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Abstract

A novel bi-partite fluorescence platform exploits the high affinity and selectivity of antibody
scaffolds to capture and activate small molecule fluorogens. In this report we investigated the
property of multi-selectivity activation from a single antibody against diverse cyanine-family
fluorogens. Our fluorescence screen identified three cell impermeant fluorogens; each with unique
emission spectra (blue, green, and red) and nanomolar affinities. Most importantly, as a protein
fusion-tag to G-protein-coupled receptors the antibody biosensor retained full activity — displaying
bright fluorogen signals with minimal background on live cells. Because fluorogen-activating
antibodies interact with their target ligands via non-covalent interactions we were able to perform
advanced multi-color detection strategies on live cells, previously difficult or impossible with
conventional reporters. That is, by fine-tuning the concentrations of the different color fluorogen
molecules in solution a user may alternate fluorescence (signal onset versus offset), execute real-time
signal exchange via fluorogen competition, measure multi-channel fluorescence via co-labelling, and
perform real-time cell surface receptor traffic via pulse-chase. Thus, here we inform of an innovative
reporter technology based on tri-color signal that allows user-defined fluorescence tuning in live cell

applications.

Keywords: Antibody/Biosensor/FAP/Fluorescence/Fluorogen /scFv
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Introduction

Fluorescence protein reporters have dramatically transformed the probing methods for
discerning cellular and molecular phenomena. In more detail, this fluorescence revolution
commenced with the gene sequence identification and molecular cloning of the jellyfish Aequorea
victoria fluorescent protein (Prasher et al., 1992; Shimomura et al., 1962), and was followed with
other animal models (Masuda et al., 2006; Matz et al., 1999; Shagin et al., 2004). Such isolated
fluorescent proteins were often bioengineered as functional reporter tags in living cells — with
features of improved thermal stabilities, multi-detection wavelengths, bipartite split-domains, and
environmental sensing probes to highlight a few (Cabantous et al., 2005a; Cabantous et al., 2005b;
Kent et al., 2009; Sample and Newman, 2009; Shaner et al., 2004; Shaner et al., 2005). Until today
fluorescence biosensors form an indispensable arsenal for every sector of biological research —
academia, industry, and medicine. Accordingly, their application, developability, and influence will
further continue in this new century, with innovative technologies already emerging.

In the past decade, novel biosensing reporter approaches started to challenge the conventional
paradigm of fluorescent proteins. That is, scientists started to explore bio-conjugate platforms where
fluorescent modalities and protein scaffolds would interact to form stable complexes. Here, some
researchers identified and developed protein scaffolds that form covalent interactions with small
molecule fluorescent ligands via chemical or enzymatic coupling mechanisms. As a result, such
bipartite reporters offered enhanced spatial and temporal resolutions at the surface of cells and/or
intracellular milieu (Chen et al., 2005; Ferndndez-Suérez et al., 2007; Gautier et al., 2008; Griffin et
al., 1998; Hori et al., 2009; Keppler et al., 2002; Keppler et al., 2004; Los et al., 2008; Luedtke et al.,
2007). More advanced approaches utilized the capture of fluorogenic molecules, which are
inherently non-fluorescent unless sterically restricted. The most successful of these to date is called
fluorogen-activating proteins (FAPs), and utilizes the high affinity and selectivity of antibodies to

form stable non-covalent bonds with target fluorogens (Szent-Gyorgyi et al., 2008). Here the
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antibody functions as a protein cage that sterically confines the small molecule, and upon light
excitation the fluorogen emits fluorescence — due to the release of non-radiative energy decay.
Incidentally, FAP technology also offers a malleable approach for altering fluorescence signals;
primarily by modifying the chemical composition of the synthetic fluorogens in order to tune their
binding affinities and/or spectra (Pham et al., 2015; Rastede et al., 2015; Saunders et al., 2013;
Saunders et al., 2014; Szent-Gyorgyi et al., 2010). Furthermore, FAP reporters have demonstrated a
rapid advancement as tools for labelling cellular targets at the surface (Fig. S1), showing absence of
intracellular background/noise and high cell surface signal brightness comparable to (or greater) than
conventional fluorescent proteins (Holleran et al., 2010; Saunders et al., 2012; Szent-Gyorgyi et al.,
2008; Szent-Gyorgyi et al., 2010).

The majority of current fluorescence protein technologies show lack of multi-color detection
and signal modulation. Some breakthroughs occurred in the covalent bio-conjugate field where the
same target ligand for capture may be chemically coupled with unique color fluorophores, a very
similar approach to using commercially labelled antibodies for labelling cells (Irwin Chen et al.,
2007; Kosaka et al., 2009; Laura Vivero-Pol et al., 2005; Lee et al., 2010; Liu et al., 2014;
Uttamapinant et al., 2010; Wombacher et al., 2010; Yao et al., 2012). Likewise, other groups have
utilized bio-conjugate platforms based on tandem dye interactions that have resulted in FRET, a
donor-acceptor approach that amplifies the Stokes shift of a molecule resulting in fluorescence
emissions at longer wavelengths (Brun et al., 2009; Brun et al., 2011; Gallo et al., 2015; Pham et al.,
2015; Rajapakse et al., 2010; Robers et al., 2009; Saunders et al., 2014; Yushchenko et al., 2012;
Ziirn et al., 2010). As a result, we find that current methods prove lacking in multi-color detection
and real-time signal modulation. In this regard, FAP technology may prove better capable for
generating multi-fluorescence detection from a single reporter, due to the non-covalent nature of the
affinity interactions.

