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Abstract

Fluorescent probes constitute a valuable toolbox to address a variety of biological questions
and they have become irreplaceable for imaging methods. Commonly, such probes consist of
fluorescent proteins or small organic fluorophores coupled to biological molecules of interest.
Recently, a novel class of fluorescence-based probes, fluorogen-activating proteins (FAPS),
has been reported. These binding proteins are based on antibody single-chain variable
fragments (scFvs) and activate fluorogenic dyes, which only become fluorescent upon
activation and do not fluoresce when free in solution. Here we present a novel class of
fluorogen-activators, termed FADAS, based on the very robust DARPIn scaffold, which also
readily folds in the reducing environment of the cytoplasm. The FADA generated in this study
was obtained by combined selections with ribosome display and yeast surface display. It
enhances the fluorescence of malachite green (MG) dyes by a factor of more than 11,000,
and thus activates MG to a similar extent as scFv-based FAPs. As shown by structure
determination and in vitro measurements, this FADA was evolved to form a homodimer for
the activation of MG dyes. Exploiting the favorable properties of the DARPIn scaffold, we
created a FADA biosensor suitable for imaging of proteins on the cell surface as well as in the
cytosol. Moreover, based on the requirement of dimerization for strong fluorogen-activation, a
prototype FADA biosensor for insitu detection of a target protein and protein-protein
interactions was developed. Therefore, FADAs are versatile fluorescent probes which are

easily produced, suitable for diverse applications, and extend the FAP technology.



Introduction

The ability to image molecules in live cells has tremendously advanced molecular cell biology,
as it allows for specific investigation of localization, trafficking, interactions and functionality of
single or multiple biological molecules in vivo. Fluorescent probes should be well detectable,
exhibit low background signal, allow multiplex-labeling with different fluorophores, show no
cell toxicity, and minimize interference with cellular processes. Traditionally, fluorescent
probes have been generated by genetic fusions of auto-fluorescent proteins to proteins of
interest, which allows live cell imaging. As a second strategy, a variety of fluorescent labeling
methods, based on specific chemical or enzymatic coupling of fluorophores via a reactive
moiety, have been established [1-5]. While chemically coupled conjugates extend the
observable parameters over auto-fluorescent proteins, cells generally need to be
permeabilized for taking up the conjugate, limiting their use on undisturbed live cells or

surface proteins.

More recently, another class of fluorescent probes, so-called fluorogen-activating proteins
(FAPs), have been reported [6]. FAPs have so far been antibody scFvs that specifically bind
and activate fluorogenic dyes. These dyes are almost non-fluorescent when free in solution.
However, upon activation by a binding molecule, they strongly fluoresce. To date, several
FAPs that activate different fluorogenic dyes have been generated by selection with yeast
surface display and were successfully applied in multiple imaging applications [6-14].
However, despite the proven usability of these FAPs, the technology has some intrinsic
limitations due to the antibody nature of these molecules. For instance, they rely on
intramolecular disulfide bonds for structural integrity and activity, and many scFvs have only

moderate stability and tend to aggregate, especially as fusion proteins (reviewed in [15]).

Therefore, we aimed to expand the FAP technology with another class of binding proteins
with properties superior to those of most scFvs. Designed ankyrin repeat proteins (DARPIns),
which are engineered non-immunoglobulin scaffold proteins not containing any cysteines and
further characterized by high solubility, stability, and production yields, are ideal candidates
for that purpose [16-18]. DARPins are composed of N- and C-terminal capping repeats with a
variable number of stackable internal repeat modules in between. Next to fixed framework
positions, DARPins have randomized positions that create a large potential interaction
surface presented on the rigid scaffold. Thus, selections from combinatorial DARPIn libraries
allows the generation of DARPIns binding a wide variety of different targets with high affinity
and specificity [19-30].

Here we present the generation of fluorescence-activating DARPins (FADAS) by combining
ribosome display selections with yeast surface display maturation. The FADA obtained in this
study, termed FADA-3210, enhances the fluorescence of fluorogenic malachite green (MG)
dyes by up to a factor of more than 11,000. The crystal structure of FADA-3210 in complex
with a MG dye as well as in vitro experiments with purified protein revealed that FADA-3210

was evolved to form a homodimer in order to achieve such a strong activation of the MG



dyes. We demonstrate that FADA-3210 could be used as a versatile marker for labeling of
intra- and extracellular proteins. We then generated a prototype biosensor that reports on the
in situ concentration of a target protein, based on competition between dimerization-
dependent fluorogen activation and binding of a secondary target. This might be extended to
detect protein-protein interaction dynamics. Due to the beneficial properties of DARPIns,

FADAs represent a valuable extension of the FAP technology toolbox.

Results

Ribosome display followed by yeast surface display selections lead to a DARPin with

strong fluorescence-activation of MG dyes.

We used combinatorial DARPIn libraries for the selection of MG-binding DARPins by
ribosome display [16,31]. For this purpose, the fluorogen target was immobilized in
biotinylated form, MG-11p-biotin, to perform ribosome display selections with the N2C (two
internal repeats) and the N3C (three internal repeats) DARPIn libraries. All MG dyes used in
this study are summarized in Suppl. Fig. S1. While no enrichment of binders was obtained
from the N2C library, the selections with the N3C library resulted in a pool of MG-binding
DARPIns. Because we expected the affinity of the DARPIns for the binding of this small dye
molecule to be rather low, the selected DARPIin pool was further subjected to ribosome
display off-rate selections [32]. From these selections, we isolated two dominant MG-binding
DARPIins, termed FADA-C1 and FADA-D4. However, even though both of these DARPiIns

bind MG-derivatives, they only exhibit weak fluorogen-activation properties (Fig. 1).

While ribosome display is very well suited to select for high-affinity binding, no selection
pressure on fluorescence-activation can be applied. Thus, the weak fluorogen-activation of
the DARPIns obtained from the ribosome display selections is the consequence of selection
pressure applied only on fluorogen-binding, but not on fluorogen-activation. In contrast,
selection pressure on fluorescence-activation can be easily exerted by using yeast surface
display, which involves the selection of the desired phenotype based on a fluorescence read-
out with FACS [33-36].

