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1 | INTRODUCTION

There is a large, growing catalog of protein-fluorogenic labeling tech-
niques for biologists to use; however, picking which one is best suited
for individual research needs, on the small or large scale, is not a sim-
ple choice. A single genetically encoded tag, labeled with distinct
chemical dyes, can perform different “functional” measurements.
Hence, selection of the right dye for the measurement, and use of the
right dye and labeling protocol, provides a new experimental avenue
to design labeling approaches that generate specific quantitative bio-
logical information. There have been several excellent recent reviews
on fluorescent and fluorogenic labeling techniques,'™ which describe

strengths and weaknesses of different methods. Yan and Bruchez,

labeling applications.

Throughout the past decade the use of fluorogen activating proteins (FAPs) has
expanded with several unique reporter dyes that support a variety of methods to
specifically quantify protein trafficking events. The platform's capabilities have been
demonstrated in several systems and shared for widespread use. This review will
highlight the current FAP labeling techniques for protein traffic measurements and

focus on the use of the different designed fluorogenic dyes for selective and specific

fluorogen activating proteins (FAP), fluorogenic dye, protein trafficking

and more recently Xu and Hu have provided an extensive overview of
fluorogen activating protein (FAP) technology, broadly. This review
discusses the “right dye, right time” experimental design capability of
the FAP platform a wide range of different protein trafficking
measurements.

Important cell surface proteins, such as receptors and ion chan-
nels, are finely controlled in their expression at the cell surface, where
they perform significant physiological functions and responses.°-12
Aberrant cellular trafficking can lead to altered activity and thereby
pathological disease states. Understanding the regulated trafficking of
these crucial surface proteins is important for elucidating function and
conditions. plasma membrane

correcting  disease Studying

(PM) protein dynamics has been revolutionized by using fluorescence,
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either by labeling with fluorophore conjugated antibodies, pH sensi-
tive green fluorescent protein (GFP) tags, or use of chemical tags such
as the SNAP tag, CLIP tag, TMP tag, Halo tag, FAP tag or FLAG (anti-
body epitope tag), to specifically and quantitatively label surface pro-
teins.®*® However, there is a clinical urgency for drugs to treat
trafficking-associated disorders, such as cystic fibrosis, cardiac
arrhythmias and some lysosome storage disorders where high-
throughput small-molecule drug discovery screens have been on-
going to find “hits” that have a desirable effect on a specific disease
state. Historically, due to the constraints of direct trafficking detection
methods, the most common approach to determine a target effect is
through using tools that measure functional changes in protein activ-
ity, such as downstream signaling or alterations in ion-transport.
These drug screens do not differentiate between a direct effect on
protein activity or regulation of protein trafficking.

Activity of cell-surface proteins is dependent on both the proper-
ties of the protein and the density of protein at the plasma membrane.
Being able to independently (and potentially simultaneously) assess
activity and trafficking provides a significantly clarified interpretation
of the basis of action for genetic and pharmacological perturbations
(Figure 1). To include such measurements in high-throughput screens,
detection methods must 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,
thanks to the exceptional activation of the fluorescence signal upon
binding to the tagged target protein, which eliminates the usually
required washing steps for fluorescence labeling methods. A number
of strategies have been developed for large-scale measurements of
cell surface protein transit using these properties and the recently

developed functionally diverse fluorogen dyes.
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FIGURE 1 Overall activity can be a result of altered protein
function, altered protein expression at a target site (eg, the plasma
membrane), or a combination of the two effects
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2 | FLUOROGEN ACTIVATING PROTEIN
PLATFORM

FAP technology was introduced in 2008 as a new class of protein-dye
reporters, combining the selectivity of a genetically encoded single
chain antibody <25 kDa tag (FAP) with specific fluorogenic dyes, which
are nonfluorescent until bound to their cognate FAP.2 The fluorogenic
attribute allows for the elimination of wash-steps for removal of
unbound dye. The ability to design and synthesize cell-permeant and
impermeant fluorogenic dyes for cognate receptor tags with distinct
colors has made assessing protein trafficking in live cells a core applica-
tion of the FAP-fluorogen technology.?%?* The rapid and specific label-
ing of a tagged protein of interest (POI), intracellular or surface, with
otherwise nonfluorescent green-emitting “thiazole orange” or far-red
emitting “malachite green” and “dimethylindole red” dye derivatives cre-
ates a toolset suitable for scalable, dynamic multi-color imaging experi-
ments and direct quantitative trafficking-related measurements, across
many distinct fluorescent measurement platforms.?? Over the past sev-
eral years, a library of distinct fluorogenic malachite green-based ligands
has been demonstrated to bind to a common, FAP tag, the dL5** FAP
(eg, Addgene plasmid #73206).>7*° These dyes include cell-excluded
and cell-permeable fluorogens (Figures 2, 3 and 4). Recently another
lab, Hu and colleagues, has started to develop several new malachite
green derivatives.?* Limiting labeling to extracellular FAP tagged protein
on the PM is advantageous for selectively observing endocytosis and
endosomal trafficking without confounding signal from intracellular PO,
previously internalized or throughout the biosynthetic secretory com-
partments (Figure 2C). 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, distinguishing proteostatic or biosynthetic
effects from trafficking effects (Figure 2B). Either a matched or a differ-
ent color cell-permeable dye can be used sequentially after surface
labeling to give a surface/total POl measurement that increases overall
mechanistic insight in a variety of multi-cell or single-cell assays
(Figure 2E).2>%7

