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Abstract

The development and function of tissues, blood, and the immune system is dependent upon
proximity for cellular recognition and communication. However, the detection of cell-to-cell
contacts is limited due to a lack of reversible, quantitative probes that can function at these
dynamic sites of irregular geometry. Described here is a novel chemo-genetic tool developed for
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fluorescent detection of protein—protein proximity and cell apposition that utilizes the Fluorogen
Activating Protein (FAP) in combination with a Dye Activated by Proximal Anchoring (DAPA).
The FAP-DAPA system has two protein components, the HaloTag and FAP, expressed on separate
protein targets or in separate cells. The proteins function to bind and activate a compound that
has the hexyl chloride (HexCl) ligand connected to malachite green (MG), the FAP fluorogen,
via a poly(ethylene glycol) spacer spanning up to 28 nm. The dehalogenase protein, HaloTag,
covalently binds the HexCl ligand, locally concentrating the attached MG. If the FAP is within
range of the anchored fluorogen, it will bind and activate MG specifically when the bath
concentration is too low to saturate the FAP receptor. A new FAP variant was isolated with a
1000-fold reduced Kp of ~10-100 nM so that the fluorogen activation reports proximity without
artificially enhancing it. The system was characterized using purified FRB and FKBP fusion
proteins and showed a doubling of fluorescence upon rapamycin induced complex formation. In
cocultured HEK?293 cells (HaloTag and FAP-expressing) fluorescence increased at contact sites
across a broad range of labeling conditions, more reliably providing contact-specific fluorescence
activation with the lower-affinity FAP variant. When combined with suitable targeting and
expression constructs, this labeling system may offer significant improvements in on-demand
detection of intercellular contacts, potentially applicable in neurological and immunological
synapse measurements and other transient, dynamic biological appositions that can be perturbed
using other labeling methods that stabilize these interactions.

Graphical Abstract

Fluorogen Activating Protein - Dyes Activated by Proximal Anchoring

FAP/MG

HaloTag/HexCl

mCerulean

INTRODUCTION

The detection and characterization of sites of cellular apposition are critical for
understanding processes such as nerve impulses, the immune response, embryogenesis,
and neural development where membrane apposition is required for the transmission of
signals between cells. Detection of neural development is particularly challenging due to
the complexity of the system and the need to map the connectivity dynamically across
length scales from synapses (nm) to cells (mm). Techniques used to observe these systems
often utilize data collection at only one of these scales, and at a fixed point in time.

For instance, high resolution imaging techniques such as electron microscopy can acquire
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beautiful images of exact neuronal synapse morphologyl-2 but generate enormous data sets
when attempting to analyze neuronal connectivity in the brain,3 limiting data collection and
analysis to mm3 volumes. Conversely, fluorescence microscopy can image large sections of
tissue? but is constrained by fundamental limits in resolution® and a general lack of contrast
for other cellular structures unless additional fluorophores are employed.

Another approach is to develop fluorescent tools that provide an emergent signal at sites

of cellular apposition. These tools must possess all attributes of a good sensor of protein—
protein interactions®8 and also function in tissue and across distances of about 20 nm,

the dimension typical at sites of cellular apposition including adherent cell contact sites,
neuronal and immunological synapses, and vesicular contact sites.?-11 Therefore, only a few
tools have successfully been implemented for the detection of cell contacts.

The most prevalent tool for detection of protein proximity across sites of cellular apposition
is the class of split fluorescent proteins applied to detection of neuronal synapses.12 These
tools are advantageous because they emit fluorescence in multiple colors'314 and have
been demonstrated to report different aspects of synaptic anatomy and function.15-19 For
example, depending on proteins functionalized with the fluorescent protein fragments,
reconstitution may reflect the presencel#-17 or activity of a neuronal synapse.13 Outside

of neuroscience, split fluorescent protein tools have also been applied to the detection of
organelle interaction.29 A limitation of contact sensors based on split fluorescent proteins

is that they are signal integrators not instantaneous reporters because the complemented
proteins are generally not readily dissociated.21:22

The fluorogen activating protein (FAP) system is a fusion protein tool that has enabled

very detailed investigations of biological systems.23-30 These FAPs act as fluorescent

labels by binding nonfluorescent dyes called fluorogens and activate the dark fluorogen

for fluorescence with high brightness and photostability.3! This fluorescence readout upon
binding of fluorogen to the FAP can be targeted to various subcellular locations32 and
expressed in various model species.23:24:27.33 Additionally, flexibility of the fluorogen to
chemical modification has allowed for rational fluorogenic ligand designs to probe various
physicochemical properties34-37 and enabled targeted photoablation systems using the same
set of fluorogen activating proteins.23-38 The modularity of this system enables functional
changes via rational chemical modifications of the fluorogenic ligand which are not possible
in other biochemical and genetically encoded tools for monitoring protein and cellular
proximity.