Recently, a group isolated a multi-selective single-chain-variable-fragment (scFv) with
affinity activation for various cyanine family fluorogens with differing poly-methine group lengths

(Ozhalici-Unal et al., 2008). In summary, this work showed that a scFv FAP may display binding
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promiscuity with different small molecule fluorogens analogs. Inspired by this observation, we set
out to screen a previously isolated scFv FAP for multi-fluorogen activation against a family of small
molecule variants. Thus, we explored fluorogens with assorted structural and electrostatic properties,
with aim to isolate fluorogens with diverse spectra. As a result, our affinity screen identified three
cell impermeant fluorogens with sub-micromolar affinities for the scFv scaffold. Most importantly
each fluorogen possesses a unique spectra that results in coverage of the entire visible spectrum from
a single fluorescent reporter. As a result, we further explored advanced multi-color fluorescence
detection at the surface of live cells. We investigated fluorescence signal manipulation via fluorogen
removal and addition, multi-color target detection via co-labeling, and real-time fluorescence color-
switch via affinity binding competition. To further highlight the potential of a multi-color scFv
reporter, we tracked in real-time the cell surface internalization of a G-protein-coupled receptor via
tri-color pulse-chase using live cells.

Thus, when compared to conventional systems, where signal is ever-present and
monochromatic (such as fluorophore labelled antibodies or fluorescent proteins), our findings show
that a multi-selective affinity biosensor expands the opportunities of detection, resulting in user-
defined spatial and temporal resolutions. In brief, here we report of a multi-color scFv FAP and

demonstrate its importance for fluorescence detection on live-cells.

Experimental Procedures

Plasmid Constructions. The surface expression of scFvs HL1.0.1-TO1 and HL1-TO1 (Fig. S2)
fused N-terminal to adrenoreceptor-beta-2 (ADRB2) on mammalian cells was performed using the
pDisplaySacLac2 plasmid (Holleran et al., 2010). HL1.0.1-TO1 and HL1-TO1 gene inserts (Szent-
Gyorgyi et al., 2008) were PCR amplified to include a 5° Sfil restriction site sequence
GGCCCAGCCGGCC and 3’ Sfil restriction site sequence GGCCGCAGGGGCC, and each insert
cloned into a Sfil enzyme digested pDisplaySacLac2. Subsequently, a complete ORF and stop codon
from the ADRB2 gene, encoding the b2AR receptor, was PCR amplified (template: fosmid WI2-

220209/G248P86156H5, BACPAC Resources Center, Oakland CA) to include 5° and 3 Bsml
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restriction sites using primer sequences GATCTGAATGCTATGGGGCAACCCGG and
CCCACAGCATTCTACAGCAGTGAGTCATTTCTACTACAATT, as previously shown (Fisher et
al., 2010), and cloned into Bsml enzyme digested pDisplaySacLac?2.

Cell Lines and Culture Conditions. We utilized a JAR200 yeast cell line (Mat a ura3-52, trpl,
1eu26200, his38200, pep4:HIS3, prbd1.6R, canl, GAL, GAL promoter-AGAL::URA3:G418r) for the
surface display of HL1-TO1 or HL1.0.1-TO1 scFvs using methods previously described (Szent-
Gyorgyi et al., 2008). Also, we utilized a HEK-293 mammalian cell line (ATCC, Manassas,
Virginia, USA) for all transient plasmid transfections using reagent TransIT®-LT1 (Mirus Bio,
Madison, Wisconsin, USA) according to the manufacturer’s instructions. The mammalian cells were
grown at 37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal calf
serum, 100 U/mL penicillin and 100 pg/mL streptomycin.

Protein Expression and Purification. Purified HL1.0.1-TO1 scFv protein was obtained using a
Rosetta-Gami E.coli strain (Novagen, Billerica, Massachusetts, USA), where the cells were induced
with 0.5 mm isopropyl-B-d-thiogalactopyranoside (RPIcorp, Prospect, Illinois, USA), lysed, and
pelleted via high-speed centrifugation. The supernatant was used in nickel-nitrilotriacetic acid
chromatography (Ni-NTA; Thermo-Fisher, Waltham, Massachusetts, USA) according to the
manufacturer’s instructions. The eluted fractions were purified via gel-filtration chromatography,
then pooled, and concentrated using centrifugal-filter units (EDM Millipore, Billerica,
Massachusetts, USA). The final scFv protein concentration was determined by spectroscopy
measured at 280 nm wavelength and calculated using the Beer-Lambert equation. The protein
samples were aliquoted and stored in phosphate-buffered-saline (PBS) with 0.09% sodium azide at -
20 Celsius. All thawed samples were subsequently stored at 4 Celsius for one month, and then
discarded.

