
uL of cell stripper was added to detach cells and incubated for 20 min. Cell stripper was gently
removed and 150 plL of HBSS with 500 nM MG-B-Tau dye was added to suspend cells and transfer to
a U-bottom 96 well plate where they were allowed to incubate for 15 min in dye before being read
on an Intellicyt HTFC BD Accuri flow cytometer. (Plating and dosing performed by G.F.W., L.A.P.
managed the Accuri)
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Data Analysis and Statistics: Hit scoring metrics were calculated according to established
high-throughput RNAI screening data analysis and are described in the supplemental material.

Pre-Processing Screen Data

e Normalize fluorescence to Hoechst (cell count) and transform to log scale
e Remove intra-well outlier measurements
e Average intra-well measurements

Screen Hit Scoring Metrics Using Strictly Standardized Mean Difference (SSMD)

e (Calculate SSMD based assay quality score for a moderate control

e (Calculate paired SSMD score

e Threshold paired SSMD score based on strong effect (>2)

e (Calculate average % increase in surface and total protein

e (Calculate siRNA kinase target + VX-809 hit interaction via Two-way ANOVA
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SUPPORTING INFORMATION:

Chemistry Supplemental Information Section
Synthesis and characterization of MGnBu by Matharishwan Naganbabu:

2. Ef3N, nButylamine, rt, 14 h
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Scheme 1: Protocol for the synthesis of MGnBu from a previously reported MG precursor. MG[H]ester
is first transformed to MG[H]COOH using a base, followed by the activation of terminal carboxylic
acid, using NHS, DCC, and coupling using nButylamine to obtain MGnBu.

Synthesis:

To a solution of MG[H]ester (460 mg, 1 mmol, 1 eq.) in acetonitrile (10 mL), 0.5 M sodium hydroxide
(2 mL) was added and the mixture was stirred overnight. ESI-MS of the mixture confirmed the ester
cleavage. Subsequently, the solvent was removed in vacuo and the dry, solid MG[H]COOH was
dissolved in anhydrous dichloromethane (5 mL). To this solution, NHS (127 mg, 1.1 mmol, 1.1 eq.) and
DCC (227 mg, 1.1 mmol, 1.1 eq.), were added and stirred at room temperature. After 6 hours, a
mixture of nButylamine ( 118 uL, 1.2 mmol, 1.2 eq.) and triethyl amine ( 181 uL,1.3 mmol, 1.3 eq.) was
added and stirred overnight (14 h) at room temperature. The mixture was filtered, dried, taken up in
acetonitrile and boiled. To the boiling mixture, chloranil (245 mg, 1 mmol, 1 eq. ) was added and
stirred for 15 mins. The mixture was then cooled, filtered, dried and taken up in a mixture of 30%
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acetonitrile in water (0.1 % TFA) for purification using reverse phase MPLC column. Yield: 72% (350
mg, 0.72 mmol)

H NMR (CD;0D), 500 MHz: 0.95 (t, 3H, J = 7.3 Hz), 1.37 (m, 2H), 1.49 (m, 2H), 2.16 (t, 2H, J = 6.9 Hz),
2.44 (t, 2H, ) = 7.3 Hz), 3.21 (t, 2H, J = 7.0 Hz), 3.34 (s, 12H), 4.21 (t, 2H, ) = 6.2 Hz), 7.06 (d, 4H, J = 9.3
Hz), 7.19 (d, 2H, J = 8.7 Hz), 7.39 (d, 2H, J = 8.7 Hz), 7.45 (d, 4H, J = 9.15 Hz)

13C NMR (CD;0D), 500 MHz: 12.69, 19.69, 25.03, 31.15, 31.93, 38.77, 39.40, 67.60, 113.00, 114.62,
126.92, 131.85, 137.48, 140.47, 157.01, 164.31, 178.36

ESI-MS (positive mode, MeOH): expected: 486.31 obtained: 486.2

MGnBu Photophysical properties:

*The final dye solutions for spectroscopy and biological experiments were diluted from a 1000x stock
solution in 1% acidic ethanol and prepared the same day of experiments.

Quantum yield: Quantum yield of the dyes were determined using MG2p-dL5** as a standard with a
quantum vyield of 20% in PBS 7.4. The fluorescence emission of dye-dL5** solutions containing the
same 0.D at 630 nm (Aex) in PBS 7.4 were obtained. The fluorescence spectra of the solutions were
measured and the ratio of quantum yield of standard and unknown sample is: Fx Fs = Qx Qs Where
F — fluorescence intensity, Q — quantum yield; x — sample, s — standard
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Absorbance spectra:
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Supplementary Figure 1: Absorbance spectra of MGnBu and MG2p (3 uM) in phosphate buffered
saline (PBS) pH 7.4. Each dye was normalized to the wavelength corresponding to the highest optical
density. The spectral profile of MG2p and MGnBu are similar. The extinction co-efficient of MG at 607
nm is 74,250 M-1 cm -1 in PBS 7.4.(Szent-Gyorgyi et al., 2008b)
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Supplementary Figure 2: Absorbance spectra of MGnBu and MG2p (3uM) complexed with dL5** (15
uM) in phosphate buffered saline (PBS) pH 7.4. Each dye-dL5** was normalized to the wavelength
corresponding to the highest optical density. The spectral shift of MGnBu upon binding to dL5"" is
similar as MG2p-dL5"* complex. The extinction co-efficient of MG — dL5** at 607 nm is 91,700 M-1 cm
-1in PBS 7.4.(Szent-Gyorgyi et al., 2013)
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Binding affinity (Kd measurement): Binding affinity of MgnBu was determined by titrating it against a

known concentration of dL5**. Triplicate fluorescence response was determined using a 96-well plate
on a TECAN Infinite M1000 96-well plate reader fluorimeter using ex/em of 636 nm/664 nm. Analysis
of fluorescence response was determined using a non-linear regression using One site — Total,
accounting for ligand depletion. The model, originally used for radioactivity measurements was
modified to fit fluorescence data by fixing the volume at 0.2 mL and SpecAct was set to 1.00 on
GraphPad Prism 7.0 software, and the maximum fluorescent intensity was set to 5.0, representing the
maximum concentration of complex that can be formed (based on 5 nM protein concentration). The
ligand depletion model assumes that changes in complex formation are associated with
complementary changes in free ligand and free receptor, and are a typical model for ligand-receptor
interactions when one has to work at protein concentrations that are near the Kd value. The original
formula and fitting can be found at:

http://www.graphpad.com/guides/prism/6/curve-

itting/index.htm?reg one site total depletion.htm
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Supplementary Figure 3: Kd measurement of MGnBu and MG2p using purified dL5**. 5 nM dL5**
was incubated with a serial dilution of 500 nM to 10 pM of the respective dye dissolved in phosphate
buffered saline (PBS) pH 7.4. The dye fluorescence was subtracted from the dye-dL5" complex.
MGnBu Kd (0.4 + 0.35 pM); MG-2p Kd (0.5 + 0.35 pM)
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Excitation and emission spectra
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Supplementary Figure 4: Excitation spectra was recorded using 1 uM dye and 5 uM dL5** in
phosphate buffered saline (PBS) pH 7.4. Aem was set to 700 nm. MGnBu was compared to MG-2p and
MG-B-Tau. Normalization for the respective dye-dL5** was done by setting the A of dye-dL5** with

highest fluorescence intensity to 1.0.
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Supplementary Figure 5: Emission spectra was recorded using 1 uM dye and 5 uM dL5** in phosphate
buffered saline (PBS) pH 7.4. Aex was set to 600 nm to visualize direct excitation of MG-dL5** in
MGnBu in comparison to MG-2p and MG-B-Tau.