The FAP platform was developed by screening a yeast display
library of single chain variable fragment antibodies (scFv) to find pro-
teins that bind and activate two distinct cell-excluded fluorogenic
dye derivatives: a malachite green with an amido-diethylene glycol
amine linker (MG-2p) and a sulfonated thiazole orange with a similar
linker (TO1-2p). The dL5** and AM2-2 FAP tags noncovalently bind
MG and TO1 dye derivatives respectively with high affinities
(Figures 3 and 4). Later on other scFv tags were identified and char-
acterized for binding and activation of dimethylindole red (DIR) and
oxazole thiazole-blue (OTB) fluorogenic dyes, and near-infrared dyes,
SKC1 and SKCil (Figure 5).232%30 FAP-dye binding rigidizes the
chemical structure, suppressing some bond-rotations responsible for
internal conversion and nonradiative relaxation in the electronic
excited state, resulting in increased fluorescence emission. The first
synthesized dyes, MG-2p, MG-11p and TO1-2p, possess an hydro-
philic diethylene glycol diamine, carrying a positive charge and signifi-
cant hydration that prevents these dyes from passively crossing the

|19

PM and entering the cell.”” A newer cell-excluded dye, MG-B-Tau
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FIGURE 2 A Snapshot of FAP tagged protein of interest (FAP-POI) labeled with cell-excluded or permeable dye without dye wash-out post
labeling. A, No Dye. Absence of fluorescence; B, Use of a cell-permeant dye labels FAP-tagged protein throughout the cell, including those in
endocytic compartments, as well as those in biosynthetic compartments. This labeling gives a total protein fluorescence measurement.
Alternatively (C) use of cell-excluded dye selectively labels FAP-tagged proteins at the plasma membrane (surface measurement), which may then
be trafficked into the cell by endocytosis, allowing for measurements of internalization (D). E, Sequential labeling of the cells with the cell-
excluded dye followed by a cell permeant dye of the same or different spectral properties allows measurements of the fraction of total protein at
the cell surface, at a single cell or population level, depending on the measurement technique

for dL5**, has been developed that is the current best 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.?* For MG
binding dL5**, a cell permeant variant has been developed by prepar-
ing more hydrophobic linker moieties, such as the MG-ester or the
MG-nBu (butylamide) dyes. The cell permeability properties imparted
by modifications to the linker moieties on the fluorogen can be
altered independent of its ability to generate bright fluorescence
upon binding the cognate FAP in or on the cell, provided that the
fluorogen has inherently low nonspecific activation inside the cell,
unfortunately not yet possible for some fluorogen scaffolds like TO1.
When available, as in the MG and SC-fluorogen family, suitable pairs
of dyes with nearly identical brightness and spectral properties can
be used to quantify cell surface and total protein levels reliably and
quickly.

The FAP platform has grown to include ratiometric physiologi-
cal pH indicator fluoromodules for both AM2-2 and dL5**. A cell
impermeable tandem dye molecule, TO1-CypHer5, was designed
by coupling a pH sensitive, acid activated Cy5 analog with TO1.
This reporter uses FRET with two separate emission channels (TO1

510ex/530em and pH dependent FRET 510ex/680em), and func-
tions as a ratiometric pH biosensor where the FRET between
donor and acceptor is activated upon internalization into acidic
compartments, where the acceptor increases absorption and fluo-
rescence.®! Recently, a new far-red, genetically Targetable, Rati-
ometric, Activatable Physiological Indicator Complex (TRApHIC)
was developed. In this case, the MG-acceptor based pH sensor
uses FRET with one emission channel (MG 640ex/680em and pH
dependent, acid-activated donor-excited FRET 560ex/680em using
two distinct excitation lasers), and is completely fluorogenic
because the dye must be bound for the fluorogen acceptor to act
as an emitter, although it is a FRET acceptor in both the bound
and unbound states, rendering the donor pH sensor dark until
bound to the FAP.

The noncovalent dye-binding nature of FAP technology is a fea-
ture that can allow dye exchanges, as shown in the AM2-2 TO1-2p
and TO1-2p-Cy5 paradigm and could potentially permit bound dye
The current developed dL5** MG dyes have sub-

nanomolar Kgs, taking hours for dye dissociation. Developing new

washouts.>2

dyes or FAPs with higher Kys would be an exciting extension for cre-

ating dynamic assays and pulse-chase labeling strategies, as
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FIGURE 3 Fluorogenic dyes bound by dL5**. Cell-excluded and permeable to the mammalian PM. MG2p and MG-Ester have been used

successfully with Mars1Cy and Mars1 FAPs?®
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binding of the fluorogen within the cell. FRET and pH sensitive variants were developed using Cy5 as an acceptor, with binding selectivity but
weak fluorogenic activation upon binding, due to the intrinsic transfer from the donor fluorogen even in the unbound state. Binding to cell
surface receptors typically provides adequate concentration and activation in solution to conduct unwashed experiments measuring endocytosis
of AM2-2 labeled receptors using these dyes. The nonfluorescent inhibitor ML342 was identified as a potent inhibitor (approximately 2 nM

EC50) of TO1-2p binding to the AM2-2 FAP
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FIGURE 5 Other fluorogenic dyes that bind to different FAP scFVs

demonstrated recently with the FAST fluorogenic labeling systems,
but not yet applied in trafficking studies.3334