Optical Spectroscopy Assays. The samples were analyzed in an Infinite M1000 plate spectrometer
(TECAN, Ménnedorf, Switzerland) using transparent, flat-bottom, 96-well microtiter plates
(Corning, Corning, New York, USA). For the fluorogen activation screen the fluorescence

measurements were performed in triplicate using 0.5 puM purified scFv protein and fluorogen in 200
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pL of PBS. The emission spectra comparisons between HL1-TO1 and HL1.0.1-TO1 were
determined using triplicate samples of 10° surface-displayed scFv yeast cells in 200 pL of PBS, and
corrected for background fluorescence using wild-type control cells. For correct comparisons the
fluorogens were presented at same Kd concentration values, where 2-fold Kd for OTB-SO3 and DIR
and 5-fold Kd for TO1-2p (see Table 1). All kinetic titration measurements were determined using
yeast surface displayed HL1.0.1-TO1 in triplicate samples and fluorogen titrated at different
concentrations and corrected for background fluorescence using wild-type control cells. The data
were fit to a one-site binding equation (Fig. S5) using Graph-pad Prizm 5.0 (GraphPad Software, San
Diego, California, USA), where X is the fluorogen concentration:
y = Bmax * x /(Kd + x)

Fluorescence Microscopy. The images were acquired with a Carl Zeiss LSM 510 Meta/ UV
DuoScan inverted confocal microscope using a 405 nm laser and a 430-480 nm band-pass filter for
OTB-SOs fluorogen, a 488 nm laser and a 505-550 nm band-pass filter for TO1-2p fluorogen, and a
561nm laser and 575 nm LP band-pass filter for DIR fluorogen. Cells were imaged in PBS using 35-
mm glass-bottom dishes (MatTek, Ashland, Massachusetts, USA), and images analyzed using
ImagelJ software (http://rsb.info.nih.gov/ij/).

Cell Surface Imaging Assays. HEK293 cells transiently expressing HL1.0.1-TO1 fused to ADRB2
were labelled with 100 nM OTB-SOs, TO1-2p, or DIR fluorogens. For evaluating signal loss by
fluorogen removal, the cells were presented with fluorogen in the medium and incubated for 10
minutes at room temperature. Subsequently the cells were washed with PBS plus Ca/Mg and
immediately imaged using time-lapse microscopy at 15 second intervals for 10 minutes. Next, the
cells were presented again with fluorogen and imaged. For evaluating signal exchange via fluorogen
competition, the cells were presented with OTB-SOs fluorogen in the medium and incubated for 10
minutes. Subsequently, either TO1-2p or DIR fluorogens were added and the cells were immediately
imaged using time-lapse microscopy at 15 second intervals for 10 minutes. For evaluating receptor
traffic via agonist stimulation, initially 100 nM of DIR fluorogen was added to the cellular medium

and the cells imaged after 5 minutes incubation with the fluorogen. Following, a final concentration
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http://rsb.info.nih.gov/ij/

of 10 uM isoproterenol (Sigma-Aldrich, St. Louis, Missouri, USA) was added to the medium and the
cells were incubated for 30 min. at 37°C. Following, the cells were re-imaged. The media was then
removed, the cells gently washed with PBS plus Ca/Mg and media re-added with 100 nM OTB-SOs
fluorogen. Following, the cells were re-imaged after incubation for 5 minutes with the fluorogen.
Next, a final concentration of 10 uM isoproterenol was added to the medium and the cells were
incubated for 30 min. at 37°C, and subsequently the cells were re-imaged. Following, the media was
removed; the cells were gently washed with PBS plus Ca/Mg, and cell media was re-added with 100
nM TO1-2p fluorogen. Subsequently, after 5 minutes the cells were re-imaged.

Cellular Fluorescence Photobleach Assay. HEK293 cells transiently expressing HL1.0.1-TO1
fused to ADRB2 were imaged in presence of either 100 nM OTB-SO3, TO1-2p, or DIR fluorogens.
The cells were photobleached over four Z-stack planes for a total of 20 cycles that consisted 30
second iterations of 10% laser power (a 405 nm laser for OTB-SO3, a 488nm laser for TO1-2p, or a
561 nm laser for DIR). Fluorescence microscopy acquisition was performed between each cycle,
while maintaining the same settings across each fluorogen group. Image fluorescence values from
each Z-stack were converted to maximum intensity averages onto a single image. Subsequently, the
fluorescence values for each image cycle were normalized to the initial image (pre-photobleaching)

for analysis comparisons.
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Results

Assessment of Multi-Fluorogen Activation from scFv HL1.0.1-TO1

We set up a fluorescence activation fluorogen screen using diverse cyanine family fluorogens
against a previously isolated scFv, called HL1.0.1-TO1, with known specificity for a Thiazole-
Orange fluorogen derivative (Szent-Gyorgyi et al., 2008). In our screen we included small molecule
analogs with variances in structural and physico-chemical properties. More specifically, we screened
fluorogens with altered polymethine-group lengths, atomic substitutions, electrostatic alterations,
altered molecular polarities, and removal/addition of subgroups at distinct spatial locations.
Incidentally, the molecular screening method utilized purified scFv protein in the presence of
fluorogen, and was biased for high-affinity interactions with measurements at sub-micromolar
concentrations of each moiety.

Figure 1A compares normalized activation of Thiazole-Orange (TO) and analog derivatives
TO1, TO2, and TO1-2p. We observed improved fluorescence emission when a negative charged
subgroup was present at the benzothiazole ring position, such as in TO versus TO1 or TO1-2p, while
the same addition to the quinoline ring of TO substantially reduced fluorescence emission, such as
TO versus TO2. On the other hand, the addition of diethylene-glycol-diamine (neutral charge group)
at the quinoline ring position did not affect fluorescence, such as TO1 versus TO1-2p. Taken
together, we observed that molecular electrostatics play a determining role for fluorogen-scFv
interactions and their subsequent fluorescence activation.