-End of Chemistry Section-

Analysis and Statistics

Pre-processing data: All well measurements had the mean background fluorescence subtracted. The

surface CFTR fluorescence signal and total fluorescence signal were normalized to the relative
guantity of cells (Hoechst 33342 signal) per scanning point, 16 total, inside a well. All values were
then transformed to log scale to achieve a normal distribution required for the subsequent
statistical tests. For each well, the 16 intra-well values were subjected to outlier analysis using
robust Z*Score testing to identify and exclude significant anomalies within a well. These irregular
measurements could arise from technical error or small debris. The final well sample measurement
was calculated by the interquartile mean of the intra-well values.

Yi—YN(16 intra—well values)

Z*score =

(1)

MAD(16 intra—-well values)

Yi : value of point within a well
¥ : median of 16 intra-well values
MAD : median absolute deviation of all 16 intra well measurements

SiRNA screen quality assessment: The quality control (QC) of the siRNA screen was assessed through

strictly standardize mean difference (SSMD).(Xiaohua Douglas Zhang, 2011) This scoring method is
favorable due to its ability to report consistent quality control results with positive controls that
aren’t necessarily very strong. In our system, our positive control is siRNA that targets CFTR, and the
total amount of CFTR is reduced due to the F508d mutation. Even with VX-809 treatment,
knockdown effect can be moderate in terms of total protein. Our QC criterion was based off of a
moderate control effect assessing the VX-809 treated plate of a transfection pair, and using the
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CFTR siRNA wells as a positive control for total protein knockdown and scrambled NC siRNA wells as
a negative control. A plate passes QC if it has good or excellent quality.

Xp— TNy

(2)

Xp :Sample mean of positive control

Xn: Sample mean of negative control

S?p : Standard deviation of positive control
SN : Standard deviation of Negative control

Hit selection: Paired SSMD and mean fold change in CFTR surface expression were used to evaluate
hits.

*SSMD is the mean of differences (d; ) divided by the standard deviation (S;) of the differences
between an siRNA and a negative reference.(Zhang, 2011b; Zhang et al., 2007) The SSMD score
generated is the average fold change in log scale penalized by the variability of fold change on the
log scale.

ssmMp =%
S,

1

(3)

VX-809 treated plate: The median of the negative siRNA VX-809 treated NC of a plate was
subtracted from each sample of the same plate. The mean difference and standard deviation of an

siRNA was calculated from the plate replicates. To select for strong siRNA effects with VX-809, we
used a hit threshold of 2 for the kinase library screen, which used 3 replicates per siRNA. The siRNAs
that were above the threshold were ranked based on their average fold change from the median
VX-809 NC.

Vehicle (DMSO) treated plate: Without any chemical or temperature correction, there is near zero

surface fluorescence in the NC wells alone. These vehicle treated plates are more sensitive to small
increases in surface signal, which can potentially arise from media evaporation at the edges. In the
kinase library screen, the negative controls are positioned in the first column, making it important to
be able to identify and counter this potential effect. The % difference between the median of the
NC and the interquartile mean of the whole plate is determined. The interquartile mean is used only
when there is a larger than 15% difference between the surface fluorescence of the negative
controls and the interquartile mean of the plate. This large difference infers that the characteristic
NC near zero signal was likely aggravated by possible edge effects, making it important to utilize the
plate based normalization. Normalizing using most of the samples on the plate is powerful because
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there are only very few instances where siRNA treatments promotes F508del-CFTR surface
expression with DMSO alone. In addition, the large amount of samples in a plate promotes a more
accurate measurement of the baseline surface signal.

The median of the negative control siRNA or interquartile mean of a DMSO treated plate was
subtracted from each sample of the same plate. The mean difference and standard deviation of an
siRNA was calculated from the plate replicates. To identify strong siRNA effects with DMSO, we
used a hit threshold of 2 for the kinase library screen, which used 3 replicates per siRNA. The siRNAs
that were above the threshold were ranked based on their average fold change from the median
DMSO NC or plate interquartile mean. The primary purpose of the vehicle treated plate was to
establish the effect of an siRNA without VX-809 to determine the interaction significance.

Interaction testing: Interaction was assessed using a linear model that included a siRNA-drug
interaction effect. (Ye et al., 2012)

Surface Signal = siRNA(yes/no) + VX-809(yes/no) + siRNA*VX-809

(yes,yes) siRNA+VX-809
(yes,no) Vehicle siRNA
(no,yes) VX-809 NC
(no,no) Vehicle NC

A two-way, balanced (3 replicates per condition) ANOVA was performed in Graphpad prism 6 to test
for significant interaction using the log fold change from DMSO NC (NC well median or interquartile
mean of plate). Equal variance was confirmed using Levene’s test in Minitab. However, due to the
variable nature of siRNA knockdown efficiency between replicates and a bare minimum of
replicates, there were instances where replicate variance was too broad to calculate significant
interaction. To help mitigate variance between replicates in the VX-809 condition, where there is
often some variability in the VX-809 treatment itself, the overall average of VX-809 NC log fold
increase from the DMSO baseline surface expression of each transfection pair (VX-809 and DMSO
treated plate of a single replicate) was used to rescale each replicate to the overall average.

Select siRNA kinase knock-down Immunofluorescence
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SiRNA Transfection Method:

Cherry picked CAMKK1 and RAF1 siRNA from library and performed knockdown according to
Dharmacon’s Library transfection protocol, using same methods as those described in the
manuscript.

Immunofluorescence 96 well imaging format:

Adapted from BD biosciences support protocols for bioimaging in 96 well plate.