To this end, our colleagues have pioneered a FAP based reporter of cell-apposition in the
Trans-TEFLA system.38-40 This system involves reversible binding of two fluorogens that
are tethered together by a polymeric linker, whereby colocalized fluorescence indicates that
the FAP tagged proteins are within range of binding for the tethered fluorophore system.
This has been demonstrated in the detection of instances of protein—protein interactions
and sites of cell-apposition in live cells. Advantages of this system over FP analogues
include temporal control afforded by the addition of an exogenous reagent required

for detection. Temporal control allows for sequential detection with multiple spectrally
similar fluorophores for “pulse-chase” experiments, reduces interference with other applied
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reagents, and most significantly, minimizes induced interaction by biochemical tethering
across sites of cell apposition until the moment of reagent application. However, in this
system, the two fluorogens are independent ligands for their cognate FAP proteins, and
equilibrium considerations of the labeling requirements are complex due to competing
association and dissociation dynamics. When considering the kinetics, having one end of the
molecule covalently anchored and the other end activated selectively by a proximal activator
substantially simplifies the validation and optimization space (Figure 1A). Therefore,

we designed the FAP-DAPA (Fluorogen Activating Protein—Dye Activated by Proximal
Anchoring) system to incorporate the HaloTag/Hexyl chloride ligand as a covalent anchor
and targeting component to establish proximity-dependent fluorescence activation from the
FAP/Fluorogen system.

The HaloTag system is derived from a bacterial dehalogenase enzyme that was modified

to covalently bind linear haloalkanes. The rapid kinetics and irreversible covalent bond
formation make the HaloTag system ideal for pairing with the FAP/Fluorogen system, which
also has rapid association rates and low equilibrium binding concentrations. Additionally,
the HaloTag system has been demonstrated in a variety of relevant systems and species.
Most notably, the HaloTag/Hexyl chloride interaction was used in the DART (Drugs Acutely
Restricted by Tethering) system to target chlorohexyl modified drugs to specific neurons
using the same principle of tether-mediated increase in local concentration?! to achieve
selective action of drugs to receptors only on HaloTag expressing cells.

Our anchored fluorogen system is expected to work as shown in Figure 1A and has three
intertwined principles dictating whether a reporter fluorogen will show specific fluorescence
at contact sites: DAPA tether length, FAP/HaloTag ligand binding affinity, and concentration
of DAPA dye. First, the tether must be long enough for both ligands to easily bind across
typical intertarget spacing. Like compressing or overstretching a spring increases potential
energy, compressing a polymer below its equilibrium radius (eq 1) or stretching the polymer
to its full contour length (eq 2) also pulls the system out of equilibrium, with an associated
energetic penalty.

Rp=aN3/?3 ®

Rc=aN @

For poly(ethylene glycol) (PEG) systems, the lower limit for tethered ligand binding is
predicted to be near the Flory radius (eq 1), which describes the equilibrium size of a
globular polymer in terms of monomer number (N, A= 80) and monomer length (& a=
0.35 nm).#2:43 The upper limit of tethered ligand binding must be below the contour length
for the polymer at 28 nm (eq 2)*4-47 but has also been shown to depend on the binding
affinity for the receptor.#44’ The predicted maximal binding distance (Rmay) is 16-17 nm
for PEGgsq for all discussed FAPs (10 pM to 100 nM).424447 Between Rpin and Rmax.

the HaloTag—DAPA complex will exhibit an increase in local concentration of the fluorogen
ligand (1 molecule/30 nm3 = ~30 1M local concentration), essentially guaranteeing that
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the ligand will bind any receptor that enters the region. However, conditional activation

is still dependent on proper DAPA concentration; if the concentration of the DAPA
reagent is far above the Kp of the FAP/fluorogen reporter, then the system will show
nonspecific fluorescence at every site expressing FAP. Conversely, if the concentration of
the DAPA reagent is too low, then slow labeling of the HaloTag anchor could compromise
measurement of true dynamics in the system. Therefore, we expect the system to show
coincidence specificity at ranges appropriate to detect cell contact sites, but only if applied
DAPA concentration falls between the effective binding concentrations of the anchor and
activator proteins.