Fluorine atoms possess strong electron-withdrawing properties. As a result, Fluorine atoms
disrupt the electrical polarity of a fluorogen when present in the molecule. In our fluorescence
screen we observed diminished activation using different TO fluorogens modified with Fluorine
atoms at the benzothiazole ring (Fig. 1B). On the other hand, when measuring the same Fluorine
modified fluorogens using an activating medium, such as 90% glycerol, the fluorescence output of

the fluorogens remained comparable (Shank et al., 2009). This informs that the fluorogenic
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modifications themselves are not intrinsically disruptive. It also highlights that the charge polarity of
fluorogens (whole-molecule electrostatics) prove important for directing the affinity interactions with
the scFv FAP.

Previous groups demonstrated that a twisted fluorogen conformation may be corrected into a
planar geometry inside the binding pocket of a scFv, resulting in fluorescence emission upon
excitation (Shank et al., 2013; Silva et al., 2007). As a result, we screened HL1.0.1-TO1 against
twisted cyanine fluorogens aCN-TO and aCN-DIR. The data revealed that both fluorogens lack
fluorescence activation (Fig. C&D). Incidentally, our results showed a lower signal emission profile
for aCN-DIR fluorogen in the presence of protein rather than when free in solution (observed
multiple independent times — data not shown). Here we hypothesize that aCN-DIR fluorogen
loosely interacts with the scFv protein; yet, its twisted geometry prevents the fluorogen from
activating — since a planar conformation is required. Incidentally, the lower observed signal may be
attributed to the protein binding pocket encapsulating and shielding the fluorogen from background
activation when free in solution. A similar observation was previously identified when measuring
the photo-insulating properties of scFv scaffolds and cognate fluorogens (Saurabh et al., 2015; Szent-
Gyorgyi et al., 2013). Thus, here we find that HL1.0.1-TO1 lacks the ability to stabilize a twisted
conformation into a planar geometry for fluorescence activation.

In Figures 1E-1G we observed that extension of the methine-linker group resulted in
decreased or loss of fluorescence signal - such as PO-PROL1 versus PO-PRO3, TO-PRO1 versus TO-
PROS5, and YO-PRO1 versus YO-PRO3. Thus, we speculate that the scFv affinity binding region
proves restrictive in regards to spatial proximity between the heterocycles. This observation contrast
with a previously identified multi-selective scFv (Ozhalici-Unal et al., 2008) — with affinity
activation for different fluorogens primarily based on poly-methine group length diversities. As a
result, we find some properties are not universal across scFv FAPs and that different antibody
scaffolds possess unique affinity requirements in regards to methine-group length extensions.

Additionally we also screened tandem fluorogen molecules, such as TO-TO1 or YO-YO1

fluorogens, for affinity activation against HL1.0.1-TO1. For both molecules we observed robust
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emission profiles in presence of the scFv (Fig. 11). Thus, tandem molecules show fluorogenic
activation, regardless of their increased molecular size footprint. As a result, since the scFv HL1.0.1-
TO1 was previously isolated against a monomeric fluorogen, we suggest that only one tandem-half
of the molecule may actually form the affinity complex — rather than the whole molecule, tandem
fluorogen. A similar observation was previously determined when using tandem pairings of
fluorogen-fluorophore or fluorogen-polyethylene-biotin molecules (Pham et al., 2015; Szent-Gyorgyi
et al., 2010; Vasilev et al., 2016). Here the fluorogen component shows affinity interaction with the
scFv irrespective of its tandem fluorogen pair, where most likely both moieties display independent

functional activities.

Determining Multi-Fluorogen Activation from scFv HL1.0.1-TO1 and HL1-TO1 at the Surface
of Cells

Based on our fluorescence validation screen, we selected three different spectra cell-
impermeant fluorogens for further validation on live cells (Fig. S4): Oxazole-Thiazole-Blue
derivative (OTB-SOgz) (Zanotti et al., 2011), Thiazole-Orange derivative (TO1-2p), and Dimethyl-
Indole-Red (DIR) (Constantin et al., 2008). Also, we included in our assessment scFv HL1.0.1-TO1
versus its parent scFv, HL1-TO1 (non-affinity matured version) (Szent-Gyorgyi et al., 2008). The
reasoning behind this was to compare how affinity maturation may influence scFv-fluorogen multi-
selectivity and activation, more specifically in regards to fluorescence output and affinity values. As
a result, figure 2A shows the fluorescence spectra of each fluorogen in the presence of surface
displayed scFvs on yeast cells with measurements acquired at same Kd values for correct
comparisons (see Table 1). Accordingly, we observed that all three fluorogens activated in the
presence of scFv HL1.0.1-TO1 (as previously identified from our protein screen), while its parent,
scFv HL1-TO1, failed to activate OTB-SOs. Additionally, we also observed improved fluorescence
signal from TO1-2p with HL1.0.1-TO1 versus HL1-TO1. On the other hand, HL1.0.1-TO1 showed
a lower signal emission profile with DIR rather than HL1-TO1 (parent scFv) — likely due to HL1.0.1-

TO1 stricter methine-group length restrictions, as previously identified in Figure 1E-G. Taken
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together, affinity matured scFv HL1.0.1-TO1 showed greater binding affinity for all fluorogens when
compared to its parent, sckv HL1-TO1 (Table 1). Incidentally, affinity maturation may further
explain why HL1.0.1-TO1 activated OTB-SOs fluorogen while parent scFv HL1-TO1 failed.
Likewise, the yeast-cell results also corresponded with additional mammalian cell validations
utilizing scFv genetic fusions with adrenoreceptor-beta-2 (ADRB2) at the cell surface. Here, we
observed abundant and distinct cell surface signal from HL1.0.1-TO1 with all three different color
fluorogens independently (Fig. 2B), while the untransfected cells remained dark, indicative of low
background/noise from the fluorogens in the medium. On the other hand, parent scFv HL1-TO1
lacked signal activation for OTB-SOs fluorogen, and corresponded with our previous yeast-cell
assessments. Taken together, scFv HL1.0.1-TO1 demonstrates functional activity as a genetic

reporter, showing opportunities of tri-color detection at the surface of live cells.