Cell culture media was removed and 100 pL of 37°C 4% PFA was added per well and incubated at
room temperature for 10 minutes. After PFA incubation, PFA was removed and wells were washed
with 100 L of PBS, followed by adding 100 uL of 0.1% Triton X-100/ 4% FBS solution to wells for 1
hour at room temperature. Permeabilization/blocking solution was removed and incubated with
either 50 pL of Anti-RAF1 (abcam ab147435) (1:200 dilution) or Anti-CAMKK (abcam ab80066) (5 pg/
mL dilution) in 4% FBS for 1 hour at room temperature. Primary antibodies were washed off 3x with
100 pL PBS. 50 pL of secondary antibody, Goat Anti Rabbit IgG Alexa Fluor 488 (abcam ab15007)
(1:500 dilution) was added to wells and incubated in dark at room temperature for 1 hour. After
incubation, wells were washed 3x with 100 pL PBS and then 200 pL of PBS containing 2 pg/mL of
Hoechst 33342 was added. Plate was imaged on Andor Revolution XD system (Andor technology)
with Yokogawa CSU-X1 spinning disk confocal unit (Yokogawa Industries). Cells were imaged with a
40x, .95 air objective (Nikon) with (488ex:525/50em) and (405ex:435/25em).
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Supplementary Figure 6. SIRNA knock-down of CAMKK1 and RAF. A) Immunofluorescence imaging.
Matched LUT between NC and + siRNA for each antibody. B) Measured mean Alexa 488 fluorescence
intensity in cell ROIs + S.D. (7 ROIs/image). ****P< 0.0001; **P< 0.01. Scale bar: 10 um. G.W.F
performed siRNA transfections. L.A.P performed immunostaining, imaging, and data analysis.
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CHAPTER IV
Lysosomal Protein FAP Construct Validation and
Application

ABSTRACT: We introduce the development of a lysosomal protein trafficking platform based on
fluorogen activating protein (FAP) technology. The proposed approach uses a lysosomal lumenal fusion
tag (FAP-LAMP1) and cell permeable MG-Coumarin FRET pH sensitive dye, BluRpH, which can detect
pulse-chase FAP-protein delivery to lysosomes and lysosomal proteolysis activity. The Bruchez lab is also
fine-tuning a novel fluorogenic dye, AMG-Ester, which only binds FAP labeled proteins in acidic
environments. The new AMG-Ester dye shows potential for specific lysosomal FAP labeling.

INTRODUCTION: Lysosomes play a critical role as the degradation center of eukaryotic cells.
Biomacromolecules fated for degradation can be delivered to the membrane-bound organelle through
multiple trafficking pathways, such as phagocytosis, endocytosis, or autophagic itineraries. The
lysosome’s acidic lumen possesses several types of proteases to break-down biological materials, which
can be then recycled for reuse. The lysosomal membrane provides a station for transmembrane proteins
that act as the central controllers. While a proportion of membrane associated proteins role still remains
unknown, they have been found to conduct the formation and maintenance of the acidic organelle, and
regulate the in and out trafficking of materials and lysosomal proteins.(Braulke and Bonifacino, 2009) In
particular, the lysosomal membrane associated protein 1 and 2 (LAMP 1, LAMP2) constitutes 50% of the
exhibited lysosomal membrane proteins.(Schoneberg et al., 1995; Schroder et al.,, 2007) Their full
responsibilities are still unclear, but have been shown to be involved in motility and autophagic fusion
events, and defective LAMP1 or LAMP2 trafficking causes autophagy disruption that is associated with
neurodegenerative diseases.(Huynh et al., 2007; Eskelinen, 2006) Aberrant lysosomal trafficking can lead
to a myriad of lysosomal storage disorders; Niemann Pick disease type C (NPC) is among the most
represented examples. NPCis caused by an autosomal recessive genetic mutation in NPC1 or NPC2 genes,
which results in NPC1 and/or NPC2 absence from the lysosome, where they function as cholesterol
transporters. Without these lysosomal proteins, cholesterol accumulates in the late endosome and
lysosomal compartments instead of being trafficked to their final destinations for cell use.(Liu et al., 2007;
Repa and Mangelsdorf, 2000) Lysosomal dysfunction causes significant impairment that can cause
devastating neurological and organ damage.(Wenger et al., 2003)

Studying the lysosomal machinery and developing new therapeutic strategies require rapid and
dynamic methods that are capable of imaging, quantifying trafficking, and assessing proteolytic changes.
Current lysosomal protein and acidic compartment labeling protocols can be time consuming, have
limited applications, and technical caveats. LAMP1 is often used as a lysosomal marker due to its large
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lysosome abundance. LAMP1 can be labeled with antibodies conjugated to fluorophores, but requires
cell fixation, permeabilization, long incubations, and wash steps. Not only do these factors reduce the
extent of the methods’ application, they make it prohibitive in terms of time and cost as a high-throughput
approach. Fluorescent protein (FP) tags attached to lysosomal proteins is a common method to visualize
lysosomes. However, a FP tagged to a protein within the acidic, proteolytic lumen, or expressed on the
lumenal domain of a lysosomal membrane protein, such as LAMP1, may be cleaved or degraded, as well
as fluorescently quenched.(Huang et al., 2014) The workaround is to either inhibit lysosomal degradation,
or to label the cytosolic side of LAMP1, hindering experimental capabilities. Another important factor to
consider is the potential impact of overexpressing FP tagged LAMP1. Promoting a large production of the
tagged protein of interest may cause additional fluorescent signal in other non-lysosomal compartments
due to increased amounts in the production and trafficking pathways, or alter organelle dynamics entirely
by overexpressed protein interactions.(Costantini and Snapp; Snapp et al., 2003) Alternatively, fluorescent
dyes can be used for marking acidic compartments, but also encounter challenges with photostability and
cytotoxicity. There are many different lysosomal dyes commercially accessible, but the most commonly
used is lysotracker.(Pryor, 2012) Lysotracker functions through a fluorophore associated with a weak base
that becomes protonated at low pH, turning on its fluorescence. Once protonated it cannot passively exit
the acidic compartment, thereby allowing specific acidic compartment signal. The dye itself exhibits rapid
photobleaching and has an alkalinizing effect, which raises the pH of lysosome and causes a decline in
fluorescence.(Pierzyriska-Mach et al., 2014) Another method utilizes fluorescent dextrans for observing
lysosomal trafficking and labeling. Dextrans are resistant to lysosomal degradation and can be conjugated
with a fluorophore that is unaffected by pH. Dextrans can also be attached to a designed pH biosensor
complex. These probes are cell impermeable, being trafficked via cell fluid-phase uptake. Loading cells
with dextrans uses a pulse-chase approach, following a pool of dextrans through endosomal trafficking
and ultimately attaining a concentrated fluorescent signal in the lysosome. While these probes are
extremely valuable in research, background signal can be high from dextran binding with glass
surfaces.(Pryor, 2012) Most semisynthetic probes do not function in low pH environments due to chemical
ligation requirements and need for nucleophilic attack in bond-forming reaction at the active site,
requiring new technical labeling developments. Fluorogen activating protein (FAP) technology presents a
new labeling scheme that uses a fluorogenic approach for labeling proteins of interest (POI). FAP is a small
antibody fragment that specifically binds to malachite green (MG) dye, and only once bound to MG, the
FAP-dye complex becomes fluorescent.(Szent-Gyorgyi et al., 2008) The specific POl labeling and capability
to utilize different types of MG derivative dyes makes this an attractive method of assessing lysosomal
protein trafficking and proteolysis activity. Here we present a new luminal-oriented lysosome
incorporated FAP-LAMP1 tag and cell permeable MG-Coumarin FRET-based pH sensitive dye, BIuRpH,
which reports delivery to late endosomes and signal decay in lysosomes by independent ratiometric
fluorescent measurements of protein-dye complex and the proximal pH. In addition, we demonstrate a
new acid-dependent fluorogenic dye for specific lysosomal FAP-protein labeling.
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RESULTS:

LAMP1 was chosen to create a new lysosomal FAP tools paradigm as LAMP1 is a traditionally used
lysosomal marker and has high lysosomal expression, and LAMP1’s cytosolic tail is necessary and sufficient
for lysosomal trafficking. (Rohrer et al., 1996; Peters et al., 1990; Obermidiller et al., 2002) Due to this
feature, the lumenal domain could be completely removed and replaced with a 26 kDa FAP tag, dL5**.
Cheryl A. Telmer developed these probes using a G4S (G4S?) glycine-serine linker, which also can reduce
the risk of tag cleavage, as 5-10 gly-ser residues are more prone to cleavage by lysosomal
proteases.(Huang et al., 2014) The construct design is shown in figure 1 and sequence information in is
the methods section.