Therefore, we used yeast surface display to mature the binders obtained from the ribosome
display selections, FADA-C1 and FADA-D4, towards stronger fluorogen-activation of the MG
derivative MG-2p (Suppl. Fig. S1). First, a library was created by randomization of, FADA-C1
and FADA-D4 with mutagenic PCR. This library was then subjected to selections with yeast
surface display, in which the clones with the highest fluorescence intensity upon addition of
MG-2p were isolated in two rounds of FACS, thus enriching for the strongest MG-2p-
fluorescence activators. This maturation selection was performed for three rounds, each
round including a randomization step followed by two selections with FACS. Indeed, the
resulting pool of matured DARPins, termed FADA 3.2, showed a significant increase of
fluorescence-activation of MG-2p compared to FADA-C1 and FADA-D4 (Fig. 1).



From the FADA 3.2 pool we isolated a dominant FADA, termed FADA-3210, which is a
descendant of FADA-CL1. Interestingly, FADA-3210 contains only five additional mutations
compared to FADA-C1 (Suppl. Fig. S2). FADA-C1 and FADA-3210 were expressed and
purified, and fluorogen-activation of MG-2p and of its cell-permeable derivative MG-ester
(Suppl. Fig. S1) was measured in solution (Fig. 2a). While FADA-C1 shows an enhancement
of fluorescence by a factor of approximately 130 — 180 compared to background, the
fluorescence-activation of MG-2p and MG-ester by FADA-3210 was much stronger with a
factor of approximately 11,100 and 7,400, respectively. The fluorogen-activation of FADA-
3210 is thus similar to the activation obtained with MG-activating scFvs previously described
by Waggoner and co-workers [6]. Additionally, the fluorescence spectrum obtained from MG-
2p activated by FADA-3210 has an excitation maximum at approximately 625 nm and an
emission maximum at approximately 650 nm (Fig. 2b), which is very similar to that of scFv-
activated MG-2p [6].

The crystal structure of the FADA-3210/MG-2p complex reveals that MG-2p is bound by
two DARPin molecules forming a homodimer.

In order to get more insights into the mechanism of MG-2p-fluorescence activation and to
investigate how the additional mutations in FADA-3210 contribute to this effect, we set up co-
crystallization experiments of FADA-3210 in complex with MG-2p and determined the
structure of this complex by X-ray crystallography at 2.6 A resolution. Interestingly, we found
that MG-2p is bound by two FADA-3210 DARPIns which form a homodimer. The complex has
C2 symmetry with the symmetry axis passing through the central carbon atom of MG-2p
along the bond to the phenyl group, such that the corresponding N- and C-termini of each

protomer are pointing to the same direction (Fig. 3).

While the MG moiety of MG-2p shows well-defined electron density (Suppl. Fig. S3 and
Suppl. Fig. S4), it was not possible to model the complete 2p-chain of MG-2p. However, the
weak electron density obtained in this region suggests that MG-2p is bound in two
conformations in which the 2p-chain can be accommodated in opposing directions within the
FADA-3210 dimer (Suppl. Fig. S3).

MG-2p is bound in the C-terminal part of the DARPin homodimer, where the residues from
the third internal repeat as well as from the C-capping repeat make contacts to the dye and
hold the triarylmethane moiety of MG-2p in a right-handed propeller conformation. This
conformation is very similar to the conformation calculated as the electronic ground state of
the unbound dye [37] (Suppl. Fig. S4). A similar propeller form of MG is also found in an RNA
aptamer [38] (PDB ID: 1g8n), an immunoglobulin lambda variable domain dimer [39] (PDB ID:
4k3h), and in complexes of MG bound to multidrug binding proteins (PDB IDs: 3hti, 3bqgz,
3br0, 3btc, 3btl, and 1jup). This suggests that the binding molecules have been selected to
bind a conformation of the ligand which is highly populated, namely a propeller conformation

close to the ground state.



The fluorescence enhancement thus requires that MG-2p is held rather rigidly in its ground-
156 :
, this

hydrophobic binding pocket consists of aromatic residues (W'**, Y'* F'* and F***) which

state conformation in a tight-fitting hydrophobic pocket. Except for the asparagine N

hold MG-2p in its conformation by a symmetric arrangement via T-shaped =-stacking
interactions (W'*) and van der Waals contacts (Fig. 4). Interestingly, all of these residues are
present in FADA-C1 as well, indicating that the ligand-binding site remained unaltered during

maturation.

Indeed, the analysis of residues involved in the dimer formation and in ligand contacts
(Table 1) suggests that the additional mutations in FADA-3210 are stabilizing the dimeric
state of the DARPIn rather than creating new binding contacts to MG-2p. An extended
dimerization interface is present both in FADA-C1 and the evolved FADA-3210, comprising
the arginine R* side chain, sandwiched between the parallel tyrosine Y*" and tryptophan w?

side chains (Fig. 5). However, three out of the five additional mutations in FADA-3210 are

45 (/59 \/155 155
7Y 7Y

involved in additional dimerization contacts (S ). From these residues, tyrosine Y

appears to have the strongest effect and is involved in a extended dimerization interface with

122 and lysine K, consisting of five intermolecular bonding

147 155

the residues tyrosine Y

side chains forms an intermolecular H-bond to the Y
155

interactions (Fig. 5). The K
backbone carbonyl group of the other dimer subunit. Additionally, the Y= side chains of the
two dimer subunits stack to each other allowing parallel n-interactions, while also being
involved in intermolecular H-bonds to the Y*?* side chains of the other FADA-3210 molecule.
Next to providing strong dimerization contacts, this network of interactions further forms a
hydrophobic lid, which shields the dye from the solvent from the C-terminal end. Furthermore,
the conformation of the MG-2p-binding Y'?? residue is also stabilized by interaction across
this dimerization interface. In contrast, FADA-C1 contains an aspartate instead of a tyrosine

residue at position 155, which prevents formation of this interaction network.

Mass spectrometry confirms that a FADA-3210 homodimer binds one dye molecule.

To independently examine the suggested binding stoichiometry in solution, we performed
native nanoESI-MS, which allows preservation, from solution, of non-covalent protein-protein
and protein-ligand interactions [40,41]. FADA-3210 was incubated either without or with four
different MG-derivatives and analyzed by nanoESI-MS (Fig. 6). In each sample, the obtained
mass spectra had a bimodal charge state distribution consisting of monomeric and dimeric
charge states. At 5 uM FADA-3210, the dimeric species were clearly dominating. In the
presence of MG-derivatives, only FADA-3210 dimers were found to bind MG, with one dimer

binding one dye molecule. In contrast, no monomer-dye complexes were observed.