In this paper, we describe the synthesis of the DAPA and validation of FAP/DAPA and
HaloTag/DAPA interactions /n vitro and in cell culture. In order to widen the concentration
range of coincidence specificity, a lower affinity FAP was identified via site directed
mutagenesis of the existing FAP, dL5**. The selected variant, dL5(E52K), abbreviated dK,
possesses a much faster half-life of dissociation and similar fluorescence quantum yield.
Use of the dK protein /7 vitroin a homogeneous (no-wash) rapamycin chemical inducer
of dimerization (CID) assay demonstrated selective activation of the FAP-fluorogen signal
upon dimerization. Selective identification of sites of cellular apposition was investigated
in HEK?293 cells using both the low and high affinity FAP. Together, these results
demonstrate that biochemical tuning of the relative affinities of the anchoring and activating
moieties produces high specificity labeling of cell-contact sites with minimal off-target
background signal and opens a broad reagent working range for selective labeling of these
sites, potentially suitable for more complex specimens where precise control of reagent
concentrations is impossible such as organoids, tissues, and live animals.

RESULTS AND DISCUSSION

Synthesis and Validation of the Proximity Sensing Reagent.

DAPA, MG-PEG3gg-HexCl, was synthesized from a commercially available
heterobifunctionalized PEG polymer with alkyne and amine functional ends (Figure 1D). A
coumarin alkyne derivative of the standard hexyl chloride HaloTag ligand was prepared and
utilized for ease of characterization of the macromolecular conjugate (Figure 1D, Supporting
Information).#8:49 After the copper catalyzed azide—alkyne cyclocondensation reaction

and size exclusion chromatography, Malachite Green—ethylenediamine-succinate?840 was
conjugated to the PEG amino terminus and purified by size exclusion and silica gel
chromatography to isolate the pure bifunctional reagent.

Binding of the individual moieties of MG-PEG35gg-hexCl to dL5** or the HaloTag was
evaluated using purified proteins. Binding affinities, assessed by the ratio of rates of
association and dissociation, demonstrated tight binding affinities in the midpicomolar
range when DAPA was complexed with dL5** (Table 1). Brightness of the complex was
somewhat lower than other MG derivatives with a quantum yield of fluorescence of 0.11
for dL5** (Table 1, Supporting Information Figure 10). The hexyl chloride moiety was also
demonstrated to irreversibly bind to a purified HaloTag (HT) protein fusion as indicated

by increased molecular weight of the protein/DAPA complex using denaturing SDS-PAGE
(Supporting Information Figure 4).
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Development of a Low Affinity FAP for Proximity Detection.

The DAPA sensing reagent must be present at concentrations below the Kp of the FAP
reporter, to ensure generally low occupancy of the FAP unless it is in proximity of the
anchoring protein. For the current FAP, dL5**, the /n vitro Kp is on the order of 20

pM, with slightly weaker empirical cellular labeling values.>° In order to meet conditions
for proximity-specific fluorescence activation under reliable labeling conditions, DAPA
concentrations should interpose FAP and HaloTag saturation binding ranges, and a lower
affinity variant of the FAP with comparable brightness is needed to extend the working
concentration range of the FAP-DAPA system.

We prepared a library of variants to identify potential FAPs with low affinity and high
brightness. For ease of evaluation, modifications were performed on the monomeric version
of dL5**, mL5(L91S E52D). Previous work had demonstrated strong dependence of FAP
binding affinity on the identity of residue 52, a residue located near the back of the binding
pocket (Figure 2A).31:34 Therefore, residue 52 was mutated to the 20 possible amino acids
via homologous recombination in yeast. Each mL5 mutant was evaluated for fluorescence
activation and surface effective Kp displayed on the surface of yeast. Each mutant was then
secreted and characterized by biochemical and fluorescence methods to determine binding
energetics including Isothermal Titration Calorimetry (ITC), dissociation rate (fluorescence
kinetics), and fluorescence brightness (Fluorescence Correlation Spectroscopy (FCS); Figure
2B).