LAMP1 FAP-LAMP1
? LUMEN ’
CYTOSOL
LUMENAL _TM TAIL FAP TM TAIL

I
N] Y

FIGURE 1. FAP-LAMP1 construct design. A) lllustration of LAMP1 construct. B) Diagram of domains. For
the generation of the FAP-LAMP1 construct, overlap PCR was used to construct the transmembrane
domain and cytoplasmic tail for Human LAMP1 (NM_005561.3). This fragment was cloned into pcDNA3.1-
kappa-myc-dL5-G4S using Agel and Xhol.(Telmer et al., 2015) Sequence information is provided in the

methods. Designed and created by Cheryl Telmer.

FAP-LAMP1 was transfected into HEK293 cells (Yi Wang and Sue Andreko) and imaged for
colocalization with other lysosomal markers to confirm its lysosomal presence. FAP-LAMP1 was labeled
with cell permeable dye MG-ester(Telmer et al., 2015), and the lysosome was labeled by either lysotracker
green or Rab7-GFP co-transfected cells. Pearson’s R coefficient was used to determine colocalization with
setting a threshold of > .4 as significant. However, imaging showed minimal observed colocalization with
either of these markers. Initial imaging was previously done by Haibing Teng and Sue Andreko (data not
shown).

LAMP1 is trafficked from the trans-golgi network (TGN) to early endosomes and then delivered to
late endosomes and lysosomes.(Cook et al., 2004) The developed FAP-LAMP uses a cytomegalovirus
(CMV) promoter for high expression, which can cause a large accumulation of signal in the biosynthetic
pathway, particularly within the TGN. To determine where FAP-LAMP1 is localized, we used
immunofluorescence with various antibodies for endosomal trafficking protein markers to identify which
compartment the construct may be localized to. Immunolabeling used rabbit primary antibodies from the
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endosomal marker antibody sampler kit from cell signaling (#12666), followed by secondary
immunofluorescent labeling with an Alexa 488 dye anti-Rabbit conjugate. The endosomal kit included:
early endosome (EEA1, clatherin, caveolin, and Rab 5), late endosome/lysosome (Rab 7), and recycling
endosomes (Rab 11). We also used antibody markers for golgi (anti-giantin was kindly provided by the
Lindstedt lab) and the endoplasmic reticulum (anti-PDI was kindly provided by the Lee lab). Figure 2.
shows the confocal images with different markers, however FAP-LAMP1 only showed a Pearson’s R
colocalization coeffecient 2 .40 with the TGN marker, not early endosomal markers or Rab11.

91



MG Alexa 488 Merge

liiil|||||||||||
EEAl
|iilii||||||||||||

MG Alexa 488 Merge
. 5
.

Figure 2. FAP-LAMP1 colocalization imaging. Rab7 marker showed low colocalization, R=.3. PDI,
EEA1, clatherin, Rab 5, Rab11 and caveolin also did not show significant colocalization. Golgi
marker, giantin, colocalized with FAP-LAMP1 labeling, R=.52. Scale bar 10 um.
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FAP-LAMP1’s strong colocalization with the golgi marker suggests that most signal resides
in its biosynthetic route, and an additional measure must be taken to achieve specific lysosomal
signal. FAP technology gives us the ability to pulse-chase label LAMP1, thereby allowing a shift in
fluorescence signal localization from the TGN to lysosome, as the labeled pool of protein is
delivered to its final destination. LAMP1 traffics to the lysosome with a reported half-life of less
than 1 hour.(Cook et al., 2004) We measured 1 and 4 hour time points after an initial 5 min
labeling with MG-ester with washout, described in Figure 3a. Colocalization increased (R >.40)
with Rab7, and continued to show colocalization with giantin until 4 hours post labeling, R=.28
(Figure 3b).
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Figure 3. Pearson’s coefficient of Rab 7 or Giantin colocalization with FAP-LAMP1 over pulse-chase
time period of 1-4 hours. 1 and 4 hours results are average with S.D. error bars.

While we found increased lysosomal associated signal with pulse-chase labeling, signal had appeared to
diminish over time (Figure 4a.). The decrease in signal led us to suspect that the FAP-dye complex was
being degraded upon delivery into the lysosome lumen. Inhibition of lysosomal activity with 100 uM
chloroquine addition for a 12 hour incubation preserved MG-ester signal (Figure 4b).
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Figure 4. Showing the steps of 200 nM MG-Ester “pulse-chase” labeled FAP-LAMP1 and signal changes A)
No lysosomal inhibition.

l. 200 nM MG-Ester dye addition, 5 minute incubation.

Il. Dye washout.

Il “Pulse-Chase” imaging period. 0 Hr, 2 Hr, and 12 Hr timepoints.
B) Lysosomal Inhibition

l. Pre-treatment with 100 nuM chloroquine Dye washout.

. 200 nM MG-Ester dye addition, 5 minute incubation.

Il Dye washout.

V. “Pulse-Chase” imaging period showing 12 Hr timepoint. In presence of chloroquine.
Scale bar: 20 um

To determine if observed FAP-LAMP1 signal was lysosomal, cells were treated with 100 uM
chloroquine for 24 hrs and then labeled with MG-ester for 5 min then washed out. Fixation and Rab7
immunostaining immediately followed after time point 0, and 1.5 hours (Figure 5 a,b). Colocalization was
observed for both time points, suggesting that inhibiting lysosomal degradation for a prior amount of time
may be sufficient for effective lysosomal labeling.
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Figure 5. FAP-LAMP1 colocalization with Rab 7.

A) No “Pulse-Chase”, immediate fixation after dye washout
I Pre-treatment with 100 uM chloroquine 24 Hr
. 200 nM MG-Ester dye addition, 5 minute incubation.
Il Dye washout.
V. Fixation and Rab7 Immunostaining, following by confocal imaging for FAP-LAMP1
colocalization
Graph on right shows 0 hr correlation coefficient. 0 hr R=.43. Data shown as average + S.D.