To further confirm the dimeric state of FADA-3210, we performed collision-induced
dissociation experiments by tandem mass spectrometry (MS/MS) (Suppl. Fig. S5). For the
MS/MS measurements the [D]'** and [D]'** dimeric charge states of FADA-3210 were

selected, and the collision energy offset was varied from 15 to 100 V until the selected



dimeric ions were completely dissociated. Dissociation of the precursor dimeric ions yielded
the monomeric protein ions with typical asymmetric charge partitioning, in which the charge of

the parent ion is unevenly distributed between the fragment ions [42,43].

Altogether, the results obtained in the MS experiments confirm the dimeric assembly of
FADA-3210 binding one dye molecule. To further corroborate these findings, fluorescence-
activation experiments with purified protein in solution were performed. To obtain binding
equilibrium curves, purified FADA-3210 was titrated to constant concentrations of MG-2p. A
1:1 binding model to fit the experimental data cannot account for the steepness of the
fluorescence activation. In contrast, a 2:1 binding model correlates well with the measured
signals (Suppl. Fig. S7a). Therefore, a genetic fusion of two FADA-3210 molecules via a
flexible linker (2xFADA-3210) was constructed, which allows intramolecular dimerization of
the fused FADA-3210 molecules. This construct had identical fluorescence-activation
properties as FADA-3210 (Suppl. Fig. S6). As expected, when titrating 2xFADA-3210 to
constant concentrations of MG-2p, here a 1:1 binding model fits well to the experimental data
(Suppl. Fig. S7b). Together, these findings support the structural data, clearly demonstrating
that FADA-3210 binds and activates MG as a homodimer in solution.

FADA-3210 is a versatile tool for selective labeling of proteins on the cell surface and

in the cytosol.

FAPs have been shown to be valuable tools for cell imaging applications as they allow
homogeneous labeling of proteins with little background fluorescence. We thus explored the
capabilities of FADA-3210 as a sensor for fluorescent cell imaging. For this purpose,
2xFADA-3210 was fused to the N-termini of three different G protein-coupled receptors
(2xFADA-3210-NTR1, 2xFADA-3210-PTH1R, 2xFADA-3210-B2AR) which were then
expressed in HEK 293T cells and analyzed by confocal live-cell microscopy. To selectively
detect receptors on the cell surface, cells were incubated with 200 nM of membrane-
impermeable MG-2p, and images were taken directly after addition of the dye without any
additional washing steps. For each 2xFADA-3210-receptor-fusion construct, a strong
fluorescent signal was observed at the plasma membrane of transfected cells, whereas no
background fluorescence was observed in untransfected cells or in the cytosol of transfected
cells (Fig. 7a).

Next we assessed the versatility of the FADA sensor to monitor protein trafficking within the
cell. HEK 293T cells expressing 2xFADA-3210-NTR1 were first labeled with MG-2p and then
challenged with 20 nM NT-HL488 (an NTR1 agonist conjugated to a fluorescent dye) to
induce receptor internalization. In the absence of ligand, a specific MG signal at the cell
surface was observed as well as in several intracellular vesicles, most likely resulting from
constitutive internalization of the receptor. Addition of the ligand first resulted in co-localization

of fluorescent ligand and MG at the cell surface, and after 30 min incubation time with ligand,



strong agonist-induced receptor internalization was observed with both fluorescent dyes
(Fig 7b).

In contrast to scFv-based FAPs, DARPins do not contain disulfide bonds and can thus fold
equally well in non-reducing and reducing conditions such as the cytosol. We therefore
analyzed the suitability of FADA-3210 for intracellular protein labeling. For this purpose,
2xFADA-3210 was fused to green fluorescent protein (GFP) and expressed in HEK 293T
cells. To permit intracellular labeling the membrane-permeable MG-ester was used. As
shown in Fig. 7c, MG- and GFP-fluorescence co-localized well in an expression-level-
dependent manner and with similar subcellular distribution, whereas almost no unspecific MG
fluorescence was observed in untransfected cells. When 2xFADA-3210-NTR1-expressing
cells were labeled with MG-ester, the majority of receptor was found on the cell surface.
Moreover, a fraction of NTR1 resided in perinuclear patches that most likely reflect immature
receptor species in the Golgi apparatus (Fig. 7d). Collectively, these data demonstrate that
FADA-3210 is a versatile tag for fluorescence live-cell imaging with high specificity. Due to
the unique properties of the DARPIn scaffold, this tag is applicable to extracellular and

intracellular targets.

Generation of a prototype biosensor by rigid DARPin-DARPIn fusions with FADA-3210.

Based on the results obtained from structural investigations and MS experiments, we
concluded that the dimeric FADA-3210 assembly is the fluorogen-activating species.
Consequently, by hindering dimerization of FADA-3210, activation of MG-2p should be
prevented. When fusing a protein scaffold to FADA-3210 in such a way that, upon binding to
a protein of interest, dimerization of both FADAs is blocked, this could be easily used as a

fluorescent biosensor.

To investigate this concept, we created rigid fusions of FADA-3210 to another DARPIn,
termed 3G124, which binds GFP [28]. In these fusions, the C-terminal end of 3G124 is
connected to the N-terminus of FADA-3210 by a shared rigid helix (Wu Y. et al., manuscript in
preparation). Based on structural models we generated fusions of 3G124 and FADA-3210
with  two different versions of rigid DARPin-DARPin fusions (DDs), termed
DD_3G124_09 FADA-3210 and DD_3G124_13 FADA-3210. These two different rigid
fusions differ in the length of the shared helix and consequently in the relative orientation of
the two DARPiIns (Fig. 8). For DD_3G124 09 FADA-3210, dimerization at the FADA-3210
interface (as observed in the structure of the FADA-3210 homodimer) is sterically hindered
due to the orientation of the two 3G124 DARPIns. In contrast, the DD_3G124 13 FADA-
3210 construct allows dimerization in such a fashion. However, if both 3G124 DARPIns bind a
GFP molecule, dimerization is sterically hindered for DD_3G124_13 FADA-3210 as well due
to the clashing of the two bound GFP molecules. Therefore, a rigid fusion of FADA-3210 in
the same arrangement as in DD_3G124 13 FADA-3210 could serve as a prototype of a

biosensor: strong MG-based fluorescence is obtained if the fusion partner DARPin to FADA-



3210 is in a free state, allowing FADA-3210 to dimerize, whereas fluorescence is reduced as
soon as the fusion partner DARPIn binds its target. The only requirement of the target to be
detected is its size, which must be sufficient to lead to a clash in the dimeric form of the
biosensor upon binding. Thus, provided the target protein is large enough to meet this

criterion, such a sensor would be very generic.