Different methods have been used to link the FAP protein to cel-
lular target proteins: stable cell lines and transgenic animals have been
generated through viral or plasmid-based over-expression of a FAP-
tagged protein or via gene editing with CRISPR/Cas9 technology.2°%>
In addition, FAP has been employed as a targetable probe by fusion
with a small peptide scaffold affibody (AffiFAP) or covalent linkage to
monoclonal antibodies to target endogenous epidermal growth factor

receptor (EGFR) expressed on tumor cells.36-38

035
OTB-SO3 DIR
FAP: 400ex/426em 609ex/649em

AM2-2,K7,H10, )10, dM8 clones

3 | CELLSURFACE PROTEIN TRAFFICKING
MEASUREMENTS: RECEPTORS

G-protein coupled receptors (GPCRS), epidermal growth factor
receptor (EGFR), and the y-Aminobutyric acid (GABA) type A
receptors (GABAARs) have been the focus of FAP tagged receptor
trafficking assay development. This section is organized according
to the receptor type that was being investigated utilizing the FAP
platform to address their specific trafficking question Table 1. lists

the FAP-receptor based trafficking assay publications. Critical
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TABLE 1 FAP-receptor assay timeline
Year Publication (Relevant Method, FAP:Fluorogen)
2010
o Detection and quantification of B2AR internalization in living cells using FAP-based biosensor
technology. (Figure 6A, AM2-2:TO1-2p and dI5**:MG-11p)
e Fluorogen-activating proteins as biosensors of cell-surface proteins in living cells. (Figure 6C, dL5**:
MG-11p and AM2-2:TO1-2p)
2012
o Fluorogen activating proteins in flow cytometry for the study of surface molecules and receptors.
(Figure 6A, AM2-2:TO1-2p, dI5**:MG-11p, and dL5**:MG-2p)
o Inhibitors of FAP-fluorogen interaction as a multiplex assay tool compound for receptor
internalization assays. (Figure 6C, AM2-2:TO1-2p and AM2-2:ML342 Inhibitor)
o Genetically encoded pH sensor for tracking surface proteins through endocytosis. (Figure 6A,
AM2-2:TO1-CypHer5)
2013
e High-throughput flow cytometry compatible biosensor based on fluorogen activating protein
technology. (Figure 6C, AM2-2:TO1-2p)
2014
o Self-checking cell-based assays for GPCR desensitization and resensitization. (Figure 6B, AM2-2:
TO1-2p + TO1-2p-Cy5)
2015
o Near-instant surface-selective fluorogenic protein quantification using sulfonated triarylmethane
dyes and fluorogen activating proteins. (Figure 6C, dL5**: MG-B-Tau)
o Fluorogen activating protein-affibody probes: modular, no-wash measurement of epidermal
growth factor receptors. (Figure 6C, Affibody-dL5**: MG-B-Tau and Affibody-dL5**:HCM-dyedron)
e Fluoromodule-based reporter/probes designed for in vivo fluorescence imaging.
(Figure 2E/6e, Mars1Cy: SCi1, MG-Ester; Mars1Cy: MG-2p, SC1)
e A rapid and affordable screening platform for membrane protein trafficking (Figure 6C, D, Mars1Cy:
SCi1, SC1)
2017
o A versatile optical tool for studying synaptic GABAA receptor trafficking. (Figure 7, dL5**: Cy3
(S/SA)pH-MG)
e PI3K class Il a regulates 5-opioid receptor export from the trans-golgi network. (Figure 6D, dL5**:
MG-Ester)
2018
e Genetically targeted ratiometric and activated pH indicator complexes (TRApHIC) for receptor
trafficking. (Figure 7, dL5**: Cy3(S/SA)pH-MG)
2019

e Generation of endogenous pH-sensitive EGF receptor and its application in high-throughput

35

screening for proteins involved in clathrin-mediated endocytosis. (Figure 7, dL5**: Cy3[SA/SA]

pH-MG)

behaviors of surface proteins include biosynthetic processing and
secretion to the plasma membrane through the ER and Golgi appa-
ratus, retention at the plasma membrane, endocytosis and
recycling or degradation in the steady state or upon stimulation,
and, in some cases, retrotranslocation from the endolysosomal
pathway into secretory compartments. The FAPs, with suitable
fluorogens and addition at times chosen to precede or follow tar-
get manipulations within the membrane bounded compartments,
have been used to interrogate these processes in a range of traf-

ficking investigations (Figure 6).

4 | G-PROTEIN COUPLED RECEPTORS

GPCRS are the largest, overarching class of surface signaling protein.
Their important physiological roles make them the most heavily inves-
tigated drug targets, and the target of the majority of modern pharma-
ceuticals.*® The surface receptors can be activated by many different
ligands, and pair to intracellular G-proteins, which relay signals and
elicit biological effects downstream of receptor activation.*” GPCRs
are generally only ligand-activated on the cell surface, and are des-

ensitized through their removal from the plasma membrane. After
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GPCR internalization, they are either degraded or sent through the
recycling endosomal network to the cell surface. The careful regula-
tion of GPCR traffic to and from the plasma membrane controls their
activity and overall biological role.? Thus, having fluorescent labeling
techniques that can report receptor localization and trafficking is cru-
cial for elucidating GPCR specific therapeutic mechanisms.*® GPCRs
tagged with fluorescent proteins (FP) at the intracellular c-terminus
have been used as a general observation technique, lacking the ability
to quantitatively determine distinct surface signal from collective sig-
nal or signal from biosynthetic compartments, except by biochemical
or image analysis methods.*? Cell surface receptor labeling with GPCR
ligands or antibodies conjugated with radioisotopes or fluorophores
has been a long-standing classical approach for internalization and
recycling measurements, although it is unclear whether or not anti-
bodies or ligands remain bound downstream after internalization.>®
These techniques can also entail long incubation periods and multiple
wash-steps, constraining the scale of the experiment and adaptation
to high-throughput workflows. 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), or ecliptic fluorescent proteins.>®>” As an extracellular tag, the
fluorogenic FAP complex is particularly advantageous due to its sim-
plicity, the quick, selective cell surface protein labeling, and the very
high activation ratio upon fluorogen binding to the protein (approxi-
mately 20 000-fold). These properties allow real-time detection of
trafficking events, either to or from the cell surface, in contrast to
ecliptic proteins, which revert to the dark state after retrieval from
the plasma membrane into acidic vesicles. The development of these
measurements using the FAP-GPCR platform is outlined here.