Evaluating Fluorescence Signal Loss by Fluorogen Removal from the Medium

A property of scFv biosensors is their ability to form non-covalent complexes with their
ligands. Hence, fluorogen removal from the cellular medium results in fluorescence signal loss due
to the thermodynamically favorable exchange from bound to unbound fluorogen. After first
labelling cells tagged with HL1.0.1-TO1 at the cell surface and followed by fluorogen removal, we
observed signal loss for all fluorogens (Fig. 3A). Conversely, re-addition of each fluorogen resulted
rapid regain of initial fluorescence. Furthermore, some fluorogens exhibited more pronounced signal
off-rates than others. That is, TO1-2p fluorogen proved least susceptible to fluorescence signal loss,
attributed to HL1.0.1-TO1 high affinity for this fluorogen (see Table 1). Conversely, OTB-SOs
showed the greatest loss of fluorescence activity when compared to all three fluorogens (Fig. 3B).
Note, this proved unexpected since DIR possesses the weakest affinity values for HL1.0.1-TO1 from
all three fluorogens (Table 1). As a result, we asked whether photobleaching effects contributed to
reduced fluorescence signal over time since fluorogens and fluorophores are susceptible over time
exposure to irreversible photochemical alterations that may permanently reduce their ability to

fluoresce. We subjected the same cells labelled with each fluorogen to multiple cycles of
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photobleaching using identical laser power settings as before. Data analysis showed OTB-SOz3 as the
most susceptible fluorogen to photobleaching, while TO1-2p and DIR showed minor sensitivities
(Fig. 3C). Accordingly, we repeated the fluorogen removal assay and measured fluorescence at only
two time points instead of multiple (such as 15 second intervals for 10 consecutive minutes, see
Materials and Methods for descriptive methods) in order to minimize the photobleaching time
exposure. The data showed smaller OTB-SOs signal loss than prior (over the same time interval)
(Fig. 3D). Interestingly, OTB-SOs showed comparable values of fluorescence loss as DIR fluorogen,
which may indicate of similar ligand off-rates (k-off) for these fluorogens. In conclusion, scFv
HL1.0.1-TO1 permits signal manipulation via fluorogen removal from cellular medium; however,
photobleaching effects must be taken into consideration for correct assessments.
Assessing Fluorescence Signal Exchange via Fluorogen Competition

In multi-selective settings different fluorogens compete for binding with the same scFv,
where the labelling with different fluorogens may result in real-time color exchange. For this
analysis we excluded fluorogen competitions between TO1-2p and DIR due to potential Foster-
resonance energy transfer (FRET) between these chromophores. We initially labelled the HL1.0.1-
TO1 tagged cells with OTB-SOs fluorogen and followed by adding TO1-2p or DIR fluorogens to the
cellular medium. Time-lapse image analysis showed that majority of OTB-SOs signal diminished
after TO1-2p fluorogen addition (Fig. 4A). On the other hand, co-labelling was observed when DIR
fluorogen was added to the medium (Fig. 4A). For both examples, the data correlates with HL1.0.1-
TO1 fluorogen affinity values, where the high scFv affinity of TO1-2p competes for binding and
displaces OTB-SOz3 over time (Fig. 4B), while a weaker affinity DIR only partially displaces OTB-
S03, and after 10 minutes majority of OTB-SOs signal remains (Fig. 4C). As previous, in order to
assess any contribution of photobleaching effects, we repeated the fluorogen competition assay and
measured for fluorescence activation at only two time points instead of multiple. The results showed
comparable signal loss for OTB-SO3z when competed with TO1-2p (Fig. 4D). On the other hand, we
observed higher OTB-SOs signal when competed with DIR (Fig. 4E), indicative of partial OTB-SO3

sensitivity to photobleaching (as previously measured). Thus, multi-selective scFvs may allow
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fluorescence signal exchange when presented with a second fluorogen; however, the extent of color-
switch depends upon the binding affinities of each fluorogen.

Measuring Multi-Color Surface Receptor Traffic on Live Cells

The potential of multi-color activation from a single reporter allows for advanced strategies of
cellular detection. In this regard we transfected live mammalian cells with HL1.0.1-TO1 fused to
ADRB2. Upon agonist molecule receptor stimulation we measured the receptor traffic from the cell
surface towards cytoplasm using sequential pulse-chase in three colors. Here the overall all goal to
measure cell surface receptor traffic in real-time via successful removal of surface staining, but
maintenance of staining in the internalized receptors. Thus, we first labelled the cells with DIR — the
weakest affinity binding fluorogen — and followed by presenting a small molecule receptor agonist,
isoproterenol.  Post-internalization traffic, the cells were washed and relabeled with OTB-SO3
fluorogen. The same process was repeated again and followed by labelling with TO1-2p. In this
case, we were able to determine spatial and temporal locations of ADRB2 receptors using live cells
in real-time (Fig. 5). Furthermore, we also noted that fluorogen removal via a wash-step and then
followed by exchange resulted in faster relabeling of the cell surface receptors, rather than direct
competition (compare to Fig. 4). As a result we performed single reporter tri-color fluorescence

imaging to track in real time the spatial and temporal location of cell surface receptors.