In order to test this concept, we performed fluorescence-activation experiments in solution
with purified DD09 and DD13 3G124-FADA-3210 fusions (Fig. 9a). Indeed, compared to
FADA-3210, fluorescence-activation of DD_3G124 09 FADA-3210 is significantly lower,
whereas DD _3G124 13 FADA-3210 shows identical fluorescence-activation as FADA-3210.
Again, these results confirm that dimerization of FADA-3210 is responsible for the strong
fluorogen-activation of MG-2p observed. However, fluorogen-activation is not completely lost
for DD_3G124 09 FADA-3210 (about 80% reduced). The incomplete loss of fluorogen-
activation might reflect that the FADA-3210 molecules are still able to partially dimerize at the
C-terminal dye-binding region even in the DD _3G124 09 FADA-3210 arrangement, for
instance due to bending of the connecting helix, which may not be completely rigid.
Alternatively, the monomeric proteins might still contribute to fluorescence-activation, albeit at
a significantly reduced level. FADA-C1, however, shows only 1.6% of the fluorogen activation
(Fig. 2a), suggesting that incomplete rigidity limits the performance of this first-generation

prototype biosensor.

As expected from our biosensor models, we observed a reduction of fluorogen-activation
upon addition of GFP to DD_3G124 13 FADA-3210 (Fig. 9b). A 2-fold stoichiometric excess
of GFP reduced the fluorescence of the unfused FAD-3210 control sample by 9%, most likely
through internal filter effects. Even though such filter effects will contribute to a reduction of
the fluorescence for DD_3G124 13 FADA-3210 as well, the observed reduction of fluorogen-
activation upon addition of GFP was significantly larger for DD_3G124 13_FADA-3210 (33%
reduction) than for the control sample. This shows that the sensor framework can indeed be
used to detect target proteins. Nonetheless, more advanced rigid designs in future versions of
the sensor will be required, since no complete loss of fluorogen-activation was obtained even
for the intrinsically clashing DD_3G124 09 FADA-3210 fusion. Also, in the present prototype
both binding sites for GFP need to be occupied. However, by increasing the rigidity and
improving the geometrical arrangement, it should be feasible to create sensitive and generic

sensors for protein detection in the future.

Discussion

Genetic FAP fusions have been proven to be ideally suited for the imaging of cell surface
proteins [6,9,10,14] with several advantages compared to labeling of proteins by genetic
fusions to fluorescent proteins or coupling to small organic fluorophores. For instance, FAP
fusions in combination with cell impermeant fluorogenic dyes allow exclusive labeling of the

protein of interest on the surface with no background signal from any intracellularly residing

10



molecules of the labeled protein [9]. In contrast, genetic fusions of fluorescent proteins to cell
surface proteins inevitably lead to high intracellular background signals. Furthermore, the
fluorescence of FAPs can be “turned on” or “refreshed” at any desired time point simply by
addition of the fluorogenic dye, thereby allowing fluorescence imaging with spatial and
temporal resolution, without being greatly affected by photobleaching. Finally, since unbound
fluorogenic dyes are not fluorescent in solution, the imaging with genetic FAP fusions is highly
specific and does not require any additional washing steps, which are needed in all commonly

used protein or peptide tag-based fluorophore coupling systems [1-5].

In this study, we expanded the FAP technology, which so far exclusively relied on antibody
scFvs, by using the DARPIn scaffold to generate novel fluorogen-activators termed FADAS.
While DARPIns previously have been selected to bind a wide variety of protein targets [18-
30], we could now demonstrate that these binding proteins can be efficiently selected to bind
small organic molecules as well. Compared to antibody scFvs, the DARPIn scaffold provides
several favorable properties, like for instance the ease of recombinant production at high
yields, the very high stability, and the complete independence of intramolecular disulfide
bonds for structural integrity [16,17]. Thus, the use of DARPins in many applications is

straightforward and does not require any further substantial engineering steps.

Our generated FADA, termed FADA-3210, activates MG dyes to a similar extent as
previously generated scFv-based FAPs with a fluorescence enhancement by a factor of more
than 11,000 [6]. Interestingly, FADA-3210 forms a homodimer which encapsulates one MG-
2p molecule. This mode of fluorogen-activation by a dimeric arrangement of the activating
protein has been previously described for two different fluorogen-activating scFvs as well
[39,44]. This finding suggests that dimerization might be the key determinant for strong

fluorogen-activation by such binding molecules.

In fact, fluorogen-activation of triarylmethane dyes, like MG, is achieved by restricting internal
rotational motion in the dye molecule and thereby preventing non-radiative relaxation by
rotational de-excitation [45,46]. The bound conformation of MG in FADA-3210 is highly similar
to the electronic Sy ground state of MG [37], while the electronically excited S; and S, states
relax to conformations with two rings being perpendicular and one ring in the plane of the
triarylmethane center (Suppl. Fig. S4). Consequently, strong fluorogen-activation is obtained
if the dye is held as rigidly as possible in its ground state propeller conformation, in which it
remains right after electronic excitation (Franck-Condon principle), and from which a photon
can be re-emitted giving rise to fluorescence. For binding proteins which provide an
interaction area at the surface and not in a deep binding groove, dimerization appears to be
the best solution to achieve maximal conformational restriction of a fluorogenic dye by binding
it from two sides. Moreover, shielding the dye from the polar solvent environment may further

contribute to maximal fluorescence activation.