B) No “Pulse-Chase”, immediate fixation after dye washout
l. Pre-treatment with 100 uM chloroquine 24 Hr
1. 200 nM MG-Ester dye addition, 5 minute incubation.
M. Dye washout.
IV. “Pulse-Chase” 1.5 hr in prescence of chloroquine.
V. Fixation and Rab7 Immunostaining, following by confocal imaging for FAP-LAMP1
colocalization

Graph on right shows 0 hr correlation coefficient. 0 hr R=.59. Data shown as average + S.D.

We observed a reproducible linear loss in fluorescence signal over time with FAP-LAMP1
trafficking from the TGN to the lysosome. This phenomenon was turned into a feature by measuring
signal over time as an indicator of productive LAMP-1 trafficking, or lysosomal activity. This approach
could be used as a unique advantage, as FP tags cannot be pulse-chase labeled.
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This study describes the development of a new method using pulse chase FAP labeling with a cell-
permeant pH sensitive fluorogenic “BluRpH” dye, developed by Matharishwan Naganbabu. The BluRpH
dye contains a pH sensitive coumarin donor (Figure 7a highlighted in blue) that acts as an energy transfer
donor to malachite green (MG) (Figure 7a highlighted in pink), with a pKa of 6.28. The MG conjugated, pH
sensitive 6-chloro-7-hydroxycoumarin-3-carboxylic acid (405 nm excitation) is cell-permeable and
transfers energy to malachite green’s 2ndary excitation band (482 nm) and emits at 680 nm. In contrast
to the previously reported TRAPHIC dyes, for this BIuRpH complx, lower pH will decrease the FRET
channel’s signal. Figure 6 provides the excitation spectra for the BluRpH-dL5 complex, which has been
adapted from Matharishwan Naganbabu'’s thesis. Further in vitro details, such as synthesis and chemical
properties can be requested (manuscript in preparation). Figure 7. Describes the methods used for
measuring FAP-LAMP1 trafficking over time in different conditions. Figure 8b is a simple illustration of the
LAMP1 trafficking pathway. BluRpH pulse-chase labeled FAP-LAMP1 signal changes depending on
different conditions. Figure 8c,d shows FAP-LAMP1 trafficking with the anticipated fluorescent signal in
the 405 ex pH sensitive coumarin FRET channel, and the 640 ex MG channel. Baseline trafficking shows a
linear decline in fluorescence in both channels, presumably a result of FAP-degradation in the lysosome
lumen. However, with 24 hr 100 uM chloroquine inhibition, there is no decline in either channel signal,
due to chloroquine raising pH, and thereby halting lysosomal proteases. The last condition, 21 uM
Leupeptin treatment for 4 hours, inhibits lysosomal activity, but preserves the lysosome’s acidic pH. With
leupeptin, MG signal should remain stable over time, while 405-680 FRET channel signal should reduce
over time, reflecting lysosomal acidification and delivery of FAP-LAMP1-BluRpH complex into acidic
lysosomes. The conditions in Figure 8 were performed with live FAP-LAMP1 expressing HEK293 cell with
confocal microscopy over time as described in Figure 7, and preliminary results are shown in Figure 9.
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Figure 6. Steady-state fluorescence excitation spectra of BluRpH. Measurements were made using 1 uM
dye and 5 puM FAP (dL5**) with a set emission wavelength of 700 nm. Collected by Matharishwan
Naganbabu.
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Figure 7. BIuRpH labeled FAP-LAMP1 HEK293 signal over time in different conditions. A) Anticipated
changes in FRET and MG signal over overtime in each condition. B) Pictorial display of lysosomal activity
and pH. C) Description of methods in each condition.

Baseline:

l. 500 nM BIuRpH dye addition, 30 minute incubation.

Il. Dye washout.

Il “Pulse-Chase” imaging period. 10 min timepoints for 80 minutes.
Chloroquine

l. 100 uM chloroquine treatment for 24 hours.

Il. 500 nM BIuRpH dye addition, 30 minute incubation.

Il Dye washout.

V. “Pulse-Chase” imaging period in presence of chloroquine. 10 min timepoints for 80 minutes.
Leupeptin

l. 21 uM Leupeptin treatment for 4 hours.

Il. 500 nM BIuRpH dye addition, 30 minute incubation.

M. Dye washout.

V. “Pulse-Chase” imaging period in presence of leupeptin. 10 min timepoints for 80 minutes.
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Figure 8. BluRpH and FAP-LAMP1 complex trafficking. A) BluRpH dye uses a pH sensitive coumarin donor
(highlighted in blue) that acts as an energy transfer donor to MG (highlighted in pink), resulting in a cell-
permeable, ratiometric pH sensor fluorogen. pH sensitive FRET channel: 405 ex/ 680 em. MG channel:
640 ex/ 680 em. B) LAMP1 trafficking itinerary. C) FAP-LAMP1 trafficking with anticipated fluorescence in
the 405 ex pH sensitive coumarin FRET channel, and the 640 ex MG channel in different conditions,
baseline, 24 hr 100 uM Chloroquine, and 4 hr 21 uM Leupeptin. D) Example FRET (blue) and MG (pink)
signal over time in each condition.
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Figure 9. BIuRpH labeled FAP-LAMP1 HEK293 signal over time with lysosomal inhibition. A) % initial
fluorescence intensity in 405-690 pH sensitive FRET channel and 640-680 MG channel over time in
different conditions (Baseline, 24 hr 100 uM Chloroquine, and 4 hr 21 uM Leupeptin B) ratiometric pH
associated measurement over time. Determined ratio by dividing 405 coumarin FRET signal by 640 MG.
Data is presented as average and error bars at S.E.M.
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Figure 10. BIuRpH pH calibration. A) In vitro excitation titration of BluRpH-dL5** in different pH buffers.
B) In vitro ratio of 406 nm/640 nm plotted against pH. C) in vivo ratio 405/640 nm plotted against pH. A,B
figures adapted from Matharishwan Naganbabu thesis.

Figure 9a results are similar to what was proposed in Figure 8d. Baseline shows a strong linear
decrease in fluorescence in both channels. The baseline linear correlation coeffecients are 640-680 R?=.80;
405-680 R?=.91. Chloroquine prevented any loss in signal as anticipated with raised pH. By only inhibiting
proteolysis with leupeptin incubation, 405-680 signal resembled more of an exponential decay trend, and
MG signal fluctuated. The fluctuation could be due to Zeiss red channel autofocus changes at these time
points, however more experimental replicated are required overall. To measure trafficking related pH
changes over time, we divided the pH sensitive signal by MG signal for a ratiometric pH report. The
ratiometric signal was pH calibrated in vitro and in vivo with the nigericin clamping method using different
pH solutions (Figure 10).(Chow and Hedley, 2001) Figure 9b demonstrates the pH changes in each
condition over time. All graph time point 0 hr measurements start ~“pH 6. Baseline had a linear decrease
in pH, suggestive of forward trafficking from biosynthetic into acidic compartments, and leupeptin
treatment also exhibits a similar trend, however it was only half a unit pH change in both conditions.
Introducing longer time point measurements might show when majority of signal is in < pH 5 lysosomal
compartments. Albeit, baseline may never report < pH 5 measurements due to quick loss of signal in
lysosomal compartments. In figure 9b., chloroquine treatment shows no changes in pH.