Discussion

The properties of high affinity and specificity from single-chain-variable-fragments (scFvs)
for a target ligands generates highly stable and functional scFv-fluorogen biosensors. As
demonstrated in this report, in certain cases a single scFv molecule may target multiple different
fluorogens from the same chemical family. Our fluorescence screen showed a high percentage
activation, greater than 50 percent of diverse fluorogens analogs, against scFv HL1.0.1-TO1 (see Fig.
1). Accordingly, we propose that antibody multi-selectivity may prove more common in settings of
small molecule targets rather than conventional antibody antigens, such as peptides or proteins. For

the latter case, macromolecules possess a larger affinity interface that must be occluded from the
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surrounding solvent, and results in lower energetically favorable conditions for binding. Here, the
proteins and peptides possess geometric conformations and structural features that restrict the
number of possible spatial orientations for binding when compared to small molecules. Also,
macromolecules are subject to long range affinity interactions (i.e. electrostatic, hydrogen bonds, and
hydrophobic) that may indirectly influence protein affinity and the specificity interface (Janin, 1997;
Schreiber and Fersht, 1995). While conversely, long range interactions also negatively influence
whole protein affinity associations via charge repulsions and/or unfavorable dipole orientations
(Lockless and Ranganathan, 1999; Tompa, 2002). On the other hand, fluorogen molecules possess
small and flexible scaffolds that offer a greater range of protein surface interactions — increased
freedom of contact regions and geometrical orientations. Furthermore, small molecules tend to bury
within the affinity binding region, which fully encapsulates the fluorogen from bulk-solvent and
increases the free-energy conditions (i.e. lower entropy) for affinity binding (Bogan and Thorn,
1998).

Our findings further show that when comparing fluorogen analogs for scFv activation altered
molecular electrostatics reveal a propensity for affinity disruptions. That is, we detected diminished
or absence of fluorescence signal when charged groups were substituted or whole molecule
electrostatic distributions were modified (see figure 1A and 1B). In this regard, our findings suggest
that electrical forces largely influence the free energy landscape for affinity binding of fluorogens,
and minor disturbances at electrostatic interfaces lead in severe loss/poor binding. This observation
is reflective of protein-protein interaction models, where the principles of charge-charge and charge-
dipole interactions prove critical for thermodynamic stability and association kinetics (Dill, 1990;
Janin, 1997; Schreiber and Fersht, 1996). On the other hand, fluorogen structural modifications,
based on cyclic or methine group modifications, proved less detrimental in fluorescence signal loss.
For example, when comparing TO1-2p versus OTB-SOs (smaller heterocycle group), or TO1-2p
versus DIR (longer methine linker), in both cases we still observed scFv fluorogen activation, yet

with reduced binding affinities (see Table 1). Taken together, our data hints that for antibody small
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molecule interactions, the scFv binding region allows greater malleability of fluorogens with
structural rather than electrostatic fluorogens modifications.

Furthermore, our experimental findings also correspond with meta-data studies based on
affinity hot-spot regions that stabilize protein-protein interactions (Morrow and Zhang, 2012). More
specifically, hot-spots show involvement in affinity steering of target molecules for docking, and
show preferential enrichment of residues tyrosine, tryptophan, and arginine (Bogan and Thorn, 1998;
Lise et al., 2011). As a result, here we propose that polar and charged interactions (such as arginine
and others) must govern the free energy landscape of the fluorogen affinity interface with the scFv —
thereby guiding and orienting the small molecule. Whereas aromatic residues in the protein binding
region, such as tyrosine, tryptophan and others, may help stabilize the fluorogens via n-stacking,
hydrogen bonding, and hydrophobic interactions. This assertion also corresponds with multiple
other protein-protein affinity models that describe an early affinity complex that is further stabilized
by a later precise docking stage (Chakrabarti and Janin, 2002; Schreiber and Fersht, 1995; Schreiber
and Fersht, 1996).

In this report we presented a screening method for identifying multi-selective FAPs; and also
we highlighted novel approaches of microscopy detection based on multi-color fluorescence. More
specifically, when compared to conventional methods, a bipartite non-covalent platform offers
increased flexibility for target molecule detection — in regards to temporal and spatial fluorescence.
That is, contrary to ever present signal, such as fluorescent antibodies or reporter proteins,
fluorescence detection remains absent until the addition of a cognate fluorogen to the cellular
medium. Conversely, here we observed that fluorogen removal from the cellular medium results in
fluorescence loss, and is regulated by affinity off-rates (Fig. 3). Application-wise, a tunable signal
detection reporter offers opportunity for advanced protein discovery strategies involving protein
turnover at the cellular membrane, pulse-chase of vesicular traffic, or post cell labeling assays that
require the removal of signal (Bodor et al., 2012; Fuchs et al., 2010; Giepmans et al., 2006;
Lippincott-Schwartz and Patterson, 2003; Mizukami et al., 2012). Furthermore, in order to further

accelerate the off-rates of signal detection using multi-selective FAPs, future focus will be placed on
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isolating weak affinity fluorogens. Here, two distinct engineering strategies may rapidly facilitate
this: The site-directed mutagenesis of the protein scaffold, or chemical alterations of fluorogen sub-
groups (Rastede et al., 2015; Shank et al., 2009; Yates et al., 2013; Zanotti et al., 2011).