The results confirm that residue 52 at the back of the binding pocket was highly involved in
binding affinity and brightness. Mutants possessing g-hydroxyl or g-carboxy groups (E52A,
E52D, E52S, and E52T) showed similar properties of tight binding, slow dissociation, and
high molecular brightness (Figure 2B). Larger side chain molecular weight correlated to
decreases in binding enthalpies (/(14) = —-0.628, p< 0.01) and a shortening half-life of
dissociation (/(14) = —0.564, p < 0.025). The brightness of the complex was also seen

to decrease slightly with increasing rate of dissociation (/(15) = —0.586, p < 0.025) and
loosening Kp (1(15) = —0.405, p< 0.1; Supporting Information Tables 3, 4). Of these
mutants, mL5(E52K), with a bulky and cationic residue, shows by far the weakest Kp and
fastest off rate, though with reduced fluorescence brightness.

To further examine the E52K variant, homodimer dL5(L91S E52K) (dK) with the E52K
mutation in both monomers was prepared. When compared to parent dL5**, dK showed a
~250-500-fold looser Kp while maintaining half of the molecular brightness (Table 1). It
is hypothesized that fluorogen-induced dimerization is suppressed in this variant due to the
positive bulky residue causing a shift in the back of the fluorogen binding pocket (Figure
2A). A more negative enthalpy for this mL5 variant, which includes both ligand-binding
and interdomain interactions, suggests that while the pocket may be more stable, it is
oriented such that activation energy is lower and dissociation is more facile to achieve a
moderate overall Kp. Due to these energetic and kinetic differences, the dL5(E52K) variant
is an effective fluorogen activator and low-affinity, rapid-dissociating fluorogen activating
protein variant that was selected for investigation in the FAP-DAPA system (Supporting
Information Figures 8, 9).
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Testing of FAP—-DAPA System for Detection of Protein—Protein Interactions.

In order to test the efficacy of the new lowered-affinity dK variant for detection of protein—
protein interactions, the FKBP/FRB/rapamycin chemical inducer of the dimerization (CID)
system was used as an /in vitromodel of inducible proximity.6:°1 All permutations of N-

and C-terminal HaloTag (HT) and dK fusions of FKBP and FRB were cloned into pET21
vectors, and recombinant proteins were synthesized and purified from £. coli (Rosettagami 2
(DE3) used to enhance disulfide bond formation, Supporting Information Figure 3). All pairs
were tested for rapamycin induced fluorescence from the FAP—-DAPA system.

Selected fusions FRB-HT/dK-FKBP and dK-FRB/FKBP-HT (Figure 3B, D) show signal
increase over background FAP binding (Figure 3C, E). This change corresponds to a 50%
(p<0.01, 2-sided, unpaired ¢test) or 100% (p < 0.05, 2-sided, unpaired Ztest) increase in
FAP-DAPA signal for rapamycin induced dimerization of FRB-HT/dK-FKBP or dK-FRB/
FKBP-HT, respectively. This indicates that the DAPA reagent is long enough to bind to

both receptors. Additionally, the increase in fluorescence of FAP/fluorogen upon CID shows
that the FAP—DAPA signal is dependent on the proximity of the FAP receptor to the
HaloTag anchor. This positive result was somewhat muted in other configurations of the
fusions (Supporting Information Figure 6). It is suspected that orientation dependence of the
FKBP/FRB fusions, and subsequent differing inter-receptor spacing (Supporting Information
Figure 5), plays a major role. The relationship between complementation efficiency and
linker length or protein fusion orientation has been widely observed in the FBKP/FRB
system and other systems.52:53

The results of this experiment suggest that one can use the FAP-DAPA system to monitor
CID or protein interactions for suitably oriented systems. Future chemo-biophysical studies
with altered ligand—receptor spacing or varied polymer length between the tether and the
fluorogen will investigate relationships between linker geometry, receptor spacing, and
signal generation, opening the possibility that a set of DAPA dyes, potentially binding a
common FAP in multiple colors for example using MG/MHN fluorogens binding to dK FAP
(Supporting Information Figure 7), could be used as a molecular ruler, with fluorescence
activation depending sensitively on the linker length for a fixed interreceptor distance.