Indeed, in comparison to the ancestor DARPin FADA-C1, which shows only weak fluorogen-

activation, FADA-3210 has only acquired five additional mutations during maturation towards
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strong fluorescence-activation of MG-2p. None of these additional mutations make contacts
to MG-2p, but three out of five of these mutated residues are involved in dimerization
contacts. Among these residues, tyrosine Y™ plays a key role in a strong dimerization
interface. While we observed some sequence variations in different matured FADAs, Y**° was
a strongly selected mutation and was acquired in all of the matured FADAs which showed
potent fluorogen-activation (data not shown). Therefore, we conclude that the maturation

towards strong fluorogen-activation was achieved by evolving dimerizing FADAs.

By connecting two FADA-3210 protomers with a flexible linker we generated a fluorogenic
sensor that exhibits excellent fluorescence activation properties with little background
fluorescence, which can be used as a fluorescence reporter, without requiring dimerization of
the fused molecule. By using the 2xFADA-3210 sensor in living cells, it was possible to detect
the subcellular localization of difficult-to-express proteins such as G protein-coupled receptors
with high specificity and excellent signal-to-noise ratio. After ligand-induced endocytosis of
neurotensin receptor 1, tracking of the receptor in endocytic vesicles by MG-2p fluorescence
was well accomplished, demonstrating that fusion of FADAs did not largely impair protein
function. Moreover, as DARPiIns are stable in reducing environments such as the cytosol,
FADA-3210 can likewise be used as a cytosolic reporter for cytosolic proteins as well as to
stain intracellular accumulation of membrane proteins. In combination with membrane-
permeable or membrane-impermeable MG derivatives it can thus be used as reporter for

specific subcellular localization of proteins.

The requirement for dimerization of FADA-3210 to obtain strong fluorescence-activation of
MG-2p can be used to create sensors for protein interaction or co-localization studies, by
creating genetic fusions of single FADA-3210 molecules to proteins of interest. Upon addition
of MG-2p, strong fluorescence would only be detectable if the proteins of interest interact and
are in close proximity, allowing the single FADA-3210 molecules to form intermolecular

dimers.

Furthermore, the required dimerization and the intrinsic rigidity of the DARPIn scaffold allow
also new sensor concepts, as we have demonstrated with a prototype of such a biosensor in
this study. This prototype is based on a rigid fusion of a target-binding DARPIn to FADA-
3210. If the target (in this study GFP) is present, dimerization at the FADA-3210 interface is
sterically hindered. Thus, addition of the target leads to a decrease of the measured
fluorescence obtained from the activation of MG-2p. Due to the ease of generating DARPIns
specifically binding a wide variety of target molecules we foresee the feasibility of creating
target-sensing FADA molecules based on the concept of our prototype. This concept is
distinct from previous biosensor applications using this scaffold, which have been based on

chemically conjugated solvatochromic dyes [47-49].

Several routes are available to further improve this biosensor concept. A more rigid fusion

between binding domains should further constrain the complex such that it cannot bend, a
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better geometric arrangement may increase sensitivity to steric clash, and the dimerization

interface of FADA3210 can be optimized to improve sensitivity.

In summary, due to the favorable properties of the DARPin scaffold and the straightforward
generation of DARPins recognizing practically any target, including posttranslational
modifications [26], FADAs and FADA biosensors have the potential to be widely used.
Examples might include in vivo applications for extracellular and intracellular imaging as well

as in vitro detection applications, for instance on solid matrices for chip-based sensors.

Materials and Methods

Malachite green dyes

MG-11p-biotin, MG-2p, and MG-ester were kindly provided by Alan S. Waggoner (Carnegie
Mellon University). Syntheses of these MG-derivatives have been described by Waggoner

and co-workers [6]. MG is commercially available and was purchased (Sigma-Aldrich, 32745).

Ribosome display selections

In all ribosome display selections, the biotinylated derivative of MG, MG-11p-biotin, was used
as target. The selections against MG-11p-biotin were performed using the DARPIn libraries
N2C and N3C as described [16,19,32]. Four rounds of ribosome display were carried out for
each library. Round 1 was performed on NeutrAvidin-coated plates on which MG-11p-biotin
was immobilized. Subsequent rounds 2 — 4 were carried out in solution using streptavidin-
coupled magnetic beads (Dynabeads MyOne Streptavidin T1, Life Technologies, 65602). To
reduce nonspecific binding, pre-panning steps on NeutrAvidin-coated wells (round 1) and
streptavidin-coupled magnetic beads (rounds 2 — 4) were included. In the first round, 1 uM
MG-11p-biotin was used for immobilization on NeutrAvidin-coated plates. The amount of MG-
11p-biotin used was reduced to 150 nM in rounds 2 — 4. Washing steps were increased from
round to round to minimize nonspecific binding (in the first round 35 s, in the second round
6 min, and in the third and fourth round 18 min total wash time). After each round, the number
of PCR cycles for amplification of selected sequences was reduced (in the first round 40, in
the second round 35, in the third round 30, and in the fourth round 28 PCR cycles), adjusting
to the increased DNA vyield due to the enrichment of binders. Enrichment of binders was only
visible for the DARPiIn N3C pool. From the enriched DARPin N3C DNA pools, N3C DARPIn
open reading frames (ORFs) were amplified by PCR as described [32] and ligated into the
E. coli expression vector pDST67 [23]. DARPin pools were screened by a crude-extract
enzyme-linked immunosorbent assay (ELISA) according to previous studies [19,22]. Fifty-
eight binders were identified and subjected to analytical size-exclusion chromatography
(SEC). To increase the affinity of selected binders, ribosome display off-rate selections were
performed as described [32]. Two starting pools were generated by error-prone PCR using

either an equal mix of all 58 identified binders or exclusively the best behaving binders out of
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the 58 identified ones as DNA template. Three rounds of off-rate selections were carried out
as follows: First, an enrichment-round on plate was performed to remove non-binding DARPIn
variants (round 1). Second, the recovered DNA pool of DARPin ORFs was subjected to a
selection in solution with an excess of non-biotinylated MG-2p competitor (see below) to yield
highest-affinity binders (round 2). And third, a recovery round was carried out to enrich the
selected high-affinity binders (round 3). The recovered N3C DARPin ORFs were subjected to
a new round of error-prone PCR followed by another cycle of off-rate selections as described
above (rounds 4 — 6). This entire cycle of mutagenic PCR and ribosome display off-rate
selections was repeated one additional time (rounds 7 — 9). During the off-rate selections,
competition with non-biotinylated MG-2p was carried out as highlighted previously [50] based
on an expected affinity ranging from 50 — 150 nM of potentially affinity-maturated MG-binding
DARPIns. Enriched DARPIn pools were subsequently cloned into the expression vector
pDST67 [23] and subjected to crude-extract ELISA, analytical SEC and fluorescence-
activation assays. From these experiments, the two MG-binding DARPins FADA-C1 and
FADA-D4 were identified.