A specific protein of interest 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.*®

The MG-11p and TO1-2p dyes were first used to create a frame-
work to detect and quantify GPCR internalization that could be trans-
lated to a high-throughput design.??3? There are different FAP-B2AR
labeling strategies to measure changes in cell surface density

(Figures 6C and 7). Fluorogen labeling can be performed prior to

agonist activation to visualize post-activation internalization by
microscopy or whole-cell FRET-measurement with pH sensitive pro-
bes, or after receptor activation to measure the loss in signal as an
indicator of overall FAP-B2AR surface downregulation by endocyto-
sis.®! To detect recycling after agonist induced internalization, agonist
can be removed and dye added to quantify any increase in cell surface
signal, which dynamically increases as internalized FAP-receptor is
returned to the cell surface where it can bind and activate cell-
excluded dye. FAP technology was able to quantifiably and reproduc-
ibly detect translocation of cell surface proteins using plate fluorime-
try, fluorescence imaging and flow cytometry.3%4°

Another assay was designed to measure receptor internalization
and recycling with two different cell-excluded dyes, TO1-2p-Cy5 and
TO1-2p (Figure 6B). 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 sur-
face 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 recycling.®2

The newer cell-excluded dye, MG-B-Tau, that is the current best
standard for labeling cell surface proteins due to its characteristics
that make it highly cell impermeable, demonstrated proficiency to rap-
idly and selectively label dL5** FAP-B2AR for quantitative trafficking
using flow cytometry and microscopy (Figure 6C).

The delta opioid receptor was fused to dL5** FAP in order to cre-
ate a quick labeling scheme with cell-permeable dye MG-Ester
(Figure 6D).** The assay design took advantage of the far-red proper-
ties of MG for multicolored imaging with GFP, and worked as a sim-
ple, live cell assessment of delta opioid receptor localization in the
golgi vs cell surface by colocalization with fluorescent protein markers
localized in the Golgi.**

In addition, a user-friendly, rapid and quantitative high-throughput

screening approach was developed for receptor trafficking utilizing the

FIGURE 6 The right dyes at the right time for quantitative assessment of protein trafficking changes without need of wash-steps. A and B,
Real-time cell surface protein trafficking measurements. C-E, Detail end-point trafficking measurements. A, Cell-impermeable dye is added to the
cell followed by drug, allowing for measurement of active trafficking itineraries. Both dL5** and AM2-2 FAPs and their respective dyes will
generate this measurement. B, The self-checking internalization assay for AM2-2 FAP consists of first addition of a cell-excluded fluorogen of one
color of moderate affinity, induction of internalization via drug addition, and then competitive displacement of remaining surface FAP-fluorogen
complex with a second cell-excluded, high-affinity and different color dye, followed by quantitative assessment of the color ratio. The second dye
only labels receptors that are remaining at the plasma membrane, and internalized proteins are protected from displacement. Because all dyes are
cell-excluded, this labeling approach is selective for surface trafficking and does not label proteins contained within biosynthetic

compartments.3? C, Drug is added to cells followed by cell-impermeable dye for a surface FAP-POI measurement to quantify cell surface POI
trafficking changes. dL5**, AM2-2, Mars1Cy FAPs and their respective dyes will generate this measurement. D, Drug is added to cells followed by
cell-permeable dye for total FAP-POI measurement. Both dL5** and Mars1Cy FAPs and their respective dyes will generate this measurement. E,
Drug is added to cells followed by cell-impermeable dye for a surface FAP-POI measurement. Subsequently, a cell-permeable dye (same color or
different color) is added and then total FAP-POI is measured for the surface/total FAP-POI. This is a dL5** and Mars1Cy FAP specific assay
format, because the TO1 and other fluorogens are not available in cell permeant, highly specific forms
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FIGURE 7 Diagram to show the signal changes related to
different steps of Cy3(S/SA)pH-MG labeled FAP-B2AR
internalization. MG signal (640ex/680em) stays consistent over the
trafficking itinerary while pH sensitive FRET signal (560ex/680em)
intensity is dependent on the local pH environment

SCil dye and Mars1Cy FAP tag (Figures 5 and 6C).28 This screening
platform uses a standard infrared western-blotting scanner and was val-
idated by assessing the trafficking changes of vasopressin-2 receptor
and dopamine receptor-2 in response to agonists or antagonists. The
method was applied to screen FDA-approved and drug like small mole-
cules that antagonize leucine-rich G protein-coupled receptor 5 (Lgr5)
internalization. In this screening study, they reported that glucocorti-
coids were found to increase Lgr5 expression at the cell surface.?®

The FAP platform's ratiometric physiological pH indicator
fluoromodules were also tested by GPCR trafficking. The cell imper-
meable tandem dye molecule, TO1-CypHer5, functions as a rati-
ometric pH biosensor where the FRET between donor and acceptor
is activated upon internalization into acidic compartments.
TO1-Cypher5 surface labeling was used as an approach to detect the
local changes associated with AM2-2 FAP-B2AR trafficking after ago-

nist addition (Figure 6A).3' Although suitable for trafficking assays
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without washing away unbound fluorogen, this tandem dye shows
weak, but detectable CypHer5 fluorescence in low-pH environments
regardless of its binding to the FAP-tagged protein, because the donor
is the fluorogen, and FRET efficiency depends only weakly on the
quantum yield of the donor. The new far-red, genetically Targetable,
Ratiometric, Activatable Physiological Indicator Complex (TRApHIC)
uses the pH sensor dye, Cy3(S/SA)-MG, with dL5** FAP labeling and
is described in Figure 7. Cy3(S/SA)-MG was shown to quantitatively
report dL5** FAP-B2AR internalization and recycling in response to
different agonists, and demonstrated compatibility with Stimulated
Emission Depletion (STED) based super resolution microscopy in living
cells using a single depletion laser to enhance resolution of the pH
probe under both direct (pH independent) and FRET (pH dependent)
excitation.*> This pH sensor has subsequently been used for measur-
ing and monitoring different receptors, EGFR and GABAARs,
described next.