Recently another chemist in the Bruchez lab, Dmytro Kolodieznyi, developed a new dye (an
azetidinyl-modified MG-ester analog, AMG-ester, 640 ex/680 em). AMG-ester could be used to eliminate
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the need for lysosomal inhibition or dye washout. Because of changes in the carbinol-chromophore
equilibrium, the AMG-ester probe is almost completely decolorized at neutral and basic pH, and colorized
in acidic conditions. In colorized form is only when it can bind to FAP. While we found that MG-ester,
BIuRpH, and a new permeable dye, MGnBu, only exhibits significant lysosomal colocalization after
lysosomal inhibition, or with pulse-chase labeling to decrease the pool visible in the biosynthetic pathway,
this is not the case with AMG-ester. With a 1 hour incubation of 800nM AMG-ester, FAP-LAMP1 was
colocalized with Lysotracker green (Figure 9). Further studies will assess colocalization with giantin
labeling to determine if there is any significant labeling of FAP-LAMP1 in the biosynthetic pathway. This
new dye is ideal for specific lysosomal FAP-LAMP1 labeling without needing additional steps. Future work
will involve AMG-ester pulse-chase labeling to see if the dye signal also decreases overtime, indicating
FAP degradation further. Initial experiments and planning were done together with Dymtro, but he is
now independently continuing this project.

Lysosomal Colocalization

Lysosomal Colocalization Leupeptin

No Drug

Pearson's R Coeffecient
Pearson's R Coeffecient

Figure 11. FAP-LAMP1 colocalization with lysotracker green with different cell permeable dyes. FAP-
LAMP1 expressing cells were labeled for one hour in the presence of 800 nM of the respective dye: MG-
ester, MGnBu, and AMG-Ester colorized or decolorized. Colorized AMG-ester is stock dye in acidic
suspension, whereas decolorized dye has been previously suspended in a neutral solution at a known
concentration. Only AMG-ester is highly colocalized with Lysotracker green without any drug treatment.
Treating cells for 4 hours with 21 uM leupeptin promoted lysosomal colocalization with MG-ester and
MGnBu. Data is presented as average and error bars at S.D.
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DISCUSSION AND FUTURE DIRECTIONS: We have established FAP-LAMP1 as a new construct to the
inventory of FAP tagged proteins. The combination of BluRpH and FAP-LAMP1 could be applied for
measuring trafficking efficiency from TGN to lysosome, or as a prospective tool for observing lysosomal
activity through fluorescence decay. FAP-LAMP1 can also be used as a lysosomal marker with sufficient
prior lysosomal activity inhibition. This has been just one example of a potential fluoromodule approach.
AMG-ester can also be used as a tool for simplified, specific acidic lysosomal labeling.

The Bruchez lab has another tagged lysosomal construct created by Cheryl Telmer. The lysosomal
associated protein (LAP) also only requires the cytoplasmic peptide domain, allowing for the FAP tag to
replace the lumenal tail. Unlike LAMP1, LAP has a more complex and longer trafficking time frame. FAP-
LAP is more difficult to validate due to being trafficking to the cell surface, where it goes through several
rounds of recycling, and can remain at the plasma membrane for 4-5 hours before being delivered to the
lysosome.(Braun et al., 1989) Future work with LAP will be to establish the construct’s trafficking itinerary
and considering its use as a tool for investigating lysosomal trafficking. We can take advantage of its
temporary surface expression by labeling FAP-LAP with the cellimpermeable ratiometric pH sensor probe,
Cy3(S/SA)pH-MG(Perkins et al., 2018), that could measure trafficking through pH changes.

METHODS:

Plasmid and Cell Line Generation: For the generation of the FAP-LAMP1 construct, overlap PCR was used
to construct the transmembrane domain and cytoplasmic tail for Human LAMP1 (NM_005561.3). This
fragment was cloned into pcDNA3.1-kappa-myc-dL5-G4S using Agel and Xhol (Telmer et al. 2015.)

Construct sequence information:
DNA sequence

gaggagtgtctgctggacgagaacagcatgctgatccccatecgetgtgggtggtgecctggeggggcetggtecteategtectcategectacctegte
ggcaggaagaggagtcacgcaggctaccagactatctag

Protein sequence
EECLLDENSMLIPIAVGGAL
AGLVLIVLIAYLVGRKRSHA

GYQrI*
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Cheryl Telmer created the construct and Yi Wang generated the HEK293 cell line through transfecting
HEK293 cells with — the construct followed by drug selection (1 mg ml™* puromycin, Invitrogen) and FACS
enrichment of MG-ester stained cells(Becton Dickinson FACS Vantage flow cytometer. Excitation: 633 nm;
emission: 685/35 nm).

Cell Culture: FAP-LAMP1 expressing HEK293 cells were cultured in Dulbecco's Modified Eagle Medium.
Cultures were supplied with 10% fetal bovine serum and incubated at 37 °C in 5% CO2.

MG-ester labeled FAP-LAMP1 colocalization with lysosome: cells plated on coverslips were labeled with
cell permeable MG-ester dye (200 nM) in a pulse chase manner followed by glass slide immunostaining.

Cells were washed with PBS and then fixed with 4% PFA for 30 minutes. After fixation, cells were washed
2x with PBS, then incubated in blocking + permbealization solution (.1% Triton X and 1% FBS in PBS) for 1
hour at room temperature. After incubation, cells were either labeled with primary monoclonal giantin
(1:400), PDI (1:500, from the cell signaling endosomal marker antibody sample kit (#12666): Rab7 (1:100),
EEA1 (1:200), clathrin H (1:50), caveolin (1:400), Rab5 (1:200), Rab11 (1:100) antibodies (Molecular
Signaling) in blocking solution for 1 hour. After primary incubation, cells were washed 3x with PBS and
then incubated with secondary antibody anti-rabbit Alexa 488 (1:1000) (abcam) in blocking solution for
30 minutes (Also with Hoechst stain) and washed 3x with PBS. Coverslips were mounted to slides and kept
at 4°C. Slides were imaged with LSM 880 confocal (Zeiss) using a PlanApo 63x, 1.40 NA objective. Rab5
and Rab11 images were collected on Andor Revolution XD system (Andor technology) with a Yokogawa
CSU-X1 spinning disk confocal unit (Yokogawa Industries). Cells were imaged with a 60x, 1.49 TIRF
objective (Nikon). Colocalization was measured in Imaris.

Initial Investigation with MG-ester signal decay and chloroquine rescue: Cells were plated on Mattek
dishes (MatTek Corp.) and dosed with 100 uM chloroquine for designated hours, before being labeled
with 200 nM MG-ester for 5 min + dye washout. Imaging was done on wide field NikeTiE using a 40x .95
NA objective.