Yeast surface display

For maturation of FADA-C1 and FADA-D4 towards higher fluorogen-activation, the ORFs of
these two DARPIns were ligated into the yeast surface display vector pCTCON2 [36] to obtain
pCTCON2-FADA-C1 and pCTCON2-FADA-D4. Next, a library was created by error-prone
PCR with an equal mix of these vectors leading to a randomization of the FADA-C1 and
FADA-D4 sequences. The obtained DNA library was then subjected to high-efficiency
transformation of the S. cerevisiae strain EBY100 (MATa GAL1-AGA1l::URAS3 ura3-52 trpl
leu2A1 his3A200 pep4::HIS2 prb1A1.6R canl GAL) as described [36], giving rise to the yeast
display library termed FADA 1.0. Cultivation, expression, and selection were performed as
described previously [33-36]. Briefly, FADA 1.0 was subjected to selections with two rounds
of FACS, in which the clones showing the highest fluorescence-activation upon addition of
500 nM MG-2p (top 1.5 — 2.0% of the most fluorescent cells) were isolated. After FACS, the
DNA of the selected pool (FADA 1.2) was isolated and subjected to another round of error-
prone PCR and high-efficiency transformation, giving rise to a new yeast display library
(FADA 2.0). FADA 2.0 was again subjected to two rounds of selection with FACS as
described above but with a lower MG-2p concentration (100 nM MG-2p), resulting in the
selected pool FADA 2.2. The whole cycle of error-prone PCR, high-efficiency transformation,
and selection with two rounds of FACS was repeated for one additional time (generation of
library FADA 3.0, resulting in the selected pool FADA 3.2). In order to further increase the
selection stringency in this last round, the MG-2p concentration was further reduced to 50 nM
in the first and to 12.5 nM in the second round of FACS. The DNA of the selected pool
(FADA 3.2) was isolated and 20 different fluorogen-activating N3C DARPins were identified
by sequencing. The ORFs of the 20 selected DARPins were cloned into pCTCON2 [36] for
analysis in the yeast display setup and into pDST67 [23] for expression in E. coli. From
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fluorescence-activation assays performed with the 20 selected clones, the single clone
FADA-3210 was identified to be the best fluorogen-activating DARPIn.

Analytical flow cytometry measurements were performed on a BD FACSCanto Il cytometer
(BD Biosciences) and FACS was performed on a BD FACSAria lll sorter (BD Biosciences).
Flow cytometry and FACS data were analyzed with FlowJo (vX.0.7).

DARPIn expression and purification from E. coli

Expression of DARPins was performed either with plasmid pDST67 [23] or pQE30ss (derived
from pQE-30 (Qiagen), containing a C-terminal double stop codon) in the E. coli strain XL1-
Blue (Agilent Technologies, 200249). For single DARPIns, pre-cultures were grown in 40 mL
2xYT medium supplemented with 10 g/L glucose and 50 pg/mL ampicillin. For expression,
1L 2xYT medium supplemented with 50 pg/mL ampicillin was inoculated from the pre-culture
to ODggo = 0.1, growth was continued at 37°C until the culture reached ODgqgo = 0.5 — 0.7, and
0.5 mM IPTG was added with subsequent cultivation at 37°C for 5 h. Then the cultures were
harvested by centrifugation, the cell pellets were resuspended once in 25 mL cold TBSyq
buffer (50 mM Tris-HCI pH 7.4 at 4°C, 400 mM NacCl), centrifuged again, and the pellets were
frozen in liquid nitrogen and stored at —80°C until use. Expression of DD_3G124 09 FAD-
3210 and DD_3G124 13 FAD-3210 constructs were performed as described above, but the
temperature for the expression culture was lowered to 30°C after addition of IPTG, and the

cultivation time was increased to 16 h.

For purification, frozen cell pellets from 1 L of expression culture were thawed at RT and
resuspended in 30 mL lysis buffer (50 mM Tris-HCI pH 7.4 at 4°C, 400 mM NaCl, 20 mM
imidazole, 1 mM MgCl,, 1 g/L lysozyme, 2.5 mg/L DNase |, 10% (v/v) glycerol, cOmplete
ULTRA EDTA-free tablets (Roche)). The resuspended pellets were homogenized and then
ruptured by one passage through a cooled cell disrupter system at 20,000 psi. The lysates
were centrifuged and the supernatant was filtered with a syringe through a Filtropur S 0.2 uM
filter (Sarstedt). For immobilized metal ion affinity chromatography (IMAC), the filtered
supernatant was applied to a disposable PD-10 chromatography column packed with 2 —
3 mL Ni-NTA Superflow resin (Qiagen) previously washed with 5 column volumes of ddH,O
and equilibrated with 15 mL TBS40-W buffer (50 mM Tris-HCI pH 7.4 at 4°C, 400 mM NacCl,
20 mM imidazole, 10% (v/v) glycerol). After addition of the filtered supernatant, the IMAC
columns were washed with 40 mL TBS400-W buffer and the protein was eluted with 0.5 —
1.5 mL TBS40-E buffer (50 mM Tris-HCI pH 7.4 at 4°C, 400 mM NaCl, 250 mM imidazole,
10% (v/v) glycerol). Eluted purified protein was frozen in liquid nitrogen and stored at —80°C

until use.

Fluorescence-activation assays in solution

Fluorescence-activation assays in solution were performed in FADA assay buffer (10 mM
Tris-HCI pH 7.4 at 4°C, 150 mM NaCl, 2 mM EDTA, 0.1% (w/v) Pluronic F-127) at 4°C.
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Purified FADAs were applied to PD-10 desalting columns (GE Healthcare) for a buffer
exchange to FADA assay buffer. Subsequently, the FADAs were mixed with MG dyes in
FADA assay buffer and incubated for at least 20 min on ice without exposure to light.
Fluorescence-activation was then measured in a 96-well black microplate (Greiner Bio-One,
655209) on an Infinite M1000 plate reader (Tecan) with an excitation wavelength of 630 nm

and a measured emission wavelength of 645 nm.