5 | EPIDERMAL GROWTH FACTOR
RECEPTOR

The epidermal growth factor receptor (EGFR) function has been
heavily investigated in development, physiology and cancer.’® It is a
transmembrane glycoprotein that is required for growth, survival, pro-
liferation and differentiation, and plays a large role in metastasis.>?
The EGFR pathway relays external signals via a downstream activa-
tion cascade of intracellular messengers. EGFR ligand binding induces
endocytosis and can be trafficked to the lysosome for degradation or
translocation to the nucleus for further signaling. The internalization
and degradation of receptor modulates its expression and availability
on the cell surface for signaling.2°

Wang et al, developed a dL5** fused affibody (AffiFAP) targeting
EGFR and showed proof of concept with targeting native receptor on
the A431 cell line plasma membrane with a no-wash dye labeling
approach.®® Affibodies are small proteins that can be engineered to
selectively bind to targeted molecules, and features rapid tumor
uptake and quick blood clearance.®’ They have ideal characteristics
for molecular imaging and can readily translate the FAP technique to
in vivo imaging.

The AffiFAP EGFR probe was labeled with HCM-dyedron to
demonstrate quantitative EGFR surface measurements and receptor
endocytosis tracking. Labeling the native receptors with the AffiFAP
did not block or stimulate EGFR activation, and reported on changes
in receptor surface abundance upon fluorogen labeling prior to and
subsequent to stimulation with epidermal growth factor. The AffiFAP
system targeting EGFR also showed specific in vivo tumor labeling in
mice with MG-B-Tau tail vein injection.®”

Understanding the EGFR trafficking mechanisms is difficult due
to current methods that utilize overexpressed recombinant EGFR and
high ligand concentrations that tend to induce a specific mode of
receptor internalization over others.3> A recent study by Larsen et al,
developed a dL5** FAP-EGFR assay for high throughput screening of

proteins important in the clathrin mediated endocytosis of EGFR.3>%1
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TABLE 2 FAP-ion channel assay timeline

Publication (Relevant Method, FAP:
Year Fluorogen)

2010

References

o Fluorogen-activating proteins as 39

biosensors of cell-surface proteins in
living cells. (Figure 6C, dL5**:MG-11p
and AM2-2:TO1-2p)

2012

e The brain-specific betad4 subunit &7

downregulates BK channel cell surface
expression. (Figure 6C, dL5**:MG11p)

e Pharmacological rescue of the mutant L0

cystic fibrosis transmembrane
conductance regulator (CFTR) detected
by use of a novel fluorescence platform.
(Figure 6C, dL5**:MG11p)

2013

e Regulated recycling of mutant CFTR is 71

partially restored by pharmacological
treatment. (Figure 6A, dL5**:MG11p)

2015

o Fluorogenic green-inside red-outside 27

(GIRO) labeling approach reveals
adenylyl cyclase-dependent control of
BKa surface expression. (Figure 2E/6e,
dL5**: MG-B-Tau and dL5**:MHN-Ester)

2016

o Simple image-based no-wash method for 72

quantitative detection of surface
expressed CFTR. (Figure 6C, dL5**:MG-
B-Tau)

2017

e Tagging of endogenous BK channels
with a fluorogen-activating peptide
reveals p4-mediated control of channel
clustering in cerebellum. (Figure 6C,
dL5**:MG-TCarb)

2018

o High-content surface and total 25

expression siRNA kinase library screen
with VX-809 treatment reveals kinase
targets that enhance F508del-CFTR
rescue. (Figure 6E, dL5**:MG-bTau, and
dL5**:MGnBu)

o Select a-arrestins control cell-surface
abundance of the mammalian Kir2.1
potassium channel in a yeast model.
(Figure 6C, D, dL5**:MG-11p and dL5**:
MG-Ester)

This assay design allowed bypass of the difficulties involved with
labeled EGFR ligands or EGFR overexpression by using CRISPR/Cas9
technology to maintain endogenous expression levels of dL5** tagged

EGFR and response to physiological levels of EGF (sub-ng/mL).

To report the fraction of dL5** FAP-EGFR in acidic compart-
ments/lysosomes, the pH sensitive dye, MG-Bis-SA was used
(Figures 6A and 7).%° They monitored and measured EGFR endocyto-
sis in a 96 well plate high throughput format after siRNA knockdown
of human phosphatases. This screen identified new regulatory pro-
cesses, proteins and demonstrated the capability of the high-
throughput FAP-TRAPhIC platform for studying endocytosis at native

expression and signaling levels.