A multi-color and selective scFv FAP offers increased user freedom when compared to
covalent-based bipartite reporters, or standard fluorescent proteins. That is because a non-covalent
affinity platform allows fluorescence signal manipulations via the kinetic tuning of fluorogen
molecules in the surrounding medium. That is, a user may initially present a fluorogen to the cellular
medium, and subsequently compete for binding via addition of a different color fluorogen. As
demonstrated in this report, such fluorescence color manipulation is contingent upon the fluorogen
affinities for the scFv. Here, the higher affinity fluorogens compete with weaker affinity fluorogens
to force a new equilibrium, resulting in rapid exchange of fluorescence signals (see Fig 4).
Incidentally, one may further accelerate color signal exchange via first removal of the first fluorogen
from the medium (wash-off) followed by subsequent presentation of a second color fluorogen (as
demonstrated in figure 5). Accordingly, a user may perform measurements of real-time signal
exchange using different color channels — with direct application for cellular trafficking studies such
as the downregulation and re-sensitization of cell surface receptors (Fisher et al., 2014; Wu et al.,
2012; Wu et al., 2014). On the other hand, fluorogen competition, using similar affinity fluorogens,
results in multi-color co-labelling instead of color-switch. Here, co-labelling may prove critical for
the detection of targets with high background/noise — by method of signal overlap measurements
using two independent channels.

In summary, the data presented in this report advances the field of fluorescence reporters, and
reveals novel strategies of detection previously problematic or impossible using conventional
methods. Furthermore, the work presented here offers proof-of-concept examples with direct
implications for live cell detection strategies. Thus, here we seek to challenge the conventional

paradigm and offer new directions in the field of fluorescent reporters.
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Figure 1. A fluorescence activation screen using HL1.0.1-TO1 protein against diverse cyanine
family fluorogens. All measurements were performed in PBS using triplicate samples with 500 nM
fluorogen and HL1.0.1-TO purified protein. We included the excitation and emission maxima for
the fluorogens that exhibit fluorescence activation listed below the name of its corresponding

fluorogen.

Q
O
)
j
@©
(O]
O
C
@©
>
©
<
(]
(O]
O
C
2
O
(7p]
ko)
©)
Y-
(@)
©
[
=
3
O
=



10000 - = = =HL1-TO1 A\ ~\
’(3; _— ——HL1.0.1-TO1 \={ o
i 5000 o
2 0 I
L e e T OTB-SO,
2 8 83 R 8 2 8 8
- - - - < w w w
40000 - = =HL1-TO1 M\/awoj“}
’(5‘; 30000 = HL1.0.1-TO1 D
E 20000 { , C»*% S o
= =G AN
10000 i K/"
0 A
§§c 885888 v Tozp
20000 ey - = =HL1-TO1
:‘?‘ 15000 ,' ¥ ——HL1.0.1-TO1 M\ e A’l“/\/\//s#\a
= / ‘ IR NN ¢
5000 £ %
o = DIR

DIC HL1-TO1 DIC

HL1.0.1-TO1

Figure 2. Comparison of HL1-TO1 or HL1.0.1-TOL1 proteins expressed at the surface of live
cells and screened for activation of different fluorogens. (A) Fluorescence emission spectra of
surface displayed HL1-TO1 versus HL1.0.1-TO1 on yeast cells in presence of different fluorogens.
Comparisons assessments were performed at 2- or 5-fold the KD values of each fluorogen for its
cognate scFv (see Table 1). (B) Micrographs of live mammalian cells expressing HL1.0.1-TO1
fused to adrenoreceptor beta-1 (ADRB2) at the surface. Cells were imaged in the presence of 100

nM of each fluorogen independently with the micrographs scale bar set at 30 um.
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Figure 3. Assessing fluorescence signal loss at the surface of live mammalian cells post
fluorogen removal from the cellular medium. All analyses were performed using cells expressing
HL1.0.1-TO1 fused to ADRB2 at the cell surface. (A) Time-lapse micrographs from cells initially
labelled with fluorogen, then washed and imaged for 10 minutes; at the last time point fluorogen was
re-added. (B) Bar graph summary of fluorescence intensities from fluorogen removal time-lapse
images (n=5). (C) Bar graph summary of fluorescence intensities from photobleached time-lapse
images in presence of fluorogen (n=5). (D) Bar graph summary of fluorescence intensities from
images at only two time points after fluorogen removal (n=5). All assays were performed with 100
nM of each fluorogen, and the error bars denote standard deviation from the mean. Each fluorogen

time-series micrograph represents multiples images over time, with the scale bar set at 15 pm.
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Figure 4. Determining fluorescence signal exchange at the surface of live cell via two fluorogen
competition. All analyses were performed using mammalian cells expressing HL1.0.1-TO1 fused to
ADRB?2 at the cell surface. (A) Time-lapse micrographs from cells initially labelled with OTB-SO3
fluorogen, then presented in the medium with either TO1-2p or DIR fluorogens and immediately
time-lapse imaged for 10 minutes. Note, we observed improved image resolutions at longer
wavelength emissions due to reduced cellular background and higher laser excitation power settings.
(B) Bar graph summary of fluorescence intensities from fluorogen competition time-lapse images of
OTB-SO3 vs. TO1-2p. The TO1-2p signal was normalized to the last time point fluorescence values.
(C) Bar graph summary of fluorescence intensities from fluorogen competition time-lapse images of
OTB-SOs3 vs. DIR. The DIR signal was normalized to the last time point fluorescence values. (D)
Bar graph summary of OTB-SOs fluorescence at only two time points after addition of TO1-2p in the
medium. (E) Bar graph summary of OTB-SO3 fluorescence at only two time points after addition of
DIR in the medium. All assays were performed in presence of 100 nM of each fluorogen, and each
bar graph analysis was determined from n=5 images for each group, with error bars denoting
standard error from the mean. Each fluorogen time-series micrograph represents multiples images