For measurements of excitation and emission spectra, either the excitation wavelength was
scanned from 490 — 690 nm in steps of 5 nm with a constant measured emission at 700 nm
(excitation scan) or the measured emission wavelength was scanned from 590 — 790 nm in

steps of 5 nm with a constant excitation wavelength of 580 nm (emission scan).

Fluorescence-activation assays with DD_3G124 09 FAD-3210 and DD_3G124 13 FAD-
3210 constructs were performed as described above with the exception that wherever stated

purified GFP (in FADA assay buffer) was added to the incubation mixture.

X-ray crystallography

Purified FADA-3210 was thawed on ice and the buffer was exchanged to HBS (10 mM
HEPES pH 7.4, 150 mM NaCl) using PD-10 desalting columns (GE Healthcare). The protein
was concentrated to 20 — 25 mg/L using an Amicon Ultra centrifugal filter unit with a 10 kDa
molecular weight cut-off (EMD Millipore). Solid MG-2p was added to the protein solution at a
2:1 dye-to-protein molar ratio and mixed. Undissolved MG-2p was removed by a brief
centrifugation before setting up the crystallization experiments. Crystallization was performed
in crystalQuick crystallization plates (Greiner Bio-One) by sitting drop vapor diffusion at 20°C.
The FADA-3210/MG-2p solution was mixed with the mother liquor at 1:1, 1:2, and 2:1 ratios
for each condition tested. Crystals of FADA-3210 in complex with MG-2p were obtained in
20% (w/v) polyethylene glycol 3,350, 0.2 M sodium malonate, pH 5.0. The obtained crystals
appeared as thin green-colored plates (Suppl. Fig. S8) and were mounted directly from the

mother liquor on CryoLoops (Hampton Research) and frozen in liquid nitrogen.

X-ray diffraction data were collected using the PILATUS 2M high-resolution detector at 1.0 A
wavelength on the beamline X06DA at the Swiss Light Source (Paul Scherrer Institut) from a
single protein crystal cryo-cooled to 100 K. The crystal belonged to space group P 1 2; 1 with
12 FADA-3210 molecules in the asymmetric unit. Diffraction data were processed and scaled
using the program XDS [51]. Resolution of the data were cut at 2.6 A with I/o(l) = 0.86 and
CCy, = 0.55[52].

The structure was determined by molecular replacement with Phaser [53] and the off7
DARPIn structure (PDB ID: 1SVX) as a search model. The search model was prepared by
removing all non-protein atoms and the maltose binding protein from the off7 DARPIn

structure. Model building was done using Coot [54] and refinement was performed with
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REFMACS5 [55] and phenix.refine [56]. Data collection and refinement statistics calculated

with PHENIX graphical tools [57] are shown in Suppl. Table S1.

Mass spectrometry

Purified FADA-3210 was thawed at RT and the buffer was exchanged to 200 mM ammonium
acetate (pH 6.9) using PD-10 desalting columns (GE Healthcare). All mass spectrometry
measurements were performed with 5 pM FADA-3210 in 100 mM ammonium acetate
(pH 6.9).

Electrospray ionization analyses were performed with a Q-TOF Ultima hybrid quadrupole
time-of-flight mass spectrometer (Waters/Micromass). Calibration of the mass spectrometry
instrument was performed with cesium iodide clusters. Cesium iodide was dissolved in a 1:1
mixture of Optima LC/MS water (Fisher Chemical) and LC-MS CHROMASOLV 2-propanol
(Sigma-Aldrich) at a concentration of 2 ug/mL. lons were formed using nanoflow platinum-
coated borosilicate electrospray capillaries (Proxeon). For all nanoESI-MS measurements,
the capillary voltage was optimized between 0.9 — 1.2 kV and a gentle backing pressure of
0.3 — 0.5 bar was applied to assist the liquid sample flow. The source temperature was kept
at 30°C. The mass spectrometer was run with the following parameters for gentle desolvation:
the cone and first ion tunnel RF1 voltages, parameters that control the kinetic energy of the
ions in the source region of the mass spectrometer, were set to 80 V and 60 V, respectively.
After this stage, the ion beam passed a hexapole collision cell filled with 5.0-purity argon
(PanGas). The collision energy offset was used to optimize desolvation and set to 30 V. The
pressure in the analyzer region (pressure of argon in the collision cell) was adjusted to
1.1 x 10* mbar and the TOF pressure was 7.47 x 107" mbar. The ion transmission was
optimized for an m/z range from 1,000 — 8,000 Da. The following mass range settings of the
qguadrupole were used: 2,000 Da (lower m/z), 3,000 Da (peak m/z transmission), and
8,000 Da (upper m/z). Optimized dwell time settings were used to maximize the intensity of
the ion m/z range within a scan by dwelling on the appropriate quad MS profile. The scan
time and interscan times were 1 s and 0.1 s, respectively. Before data processing, each mass
spectrum was smoothed (Savitzky-Golay filter [58]) with the MassLynx 4.0 software (Waters).
To identify the component in the mass spectra, analysis was performed by using the

transform algorithm of the MassLynx 4.0 software.

2xFADA-3210 expression constructs for life cell imaging

For N-terminal 2xFADA-3210-receptor-fusion constructs, the signal sequence of 5-HTgs,
serotonin receptor (MRLCIPQVLLALFLSMLTGPGEGS) followed by a Flag tag (DYKDDDDK)
was fused to the 5" end of 2xFADA-3210 by PCR and inserted into pcDNA5/FRT (Thermo
Fisher Scientific, V6010-20). The coding sequences of rat neurotensin receptor 1 (NTR1),
human parathyroid hormone 1 receptor (PTH1R) or human B2-adrenergic receptor (32-AR)
were then inserted directly after the 2xFADA-3210 cassette, resulting in 2xFADA-3210-
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NTR1, 2xFADA-3210-PTH1R and 2xFADA-3210-B2-AR, respectively. The 2xFADA-3210-
GFP expression construct was constructed by introducing 2xFADA-3210 into pEGFP-N1
(Clontech, 6085-1) at the 5’-end of EGFP.