6 | y-AMINOBUTYRIC ACID TYPE A
RECEPTOR

A FAP tool was designed to track multistage synaptic GABA, Recep-
tor internalization and trafficking, extendable for future use in drug

related HT screens (Figures 6B and 7).4°

These receptors function as
ligand gated chloride channels involved in inhibitory neurotransmis-
sion in the brain.®> GABA,R primarily consist of two subunits, with
the y2 subunit being heavily involved in GABA,R function-and critical
for receptor synaptic targeting and cluster maintenance.®® The mecha-
nisms of GABA,R trafficking in response to endogenous and pharma-
cological molecules has not been fully investigated, which has led
Lorzen-Guertin et al to develop dL5** y2pHFAP GABAARs as a versa-
tile trafficking sensor. This tool has largely employed the previously
described Cy3(S/SA)-MG dye as a monitor of the trafficking itinerary
of y2pHFAP GABAARs, providing vesicle-level pH measurements.
Using the developed y2pHFAP GABAAR in conjunction with MG-B-
Tau pulse labeling they tested the utility of the platform to detect
pharmacologically induced changes in trafficking. They found with
neuron exposure to a bicuculline-induced seizure paradigm that
GABAAR had enhanced turnover rates and lysosomal targeting that
were not detectable by employing pHluorin (pHGFP) fluorescence
alone. pHGFP is quenched in the endosomal-lysosomal acidic com-
partments, while y2pHFAP reports pH of the extracellular environ-
ment and throughout the endo-lysosomal trafficking network.*® The
platform has established a trafficking paradigm of GABAARs that can
be used to assess trafficking changes caused by different agents.

7 | CELLSURFACE PROTEIN TRAFFICKING
MEASUREMENTS: ION 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 tar-
gets, and the second largest class of drug targets after GPCRs.** Their
movements to and from the cell surface regulates their overall func-
tion, and changes in trafficking can have drastic impacts on ionic
homeostasis. Controlled ion channel activity at the cell surface is
important for regulating heartbeat, blood pressure, muscle excitation,
neural activity, cell proliferation, bone resorption and salt and water
balance.®® Thus, detecting ion channel trafficking gives important

mechanistic insights of considerable therapeutic significance in a
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range of conditions and diseases. The development of fluorescent
labeling techniques allowed visualization of ion channel dynamics at
the plasma membrane that provides complementary measurements to
biochemical assays, with improved mechanistic insight.?® However,
designing genetically encoded tagged ion channels is difficult due to
potential interference with native channel function, which has greatly
hindered the development of ion channel assays with genetic chemi-
cal labels.®”:%8 Given the limited creation of ion channel FP-fusions or
chemical labeling choices in general, ion channel FAP-fusion con-
structs that exhibit native function represent a valuable tool option
for labeling cell surface ion channels to assess trafficking and changes
in trafficking associated with altered ionic transport.

The ion channels that have been validated and studied with the
dL5** FAP platform are the cystic fibrosis transmembrane conduc-
tance regulator (CFTR), the large conductance, voltage-and calcium-
activated potassium (BK) channels, and recently, the K+ inward
rectifying channel, Kir2.1, in a yeast model. This section is divided by
channel to highlight the use of tailored individualized strategies to
address the specific trafficking questions relevant to each of these tar-
gets Table 2. Lists the publications of the FAP-ion channel assay

developments.

8 | CYSTICFIBROSIS TRANSMEMBRANE
CONDUCTANCE REGULATOR

The trafficking defective chloride channel, the mutant AF508-CFTR,
fails to be exported to the cell surface where its function is to trans-
port chloride ions that are essential regulators of mucus viscosity and
layer thickness. 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.”® 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.”® However,
the mutant protein can form a functional channel if delivered to the
cell surface. Therapeutic screens are searching for compounds or tar-
gets that can rescue the trafficking defective CFTR by delivering it to
the PM. Most corrector HT screens rely on functional chloride trans-
port 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 and quantify it relative
to total expression level. FAP fusion AF508-CFTR has been shown to
be useful in high-throughput assay development utilizing different
measurement approaches, including imaging, flow cytometry and
multi-well bulk fluorescent quantitation.

Holleran et al, first developed dL5** FAP-WT CFTR and dL5**
FAP-AF508-CFTR constructs to establish a novel detection platform,
evaluating both N-terminally tagged and loop-4 insertion sites for the
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FAP-tag. Although both constructs trafficked properly, and responded
to correction strategies, the insertion of the protein in the loop-4 site
impaired CFTR glycosylation, so further work was carried out on the
terminally labeled construct, although it has an extra transmembrane
domain to ensure extracellular exposure of the FAP. The addition of a
FAP tagged transmembrane domain to CFTR was demonstrated to
not impair its trafficking, anion transport activity or glycosylation.”®
Initial work used MG-11p as a single, fast surface CFTR labeling fluor-
ogen measurable by flow-cytometry and microscopy (Figure 6C).37
The streamlined system was validated by using corrector compounds
and low temperature to rescue FAP-AF508-CFTR to the cell sur-
face.”® The detection system developed was later used with high-
temporal resolution microscopy to visualize internalization and accu-
mulation of CFTR from the PM, and demonstrated that treatment
with C4 or C18 corrector molecules redirects FAP-AF508-CFTR traf-
ficking from a degradation route to recycling pathway.”* More
recently a 96-well format, HT microscopy based, method was devel-
oped as a platform for drug discovery, with Z' values above 0.7 and
read-time of less than 5 minutes per 96-well plate. This platform uses
MG-B-Tau to selectively label FAP-AF508-CFTR at the PM
(Figure 6C).”? To improve experimental sensitivity and mechanistic
insight, we have now developed the capability to measure direct
CFTR traffic efficiency by measuring both cell surface protein and
total protein in the same specimens, in high throughput formats. A
surface and total protein HT measurement assay was developed on a
plate reader, but could also be implemented using high-throughput
microscopy with on-board reagent additions without wash steps
(Figure 6E). 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 excita-
tion and emission wavelengths, providing a direct measurement of the
surface fraction and total protein levels on a sample-by-sample or
cell-by-cell basis. This FAP approach was used to investigate all kinase
targets knocked down by siRNA that could enhance CFTR corrector,
VX-809, mediated rescue of AF508-CFTR.2°> The versatility of FAP
across microscopy, plate reader and flow-cytometry instruments has
allowed for diverse strategies to measure CFTR trafficking and rescue
to the plasma membrane at a drug-discovery and systems-biology
experimental scale, and for detailed mechanistic investigations.