BluRpH labeled FAP-LAMP1 imaging and imaging Analysis:

500 nM BIuRpH was incubated with cells in Mattek dishes (MatTek Corp.) for 30 min prior to imaging.
After incubation, dye was washed out and replaced with Opti-MEM (Invitrogen). Imaged 5 different fields
in presence of 5% CO? in 37 °C, humidity chamber for 80 min on Zeiss LSM 880 confocal using a PlanApo
63x, 1.40 NA objective. Used average fluorescence for whole frame image.
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pH Calibration with Nigericin Clamping in Vivo: Nigericin calibration buffers contained 140 mM KCl, 5
mM a-D-glucose, 2 mM CaCl2e2H20, 1 mM MgCI2 and the pH (pH 5 to pH 8) of the mixture was adjusted
using 20 mM MES and 20 mM Tris base, where MES and Tris base were added in different ratios to
generate different pH buffers.(Chow and Hedley, 2001) Cells were treated with the calibration buffer with
10 uM Nigericin (Sigma) for 10 min prior to imaging with 500 nM BluRpH

pH Calibration in Vitro: Excitation Spectra: Dyes with 5-fold excess of dL5 were precomplexed in pH
buffers from pH 5 to pH 9 keeping sample absorption below 0.4 at main absorption peaks. Excitation scan
was performed from 400 nm to 680 nm with the emission recorded at 710 nm and measured on a TECAN
Infinite M1000 fluorescence plate reader.

AMG-ester labeled FAP-LAMP1 imaging: Cells were plated in an 8-well slide chamber (ibidi), and wells
were dosed with either 800 nM MG-ester, MGnBU, and AMG-Ester colorized or decolorized for 1 hour
before imaging with lysotracker green in HBSS. For leupeptin treatment, cells were plated in an 8-well
slide chamber, and wells were treated with 21 uM leupeptin for 4 hours before being labeled with each
dye for 1 hour prior it imaging with Lysotracker green in HBSS. Imaging was done on Andor Revolution XD
system (Andor technology) with a Yokogawa CSU-X1 spinning disk confocal unit (Yokogawa Industries).
Cells were imaged with a 60x, 1.49 TIRF objective (Nikon). Colocalization was measured using Imaris.

In Vitro BIuRpH Excitation Spectra: 1 uM dye and 5 uM dL5**. Emission wavelength was set to 700 nm.
spectra have been normalized to the peak with the highest fluorescence intensity. Matharishwan
Naganbabu
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CHAPTER V
Down the Road

On the Drug Discovery Route
Seeing the Results

Most of the drugs available only modify the activity of target cell surface proteins. (Bleicher et
al., 2003)There is an unmet market for novel therapeutic strategies that can specifically address diseases
that arise from trafficking defects and strategies that modulate dysfunctional activity through
manipulating bioavailability at the cell surface. Drug discovery has been akin to searching a big black
box, where researchers hope to find a compound or target, a “hit,” that has a desirable effect on a
specific disease state. One of the most common methods of detecting a target effect is through using
tools to measure changes in protein activity. Such activity screens are efficient in comparison to tools
that measure the fraction of protein expression at the cell surface, which are labor-intensive and time-
consuming. We have addressed these limitations through developing tools that allow fast, specific
fluorescent labeling, which can readily measure the fraction of protein at the cell surface.

The early stages of drug discovery are centered on identifying a protein target or pathway, that
when inhibited or activated produces a therapeutic effect in a disease state. This identification stage
often occurs in academia, and our lab has been focused on building FAP assay platforms as a foundation
for generating lists of protein target candidates. | have described several examples of FAP systems that
have been developed for addressing specific protein trafficking experimental needs. These platforms
provide a proof-of-concept for FAP based assay strategies that can be easily scalable to screens, having
both established basic test-bed assays and showing examples of designed HT protocols. These
developed approaches are primed for being used full throttle in protein trafficking screens. Our lab has
been able to conduct a small HT screens in-house, as MBIC has begun laying groundwork to grow as a HT
core facility being equipped with, a HT Accuri flow-cytometer, plate readers, HTS Nikon imaging
software with a Nikon widefield microscope, and VIAFLO multichannel semiautomatic pipettor.(Perkins
et al.) We can extend our opportunities and technology use by participating in screening collaborations
with other biomedical labs and facilities- and have already started, with the University of Pittsburgh
School of Medicine adapting FAP technology to their own high content screening methods(Larsen et al.,
2016). Sharp Edge Labs and SpectraGenetics, Inc. have also commercialized FAP technology and used
their respective resources to develop tactics for protein trafficking HT screens relating to cystic fibrosis,
lysosomal disorders, GPCRs, and Parkinson’s disease. Recently, Sharp Edge Labs has worked with
Proteostasis Therapeutics, Inc. to provide CFTR cell surface measurements in a HT screen. (Giuliano et
al., 2018) In the near future, both in academia and industry, we will be looking forward to an increase of
HT screening publications that use fluorogen activating modules as key methods.
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Potential Lab Studies on Protein Trafficking

This is an exciting time to be seeing the fruits of our labor from developed strategies and assays,
and also to boost our own biological output. One potential avenue for the Bruchez lab is a proposed
screening project that involves identifying targetable proteins that can control the cell surface expression
of select disease-associated cell surface protein classes (such GPCRs and ion channels) in order to develop
potential drug targets. (Figure 1.)

Modified
State
Disease
State
Trafficking Defect - Activity Defect + Activity Defect
Trafficking  pestore trafficking to  Increasing bioavailability Decreasing
Strategy increase bloavmlablhty to increase activi[y bioavailability to
decrease activity

Figure 1. Therapeutic strategies targeting trafficking to treat specific disease states.

lon Channels: With classical pharmacological approaches, drug targets have been difficult to find for ion
channels due to the large potential for toxicity and unspecific blocking interactions with different ion
channels, which can lead to serious complications.(Kaczorowski et al., 2008) Instead of directly targeting
ion channels to change their activity, we can seek to indirectly change their behavior through modulating
surface expression. The concept of changing trafficking in ion channels has been present for nearly a
decade, when research revealed drugs that were designed to block Kv1.5 (hERG) current actually
disrupted hERG trafficking to the cell surface. These “anti-arrhythmic” drugs were discovered to ultimately
cause pro-arrhythmia due to causing a repolarization disorder like the hERG trafficking defect
mutant.(Eckhardt et al., 2005) Despite these undesirable consequences, Schumacher et al. highlighted the
potential avenue for manipulating anterograde or retrograde trafficking to safely modulate the acute
surface expression of ion channels. (Schumacher and Martens, 2010) While our research will only
highlight factors that decrease or increase cell surface expression of ion channels, there is potential for
chemotherapeutics to target these factors and acutely change expression. For example, a target which
can increase retrograde transport without affecting recycling would only induce a temporary change in
surface density. With further validation of factors that modulate trafficking, those that are involved in the
endosomal network may have an acute response.
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GPCRS: Numerous approaches have been developed to improve GPCR bioavailability in heterologous
cells. These approaches have included adding sequences to the N or C-terminus, deleting sequences that
promote ER retention or induce protein misfolding, co-expressing other proteins to enhance trafficking,
and treatment with compounds that act as pharmacological chaperones.(Dunham and Hall, 2009) Cell
permeable pharmacologic chaperones have proven to be a powerful tool to enhance bioavailability due
to their potential clinical application. These compound chaperones present therapeutic strategies for
treating diseases associated with GPCR trafficking defects, analogous to corrector treatment in ion
channel trafficking defective diseases. In addition, an exciting therapeutic opportunity is to use molecular
chaperones to increase opioid receptors cell surface density to minimize desensitization, which would
reduce drug tolerance and addiction. However, more studies are needed to conclude if pharmacological
chaperone binding causes an antagonistic effect on GPCR activity at the cell surface and interferes with
homo/heteromeric binding, which may affect function.(Pet3ja-Repo and Lackman, 2014) In this project,
we would aim to accomplish the same goal of pharmacologic chaperones in encouraging plasma
membrane expression, but through targeting the cells endogenous machinery. Cell permeable
pharmacologic chaperones have proven to be a powerful tool to enhance bioavailability due to their
potential clinical application. These compound chaperones present therapeutic strategies for treating
diseases associated with GPCR trafficking defects, analogous to corrector treatment in ion channel
trafficking defective diseases. In addition, an exciting therapeutic avenue is to use molecular chaperones
to increase opioid receptors cell surface density to minimize desensitization, which would reduce drug
tolerance and addiction.