over time, with the scale bar set at 15 pm.
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Figure 5. Imaging the real-time intracellular traffic response of cell surface receptors via three-
color fluorogen sequential labeling. Mammalian cells expressing HL1.0.1-TO1 fused to ADRB2
at the surface were initially labelled using 100 nM DIR in the medium and subsequently presented
with an ADRB2 agonist ligand (isoproterenol). The cells were washed with PBS and labeled with 50
nM OTB-SO3 and the ADRB2 agonist. Subsequently, the cells were washed with PBS and then
labeled with 500 nM TO1-2p. Each fluorogen time-series micrograph represents multiples images

over time, with the scale bar set at 30 pm.



Table 1. Fluorogen excitation/emission maxima and Kd affinities for HL1-TO1 and HL1.0.1-TO1.

o HL1-TO1 E)'Z/EO-1'TO1 HL1-TO1  HL1.0.1-TOf
UOrogen  ex/Em (Amax/nm) (Amar)?/nm) Kp (nM) Kp (NM)

OTB-SO, - 400/426 - 51.8

TO1-2p 510/527 ° 511/536 360 ° 2.6

DIR 607/649 609/649 442" 565

a. Szent-Gyorgyi et al., 2008
b. Ozhalici-Unal et al., 2008
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J. Cell Sci. 130: doi:10.1242/jcs.202952: Supplementary information

RFP FAP RFP FAP

Supplemental Figure 1. Micrograph comparisons of cell surface displayed fluorescent
protein RFP versus scFv FAP. (A) Images of cells transfected with either RFP or HL1.0.1-
TO1 FAP genetically fused to the N’-terminus of the PDGFR transmembrane domain
region. FAP labelled cells were measured in the presence of TO1-2p fluorogen in the
medium. (B) Images of cells transfected with an N-terminus HL1.0.1-TO1 FAP-tagged
to RFP and genetically fused to the PDGFR transmembrane domain region. The cells
were measured in the presence of TO1-2p fluorogen in the medium. The scale bar
represent 30 um.

[
i)
)

©

£
fas
L
£

Py

(]
i)

C

(O]

S
Q

o

o

=}
(9]

.

(O]

(8]

[
Q0

O
(9]
©
©)
G

o
©

C

fu

=}

(e}
S



J. Cell Sci. 130: doi:10.1242/jcs.202952: Supplementary information

>HL1-TO1
QVOLVESEAEVKKPGSSVKVSCKASGGTEFSSYAISWVROAPGOGLEWMGGIIPIFGTANYAQKFE
QOGRVTITADESTSTAYMELSSLRSEDTAVYYCVLLDTTMVTGYYEFDYWGQGTLVTIVSSGILGSG
GGGSGGGGSGGGGSNFMLTQPPSASGTPGOSVTISCSGSGSNIGNNKVNWYQOLPGTAPKLLIY
SNNOQRPSGVPDRESGSKSGTSASLAISGLOSEDEADYYCAAWDDSLNGYVFEGTGTKLTVL

>HL1.0.1-TO1
QOVOLVESEAEVKKPGSSVKVSCKASGGTEFSSYAISWVRQAPGOGLEWMGGTIPIFGTADYAQEF
QGRVTITTDESTSTAYMELSGLRSEDTAVYYCVLLGTTMVTGHYFDYWGQGTLVTVSSGILGSG
GGGSGGGGSGGGGSNFMLTQPPSASGTPGQSVTISCSGSGSNIGNNKVNWYQOLPGTAPKLLIY
SNNQRPSGVPDRFSGSKSGTSASLAISGLOSEDEADYYCAAWDDGLSGYVEGTGTKLTVL

Supplemental Figure 2. Amino acid sequences of scFv FAPs used in this report
with red highlighted letters indicating mutations in the affinity matured versus
parent scFv.
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J. Cell Sci. 130: doi:10.1242/jcs.202952: Supplementary information

Excitation Emission Signal /
(nm) (nm) Background

Fluorogen

YO-Prol 487 533 7.67
YO-YO-1 495 514 182.30

TO-TO-1 524 565 78.89
aCN-DIR 525 N/A N/A
PO-Pro3 539 N/A N/A
YO-Pro3 600 623 8.18

Supplemental Figure 3. Fluorescence excitation/emission
maxima using purified protein HL1.0.1-TO1 and different
fluorogen analogs.
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J. Cell Sci. 130: doi:10.1242/jcs.202952: Supplementary information

OTB-SO, TO1-2p DIR

Norm. Fluorescence

400 450 500 550 600 650 700 750
Wavelength (nm)

Supplemental Figure 4. Comparing fluorescence emission spectra of each
fluorogen with scFv HL1.0.1-TO1.
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Supplemental Figure 5. Titration graphs of each fluorogen with surface displayed HL1.0.1-TO1

yeast cells.
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