Detection of Cell Membrane Proximity in Cultured Mammalian Cells.

In order to establish the selective detection of cell proximity at the interface of HaloTag and
FAP expressing cell lines, stable HEK293 cell lines were created expressing HaloTag or FAP
constructs and used to test DAPA properties, including cell permeability, independent and
simultaneous binding to the respective protein tags, and selective labeling of intercellular
contact sites.

To robustly measure cell contact sites, the DAPA dye should remain cell-excluded to avoid
labeling within secretory pathways. Cell permeability of the DAPA reagent was tested in cell
culture relative to the highly cell-permeant MG derivative MG-nBu.28 In cell culture, both
dyes at saturating concentrations labeled membrane expressed dL5** (dL5**-TM, Addgene:
73206), but only the positive control, MG-nBu, labeled the nuclear FAP (NLS-dL5**,
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Addgene: 73205; Figure 4A, Supporting Information Figure 11). DAPA and MG-nBu also
suitably label dK-TM expressing cells (Supporting Information Figure 12).

Low cell permeability of the DAPA was also confirmed using flow cytometry. Labeling of
NLS-dL5** with DAPA shows only 5% of the signal seen when labeled with MG-nBu
(Figure 4B). However, DAPA labeling of the dL5**-TM shows 40% of the MG-nBu
fluorescence. The difference in DAPA versus MG-nBu surface labeling fluorescence can
likely be attributed to two factors: differences in quantum yield of fluorescence (Table 1) and
labeling of dL5**-TM localized in intracellular secretory compartments by MG-nBu as seen
in Figure 4A. Overall, this confirms that the DAPA is effectively cell impermeant, which

is important for specific labeling at sites of cellular apposition and intercellular interaction.
This result with a linear PEG linker is different from the branched polymer p(OEOMA)
malachite green conjugates that were previously reported to show high cell permeability.3¢
For future intracellular application of this system, for example, measurements of organelle
contacts or other specific protein interactions, the structure of the intervening polymer will
be investigated.

DAPA binding to the HaloTag protein was tested utilizing HEK293 cells expressing the
HaloTag (HT) fused to a transmembrane domain (TM) for extracellular expression and an
mCerulean3 (mCer3) fluorescent protein®* incorporated at the intracellular C-terminus for
positive identification of the transfected cells (HT-TM-mCer3 plasmid, Addgene: 145767;
Figure 5). Validation of the cell line confirmed proper surface labeling of the Cy3-hexCl
derivative on the surface of the HT-TM-mCer3 expressing cells (Supporting Information
Figure 13). To test labeling of the DAPA reagent, HT-TM-mCer3 cells were labeled with
DAPA or the cell-excluded MG MG-BTau and extensively washed to remove all DAPA
dye unbound by HT-TM-mCer3. Subsequent labeling with saturating concentrations of
purified dL5** shows selective FAP fluorescence on the surface of mCer3 positive cells,
indicating specificity of the DAPA for labeling HaloTag expressing cells and not WT cells.
Additionally, the MG-BTau control does not show any labeling of the HaloTag expressing
cells, which confirms that binding of the DAPA is dependent on the HexCl/HaloTag
interaction. Finally, this experiment shows that the DAPA is capable of binding both FAP
and HaloTag proteins simultaneously in cell culture, indicating that the system will report
protein—protein interactions in live cells and protein proximity across two cells provided the
DAPA linker spans the distance between the HaloTag and FAP.

Cell Contact Assay.

Finally, the FAP-DAPA system was evaluated as a sensor for membrane apposition using
both differential DAPA labeling concentrations and FAP binding affinities. Surface FAP
expressing cells (dL5**-TM or dK-TM, Addgene: 145766) were coplated with the HaloTag
surface expressing cells (HT-TM-mCer3). The cells were then labeled with DAPA dye and
imaged for red fluorescence excited at 633 nm. Brighter red fluorescence was observed