As previously mentioned, we have also started to include a new FAP construct to expand our
protein trafficking measurement capabilities inside the cell for detecting lysosomal protein delivery. The
overall development of a lysosomal based FAP platform may provide a new method for therapeutic drug
screens for diseases caused by aberrant lysosomal trafficking, such as Niemann Pick C.

Adventuring into such screens would further broadcast the capability of FAP technology and
contribute to adding potential drug targets on the list for therapeutic contenders for different diseases.
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Advancing the Tools

There are different areas to grow, conquering current challenges that can turn into great opportunities.

Discussed were difficulties with protein over-expression with FAP-LAMP1 by using a CMV
promoter. Incorporating the new Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)(Cong et al., 2013) CRISPR-Cas9 would aid in making precise insertions of tagged proteins
of interest and manage consistent stable cell-lines with suitable expression. This has been shown
as an efficient, cheap, and successful approach with tagging the cytoskeletal protein, tubulin
(TubA1B),with mEGFP and mEos 3.2. for super-resolution microscopy imaging. (Khan et al., 2017)

The current developed dL5** MG dyes have subnanomolar Kds, taking hours for dye dissociation.
Developing new dyes with higher Kds would be a powerful tool for creating dynamic assays and
pulse-chase labeling strategies.

The lab has recently developed a photosensitizer, light activated MG-2i reactive oxygen species
(ROS) generating dye, that can exhibit cellular ablation.(He et al., 2016) In addition to cellular
photoablation, | propose a rough idea that this platform, known as FAP-TAPs, use could also be
used as a “phototrigger”.

Cancer nanomedicine utilizes drug delivery methods that rely on on-demand spatial and
temporal release of chemotherapeutics from nanoparticle carriers. In particular, using external
stimuli from either, light, heat, or magnetic field, to induce disruption of liposome membranes for
drug release.(Puri and Anu, 2013) Phototriggable synthetic lipids have been used as a method to
destabilize liposomes. However, photosensitive lysosomes have been clinically limited by the
activating light sources ability to penetrate biological tissues. FAP-TAPS use far-red excitation that
improves the in-vivo applicability. A novel approach would be to create liposomes that comprise
transmembrane FAPs and specific cell targeting features. In addition to the FAP-TAPs being a
photodynamic therapy, this liposome complex could potentially be used as a drug carrier that will
only release its contents based on the presence of dye and light, which would be designed to be
specific to cancer cells and the surrounding area.

| have only presented a brief and narrow perspective of the many different directions the
lab can take to advance the current toolbox. The group has interests in developing more super-
resolution imaging techniques, using FRET pairs to detect specific protein localization/interaction
and cell to cell contacts, and establishing a high-throughput synapse-specific detection paradigm.
The development we should expect to see and produce is exciting as FAP tools are increasingly
being used by different labs to address specific biological problems. The breadth of the technology
potential presents many opportunities for several different future directions.

110



REFERENCES:

Bleicher, K.H., Béhm, H.-J., Mdller, K., and Alanine, A.l. (2003). Hit and lead generation: beyond high-
throughput screening. Nat. Rev. Drug Discov. 2, 369-378.

Cong, L., Ran, F.A,, Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, W., Marraffini, L.A., et
al. (2013). Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819—-823.

Dunham, J.H., and Hall, R. a. (2009). Enhancement of the surface expression of G protein-coupled
receptors. Trends Biotechnol. 27, 541-545.

Eckhardt, L.L., Rajamani, S., and January, C.T. (2005). Protein trafficking abnormalities: a new mechanism
in drug-induced long QT syndrome. Br. J. Pharmacol. 145, 3—4.

Giuliano, K.A., Wachi, S., Drew, L., Dukovski, D., Green, O., Bastos, C., Cullen, M.D., Hauck, S., Tait, B.D.,
Munoz, B., et al. (2018). Use of a High-Throughput Phenotypic Screening Strategy to Identify Amplifiers,
a Novel Pharmacological Class of Small Molecules That Exhibit Functional Synergy with Potentiators and
Correctors. SLAS Discov. Adv. Life Sci. R&D 23, 111-121.

He, J., Wang, Y., Missinato, M.A., Onuoha, E., Perkins, L.A., Watkins, S.C., St Croix, C.M., Tsang, M., and
Bruchez, M.P. (2016). A genetically targetable near-infrared photosensitizer. Nat. Methods 13, 263-268.

Kaczorowski, G.J., McManus, O.B., Priest, B.T., and Garcia, M.L. (2008). lon channels as drug targets: the
next GPCRs. J. Gen. Physiol. 131, 399-405.

Khan, A.O., Simms, V.A,, Pike, J.A., Thomas, S.G., and Morgan, N. V. (2017). CRISPR-Cas9 Mediated
Labelling Allows for Single Molecule Imaging and Resolution. Sci. Rep. 7, 8450.

Larsen, M.B., Hu, J., Frizzell, R.A., and Watkins, S.C. (2016). Simple image-based no-wash method for
guantitative detection of surface expressed CFTR. Methods 96, 40-45.

Perkins, L.A., Fisher, G.W., Naganbabu, M., Schmidt, B.F., Mun, F., and Bruchez, M.P. High-Content
Surface and Total Expression siRNA Kinase Library Screen with VX-809 Treatment Reveals Kinase Targets
that Enhance F508del-CFTR Rescue.

Petdja-Repo, U.E., and Lackman, J.J. (2014). Targeting opioid receptors with pharmacological
chaperones. Pharmacol. Res. 83, 52-62.

Puri, A., and Anu (2013). Phototriggerable Liposomes: Current Research and Future Perspectives.
Pharmaceutics 6, 1-25.

Schumacher, S.M., and Martens, J.R. (2010). lon channel trafficking: a new therapeutic horizon for atrial
fibrillation. Hear. Rhythm 7, 1309-1315.

111