9 | LARGE CONDUCTANCE CALCIUM AND
VOLTAGE REGULATED POTASSIUM
CHANNEL

The BK channel is expressed throughout the central nervous system
(CNS), kidney and smooth muscle.”” Reduced function in the CNS can
cause epilepsy and seizures.”® Because of its large conductance, small
changes to the density of cell surface BK channels can have significant

influences on its ability to regulate action potentials and
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neurotransmitter release.”” To investigate BK channel trafficking, the
BKa channel was tagged with dL5** FAP and surface labeled with
MG-2p for comparison to cells where all expressed FAP-BKa was
labeled with cell-permeable dye, MG-Ester (Figure 6C, D). Co-
transfecting its beta-4 subunit down-regulated its cell surface pres-
ence, an effect relieved by cotransfection of the subunit lacking an
ER-retention motif. This study demonstrated that the beta-4 subunit
expression plays a role in reducing BKas PM density by retaining it in
the ER, and established a mechanistic basis for the increased channel
currents observed in beta-4 KO animals.®’ Pratt, et al devised a
method to quantify surface and internal BK channel pools simulta-
neously in single cells by using a two color dye FAP labeling system. The
fluorogenic Green-Inside Red-Outside (GIRO) labeling strategy uses far-
red, cell surface labeling with 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 sur-
face and internal immunofluorescence labeling, with FAP clearly being
advantageous over immunofluorescence methods by detecting real-time
changes in live cells, with labeling within minutes.?” 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. Recently Pratt et al, demonstrated
CRISPR insertion of dL5** FAP into the native BKa genomic locus, analyz-
ing expression patterns in mouse brain tissue, creating a novel mouse
model for studying BK channels in live or fixed brain tissue and potentially
other tissues.”® In this context, MG-TCarb became one of the newest dye
additions to the cell-excluded category. MG-TCarb utilizes a mildly acidic,
tricarboxylate moiety configuration to reduce background nuclear DNA
dye binding observed in nuclei of some cells in fixed brain tissue labeled
with MG-B-Tau. 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.”

10 | INWARDLY RECTIFYING POTASSIUM
CHANNEL (KIR2.1)

The inwardly rectifying K+ (Kir) channels promote potassium transport
into the cell for membrane potential hyperpolarization, and has a sig-
nificant role in cardiac myocytes, vascular endothelium, smooth mus-
cle cells, skeletal muscle, neurons and in the kidney.®° Dysfunction of
the Kir2.1 family members is associated with cardiac arrhythmias and
loss-of-function mutations in the Kir2.1 gene are linked with Ander-
sen syndrome, a rare form of long QT disorder associated with peri-
odic paralysis with no current standard treatment.&°

A study by Hager et al, established a FAP tagged Kir2.1 yeast plat-
form to screen a-arrestin proteins in regulating Kir2.1 trafficking.”* The
screen utilized cell impermeant dye, MG-B-Tau, to measure FAP-Kir2.1
localized at the cell surface, and also cell-permeable dye, MG-Ester, to
assess the total cellular population (Figure 6C, D). This is the first time
that this FAP technique had been used in yeast to differentiate surface
and intracellular FAP-tagged protein pools. The trafficking screen rev-

ealed that specific a-arrestins, Aly1, Aly2 and Ldb19, promote Kir2.1

trafficking to the cell surface. In addition, they determined that two
a-arrestin effectors, Rsp5 ubiquitin ligase and phosphatase calcineurin,

also mediate Kir2.1 cell surface localization.”*

11 | NEW FAP PLATFORM DIRECTIONS:
SYNAPSE IMAGING

While most FAP technology developments have focused on select cell
surface protein trafficking, recently advances have been made with imag-
ing synapse location and function in complex specimens (mouse brain tis-
sues and fly neuromuscular junction). Synapses are structures comprising
a presynaptic and postsynaptic terminal where neurons communicate
with each other. A chemical signal is released from the presynaptic termi-
nal via packaged vesicles and quickly diffuses to the close by postsynap-

1.1 The packaging and exocytosis of chemical signals to be

tic termina
trafficked is highly regulated and mediated by the synaptic fusion pore or
synaptic vesicle fusion with the synaptic plasma membrane.5? Bulgari
et al, were able to image dense core vesicle fusion pores without inter-
ference from cotransmitting small synaptic vesicles by establishing a FAP
tagged proneuropeptide that are released at synapses in the fly neuro-
muscular junction.8®> When these dense core vesicles become open at
the pore, the cell impermeable MG dyes are able to label the vesicle-
contained FAP-proneuropeptide, revealing permeability characteristics of
the fusion pore. Uptake of the cell-excluded fluorogen dye in the
absence of electrical stimulation provided the first evidence for sponta-
neous neuropeptide release, a potential mechanism for regulating neural
activity more broadly than at the level of a single synaptic connection.

In addition, a new FAP based method was developed by Kuljis
et al, that allows for high-throughput quantitative imaging of postsyn-
aptic sites across an individual neuron in a complex tissue environ-
ment.®* In this work, the FAP was fused to a fragment of neuroliginl
and expressed in rodent brain with a dTomato cell filling protein by
viral transduction using site-specific injection and Cre-dependent
expression. The construct showed clear punctate colocalization with
synaptic immunofluorescence, and was a reliable measure of synaptic
locations, compatible with input assignment by using distinct color
cells to colocalize axonal processes with the identified postsynaptic
sites. This allowed identification of patterns of neuronal connectivity
that differed between important inhibitory subclasses, with some neu-
ron types preferring to establish somatic and apical dendritic connec-
tions while others were biased for connections in more distal dendritic
branches. This hierarchical and specified organization has important
functional implications for circuit development and function, and
raises interesting questions about the development and maintenance

of such heterogeneous inter- and intra-cellular architectures.