at the interface between FAP and HaloTag expressing cells (mCer3 imaged with 405 nm
excitation; Figure 6A,B), with clear selectivity for intercellular contact sites in the dK-TM
experiments, and at the low DAPA range for the dL5**-TM experiments.
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To quantitatively assess the quality of cell-contact site labeling, brightness in the 633 nm
channel at contact sites and noncontact sites was measured manually with small ROIs of
consistent size in two to five images per labeling condition (Figure 6C,D, Supplemental
Tables 5 and 6). Both dL5**-TM or dK-TM expressing cells showed significant differences
between contact-site and noncontact site signals at all concentrations. The dK samples,
overall, showed more significant differences between contact site and noncontact site
fluorescence (two-sided ttest, p < 0.002). The best performance was seen by the 10

nM DAPA dye labeled dK sample: a 40-fold signal increase at the contact site versus

the noncontact site was observed. The dL5** populations displayed selective labeling of
contact sites at concentrations of DAPA dye between 0.5 nM and 10 nM (p < 0.01, ratios

> 3.8). Upon an increase in dye concentration to 100 nM, the ratio between the contact
and noncontact signal decreases and the difference in contact versus noncontact population
fluorescence readings are barely significantly different (p< 0.1, ratio = 1.9), largely due

to the significant labeling of the dL5**-TM cell surface by the dye irrespective of the
proximity of a HaloTag cell.

The dK-TM cells labeled with the DAPA reagent show a clear signal at the contact sites,
with little or no detectable background labeling of noncontact site receptors on the FAP cell
indicating specificity. This difference in contact site labeling specificity at this concentration
range is expected due to the ~500-fold difference in FAP/DAPA Kp between dL5** and

dK (Table 1). The selectivity by local activation at cell-contact sites in this labeling system
provides a robust and selective tool for quantitation of intercellular proximity. The reduction
of the noncontact site fluorescence and the increased working range for the DAPA ligand
with the reduced affinity dK FAP provides for a dramatic simplification of the workflow for
labeling, detection, and analysis of intercellular contacts, in living cells.

To test the ability of the FAP-DAPA system to function as a reporter of cellular apposition
in real-time, time-lapse imaging was performed using cocultured dK-TM and HT-TM-
mCer3 cells over a period of about 1 h (Supporting Information Video 1, Supporting
Information Figure 14, 15). Typical cell dynamics were observed in this experiment.
Dynamic contacts were visible, and examples of multiple events of contact pruning
(Supporting Information Figure 15A,B) and widening of sites of cellular apposition
(Supporting Information Figure 15C) were documented. This suggests that the FAP-DAPA
system utilizing the low affinity FAP, dK, is suitably noninvasive and reversible to detect
sites of cellular apposition in cell culture and allow for real-time observation of transient
systems such as the observed dynamic contacts on the minutes to hours time scale.

CONCLUSION

This study describes the development of a robust proximity detection system, FAP-DAPA.
The properties of the dK-FAP (E52K)—decreased affinity of the FAP/Fluorogen complex,
slower binding, quicker dissociation, and yet a similar quantum yield (Figure 2, Table
1)—makes the activator component a transient binder, able to report on proximity while
minimizing alterations of the dynamics of the biological system. In cultured cells, the
specificity of labeling at cell-contact sites in live-cell microscopy also establishes that this
labeling system is coincidence specific and high contrast.
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Additionally, we have demonstrated the utility of the FAP-DAPA system as a robust live
cell imaging tool for imaging sites of cellular apposition. It is both suitable to detecting
transient sites of cell contacts and also robust enough to detect these interactions over long
periods of time, even 6 h after labeling HaloTag expressing cells in cell culture (Supporting
Information Figure 16). There are two advantages notable in this covalent labeling and
proximal activation approach: first, the persistence of the HexCl ligand bound to the
HaloTag should enable robust long-term imaging studies, or imaging studies in complex
specimens where the concentration of a ligand cannot be carefully and homogeneously
controlled; second, the covalent label may be suitable for methods analyzing specimens
after fixation and labeling procedures that preserve the function of the dK FAP. This is

an improvement upon existing systems using two reversible ligands as reporters which are
not suited to long-term studies or complex specimens due to the opportunity for reagent
dissociation, fluorogen labeling background, or concentration heterogeneity that may alter
labeling efficiency throughout a specimen.38-40