12 | OTHERFLUOROGEN BASED
STRATEGIES

There have been many developments in fluorogenic imaging probes

alongside with the FAP platform that offer benefits over traditional
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FP labeling strategies. SNAP, CLIP, Halo, PYP, FAST and TMP tags
have illustrated examples of fluorgenic dye probes.}333858% There
have also been several recent advancements in these fluorogen tech-
nologies. Silicon-rhodamine (siR) dyes were created by Johnsson and
colleagues as a near-infrared, cell-permeable fluorogenic probe com-
patible with the popular SNAP, CLIP and Halo tags.”® The photostable
siR substrates have proved to be invaluable for super-resolution
microscopy, and there continues to be evaluation of silicon rhoda-
mine, rhodamine and carbopyronine dyes for super resolution applica-
tions.”* 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 vyield of
tetramethylrhodamine by replacing the N,N-dialkyl groups with
azetidine rings, and expanded it to several other fluorophores: couma-
rin, naphthalimide, acridine, rhodol, carborhodamine, oxazine and Si-
rhodamine classes.”? These adjusted versatile fluorophores, known as
Janelia Fluor (JF) dyes, have also been made photoactivable, compati-
ble with super resolution PALM microscopy and are currently the best
“light up” labels for the Halo and SNAP tag.?>?* These probes are acti-
vated upon binding by shifting the equilibrium between the non-
colored closed-form (the lactone form) and the chromophore/
fluorophore open form (the zwitterion), the so-called L-Z equilibrium,
a process distinct from the fluorogen activation discussed above. A
red shifted pH sensitive fluorophore has recently been used as a semi-
synthetic sensor platform with both SNAP tag and specific antibodies
for eliminating modification of protein expression in studying endocy-
tosis and exocytosis.”® A pair of dyes with distinguishable spectral
properties have been developed for the FAST variants of the
photoactive yellow protein.>® These protein-dye complexes can be
rapidly displaced by dye-exchange approaches, and may be alternate
low-affinity probes for some trafficking applications, if the protein-
ligand interactions can accommodate linker modifications to control
cell permeability, and generate environmentally sensitive probes as
elaborated for the scFv-based FAP-Fluorogen system. In addition,
Tebo and Gautier have reported the development of SplitFAST to
visualize transient protein-protein interactions at the plasma mem-
brane or other cellular compartments.”® This designed system uses
the “split” fragments of the fluorescence activating and absorption
shifting tag, FAST, that specifically and reversibly binds the fluorogen-
like hydroxybenzylidene rhodanine (HBR) analogs. When the two
pieces of FAST expressed on POls interact, they are able to form the
correct complex to bind HBR.

An extension of FAP technology was developed using an alterna-
tive high-affinity protein scaffold, designed ankyrin repeat proteins
(DARPIns). Schiitz et al, selected for fluorescence-activating DARPins
using malachite green binding by ribosome display followed by yeast
surface display.’” This development showed a new application of
DARPins, that these binding proteins can also be selected to bind
small organic molecules. The DARPins may be alternate fusion pro-
teins with some binding capacity for established MG fluorogens, in
systems where scFv-FAP fusion impairs normal trafficking or

function.

TrafficAVIBIEE

While there have been considerable improvements with FP modifi-
cation, engineering brighter and photostable FPs is a difficult challenge
due to their buried chromophores that are not amenable to chemical
modification, and their environment sensitivity, that is, fluorescence
quenching at low pH.} In a breakthrough advancement in de novo
design of beta-barrel protein folds, Dou et al, were able to design beta-
barrel backbone models with cavity shapes that accommodated the
fluorogenic compound, DFHBI.?® The generated mini-fluorescence-
activating proteins (mFAPs), demonstrated a 3-step approach to creat-
ing a de novo design of ligand-binding proteins. This development
method could lead to a new array of backbone structures specifically
designed for select fluorogens and increase the spectral range and prop-
erties of fluorogenic tools available. These new mMFAPs represent
another encoded fluorogen activating protein platform amenable to the
same rational fluorogen and assay design principles outlined here, with
a protein platform completely distinct from and with different advan-

tages and limitations than the scFv based platform.

13 | CONCLUDING PERSPECTIVES

The fluoromodule activating system continues to gain new designer
dyes, tagged-proteins and innovative experimental methods to
improve detection of protein itineraries, or new trafficking interfaces
that can be adapted to a high-throughput format. The powerful com-
bination of genetic and genomic resources with the robust phenotypic
measurements of protein trafficking enabled by the FAP-fluorogen
toolset at the single cell level opens a variety of new research
approaches based on library-driven forward or reverse genetics and
clonal selections based on precisely determined trafficking pheno-
types and analysis by sequencing. A similar approach may also be
applied using new CRISPR libraries or other unbiased genome-wide
disruption and amplification methods. As new fluorogenic hybrid
labeling platforms become available, and gain more validation, this
labeling and detection approach is having a dramatic impact on the
kinds of questions that can be addressed robustly and at large scale in
protein trafficking. We hope that new toolkits can continue to provide
these kinds of improvements in this and other research areas, and that
this review points the way for people who are considering using FAP-
fluorogen technology in their protein trafficking research, and for
other probe developers to provide application-tailored fluorogenic
labeling tools that enable new research questions and approaches.
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