In the rapamycin induced dimerization studies, we saw dependence of signal output on

the orientation of the proteins and interestingly obtained the largest signal increases for
larger inter-receptor spacing. This is highly contrary to most existing reporter systems. For
example, split fluorescent proteins and FRET systems are highly orientation dependent and
primarily detect protein—protein interactions at very close range.>® The tethered fluorogen
system demonstrated here fills the gap left by these tools for detection of longer-range
protein—protein interactions, for example, in large, dynamic, multiprotein complexes, and
interprotein recruitment studies. Studies further elucidating geometric requirements for
signal activation could be achieved via modulation of either receptor spacing or tether
linker length or dynamics and should be powerful and predictable when paired with the
development of quantitative modeling occurring in this field.#6 This direction is particularly
interesting as it could enable a library of tools for investigation of various systems and
mapping of inter-receptor distances.

New tools are needed for studying the dynamics of cell contacts and the FAP-DAPA system
has the properties required for a robust and selective tool. The function of both the HaloTag
and dL5 related FAP proteins within living cells,32 coupled with the potential to develop
macromolecular DAPA ligands with high cell-permeability36 supports the possibility that
this approach could be used within live cells to measure transient protein or organelle
proximity with high specificity and contrast. Of special interest is the ability to detect
neuronal or immunological synapses enabling high throughput and high-contrast mapping of
connectivity in higher order systems.

Finally, the availability of several FAP-fluorogen systems with a range of colors and
affinities28:34.37.56,57 and other properties®8-61 opens the possibility of simultaneous probing
of several interactions by anchoring several fluorogens for activation by their cognate FAP
only when it “arrives on the scene.” A multiplexed FAP-DAPA labeling approach could be
used to map synaptic connectivity between several neural cell types, or to identify multiple
proteins assembling into a protein complex in the cell. A number of new directions are
opened by this highly fluorogenic, proximity labeling, and activation method.
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Figure 1.

Graphical outline of FAP-DAPA system and reagents utilized. (A) Interactions of FAP and
HaloTag receptors with DAPA dye showing how (a) the distribution of receptors bound is
dictated by differential in Kp(rap/fiuorogen) and Aon(HT/Hexcl), and concentration of DAPA.
At sub Kp concentrations of DAPA, the DAPA HexCl ligand will first bind to the HaloTag
(b, c), and then DAPA Malachite Green (MG) ligand will bind to FAP if the distance

Dis less than ~20 nm (c). (B) Structure of dimerized L5**-MG complex (PDB: 4K3H)
with MG highlighted in green. (C) Structure of the HaloTag protein (PDB: 5UXZ) with
estimated HexCl ligand extension. (D) Synthesis of DAPA dye, MG-PEG35q0-HexCl using
a fluorogenic alkyne for Cu-“click” cycloaddition to the azide terminus and MG-NHS ester
for reaction with amino-terminal end of the NH,—PEG3509-N3 polymer.
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Figure 2.

4000 5000

Site-directed saturation mutagenesis to identify low-affinity L5 FAP mutants. (A) Crystal
structure (PDB: 4K3H) of two L5* monomers binding Malachite Green (green) with top and
side views. Residue 52 (red, E52D) is highlighted showing how direct participation in the
MG binding pocket is unlikely since the residue is distal to the binding pocket and opposite
the expected entry point of the dye. (B) Properties of monomeric L5*(E52X) variants:
Isothermal calorimetry gave enthalpy values via titration of 4 £M protein with MG-2p. Rates
were determined directly via fluorescence measurement (dissociation /= 4, association at
four concentrations between 100 and 300 nM with A/=4). E, K dissociation rates were
determined using equation Ay, = Ao/ Kp. The Kp was calculated based on fluorescence
equilibrium titration (at 5 nM concentration of the L5 monomer protein) and is depicted

as the size of the plotted point (nM, log scaling). Molecular brightness was measured by
fluorescence correlation spectroscopy and is depicted as a color gradient (red is brighter;

Supporting Information Table 3).
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Figure 3.
FAP and HaloTag fusions to FRB and FKBP, induced to dimerize with rapamycin,

show increased FAP-DAPA fluorescence, indicating proximity dependent activation. (A)
Ilustration of FRB-HT and FKBP-dK interacting with rapamycin created /n sifico from
solved crystal structures (PDB: 4FAP, 5UXZ, and 4K3G). (B, D) The cartoons of selected
fusions for this study showing pairs where the HT/FAP are on cisor trans faces of the
FRB/rapa/FKBP trimer. (C, E) Fluorescence of rapamycin induced dimerization of FKBP
and FRB fusions of dK and HT were measured at 100 nM dK fusion, 200 nM HT fusion,
250 nM rapamycin, and 10 nM DAPA. Addition of rapamycin to solutions containing
FRB/FKBP fusions show significant increase in FAP-DAPA signal when compared to both
proteins in absence of rapamycin or dK fusions alone (unpaired, two sided, ¢test, *p < 0.05;
****n<0.0001, ***0.0001 < p< 0.001, **0.0001 < p< 0.01, *p< 0.05).
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Figure 4.
Cell permeability testing for the DAPA. (A) Microscopy analysis: HEK293 cells stably

expressing either transmembrane anchored (dL5**-TM, Addgene: 73206) or nuclear
localized (NLS-dL5**, Addgene: 73205) FAP were labeled with 500 nM DAPA or MG-
nBu, a cell permeant dye.28 Cells were incubated with dyes for 15 min, and then imaged
(Zeiss 880 LSM, 40x 0il, Aay/em: 633/(641-695 nm)). Lookup tables are matched, and laser
powers are 0.4% and 6% for the dL5**-TM and the NLS-dL5** cells, respectively. The
images show that the DAPA labels surface FAP but cannot label intracellular FAP due to
cell impermeability. (B) Flow cytometry analysis: HEK293 cells expressing NLS-dL5**
or dL5**-TM were labeled with 100 nM dye. Percentiles corresponding to the median
fluorescence of the expressing population (TM, 100% expressing, 50%ile; NLS, 50%
expressing, 75%ile) were determined and normalized to the MG-nBu signal, indicating
low cell permeability of the DAPA (5% of nBu signal) and transmembrane labeling signal
reduced compared with Mg-nBu due to inability to label internal fraction of dL5**-TM (as
in the images) and lower QY.
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Figure 5.
Specific binding of DAPA to HaloTag receptors. HEK 293 cells expressing surface HaloTag

(HT-TM-mCerulean3, cyan; Addgene: 145767) were labeled with 500 nM DAPA or MG-
BTau anchor-less control, and unbound dye was washed away (6x). Binding of DAPA via
hexCl ligand was confirmed by the addition of 1 xM FAP, dL5**, which binds to any
captured MG and should show a red fluorescence signal on HaloTag expressing cells. Cells
were imaged using the Zeiss 880 LSM using 633 and 405 nm excitation with laser powers
of 55 and 25.7% respectively and are depicted with 20 gm scale bars. DAPA specifically
labeled mCer3 positive cells, indicating specificity of the DAPA for labeling HT expressing
cells and that the anchored fluorogen is readily activated upon interaction with the FAP.
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Figure 6.

The dK FAP improves cell contact labeling selectivity. (A, B) HEK293 cells expressing
HT-TM-mCerulean3 (cyan) and either dK-TM (A, red) or dL5**-TM (B, red) were coplated
on a poly-L-lysine coated dish. The live cells were labeled with DAPA dye at 0.5 to 100

nM in OptiMEM media and imaged immediately without removal of the dye. All imaging
was collected using a Zeiss 880 LSM with mCerulean observed with 405 nm excitation,
25% laser power, and FAP observed with 633 nm excitation. The laser powers for the 633
nm channel are (A) 55%, 25%, 25%, 0.4% and (B) 0.4% for all. The scale bars are 20 tm.
(C, D) Quantitation of cell contact contrast: In two to five images per labeling condition,
brightness of cell contact sites was measured from the perimeter of FAP expressing cells
using a 6.37 pixel? circular ROI. ROIs were separated into contact and noncontact sites
based on the presence or absence of proximal mCer3 signal. The brightness of each sample
is normalized to the mean noncontact fluorescence and plotted as fold change over mean
noncontact fluorescence for each DAPA concentration. As concentration increases from

0.5 nM to 100 nM, the difference between the contact and noncontact zone becomes less
significant for dL5** (#test, two sided) but is maintained for dK. Both images and extracted
data indicate differential contact site specificity observed in dK versus dL5** and show loss
of specificity with increasing DAPA concentration in dL5** panels.
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