Live cell imaging

HEK 293T/17 cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (Sigma,
D6429) supplemented with 10% (v/v) fetal calf serum and 100 u/ml of penicillin and 100 pg/ml
of streptomycin in a 5% CO, atmosphere. For transient transfections, cells were seeded on
18 mm coverslips and transfected with 2xFADA-3210-fusion constructs using TransIT-293
(Mirus). At 48 h after transfection, coverslips were mounted in an imaging chamber, and cells
were washed once and maintained in Tyrode buffer (137 mM NacCl, 5.4 mM KCI, 2 mM CaCl,,
1 mM MgCl,, 10 mM Hepes, pH 7.3) at 37°C. For labeling of FADA-3210, 200 nM MG-2p or
200 nM MG-ester were added to the buffer solution and incubated for 5 min. Co-staining and
internalization of NTR1 was achieved by adding 20 nM neurotensin (8-13) conjugated to
HiLyte Fluor 488 (NT-HL488, synthesized by AnaSpec/Eurogentec) to the MG-labeling
solution. Confocal images were taken at indicated time points on a Leica TCS SP5 laser
scanning microscope using single-line excitation at 488 nm and 633 nm and an emission
bandwidth of 510 — 580 nm and 650 — 700 nm for MG and HiLyte Fluor 488 fluorescence,

respectively.

Protein Data Bank accession code

The atomic coordinates of the FADA-3210/MG-2p complex structure were deposited in the
Protein Data Bank (PDB ID: 5aao).
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Tables

Table 1. Residues of FADA-3210 involved in dimerization or MG-2p-binding.

Residue  Position Contact Remark
Dimerization

E® framework hydrophobic (E*°)

R% framework hydrophobic (R%)

s* randomized hydrophobic (Y*’, Y*%) N* in FADA-C1
R randomized polar (D), hydrophobic (Y*", W)

D¢ randomized polar (R*)

& randomized hydrophobic (5%, R*)

Y®° framework (mutated) hydrophobic (5*) H*® in FADA-C1
Y” randomized hydrophobic (W®°)

w® randomized hydrophobic (R*, Y9

Fi2 randomized hydrophobic (F*%)

\ o randomized polar (Y**%)

F12 randomized hydrophobic (F*%)

(= framework hydrophobic (N**%)

K framework polar (Y**%)

52 framework hydrophobic (Y**%)

s framework (mutated) polar (Y*?2, K**), hydrophobic (I*?) D™*in FADA-C1
N1s6 framework hydrophobic (F**°)

MG-2p-binding

w4 randomized hydrophobic

Y22 randomized hydrophobic

F12 randomized hydrophobic

(S framework hydrophobic

N1s6 framework hydrophobic

Residues involved in dimerization or MG-2p-binding were identified by using the program
LigPlot+ (v1.4.5) [59].
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Figure captions

Fig. 1. Fluorogen-activating DARPins (FADAs) matured by selections with yeast surface
display. Flow cytometry histogram plots of yeast cells displaying FADAs are shown. The cells
were measured either without addition of fluorogenic dye (background, green tinted filled
curves) or with 10 nM MG-2p (red curves). For the FADAs initially obtained from ribosome
display selections (FADA-D4 and FADA-C1, top panel), the measured fluorescence-activation
is very weak. In contrast, the selected pool of FADAs after three rounds of maturation with
yeast surface display selecting for fluorescence directly (FADA 3.2, bottom panel), shows a
strong signal for fluorescence-activation. For each sample, 50,000 events were recorded and
identical acquisition settings were used in order to allow comparative analysis.

Fig. 2. Fluorescence-activation of purified FADASs in solution. (a) Fluorogen-activation of MG-
2p (black bars) and MG-ester (grey bars) with purified DARPins in solution are shown.
DARPIns (2 uM) were incubated with 200 nM MG-2p or 200 nM MG-ester. As a background
control, samples without DARPIn (buffer) or with a non-selected N3C DARPIn (E3_5) were
included. Note the different y-axes in both plots. Compared to the background, FADA-C1
(obtained from ribosome display selections) shows an enhancement of fluorescence of MG-
2p and MG-Ester by a factor of approximately 180 and 130, respectively. Much stronger
fluorogen-activation is achieved with FADA-3210 (obtained from yeast surface display
maturation) which enhances the fluorescence of MG-2p and MG-ester by a factor of
approximately 11,100 and 7,400, respectively. Error bars indicate standard deviations from
triplicates. (b) Shown are the excitation (green, tinted) and the emission spectra (red, tinted)
of MG-2p activated by FADA-3210. Purified FADA-3210 (1 uM) was incubated with 200 nM
MG-2p for recording of the spectra. The excitation maximum of MG-2p activated by FADA-
3210 is at approximately 625 nm with an emission maximum at approximately 650 nm. The
data of each spectrum were normalized to the maximum signal intensity, set to 1.0.

Fig. 3. Crystal structure of dimeric FADA-3210 binding one MG-2p molecule. The FADA-3210
homodimer (cyan and magenta cartoons) binding one MG-2p molecule (green sticks) is
shown perpendicular to the two-fold axis (left) and from the C-terminal ends of the DARPins
along the two-fold symmetry axis (right). The N- and C-termini of both FADA-3210 molecules
forming the homodimer are pointing in the same direction (depicted as spheres and labeled
with N and C, respectively). The complex shows an overall C2 symmetry with a symmetry
axis that passes through the central carbon atom of MG-2p along the bond to the phenyl
group. The C2 symmetry axis is depicted as a dashed line (left) or as an ellipse (right). The R,
moiety (as defined in Supp. Fig. S1) is not shown, because it is weakly defined in the electron

density (see Supp. Fig. S3).
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Fig. 4. MG-2p binding site of the FADA-3210 dimer. Close-up views of the MG-2p binding site
in two perpendicular orientations are shown. Residues making contacts to the dye molecule

were identified with LigPlot+ (v1.4.5) [59] and are shown as sticks. MG-2p is bound at the C-

terminal part of the two DARPIins by residues from the third internal repeat (Wm, N

F'#) and from the C-capping repeat (F**> and N**°). The hydrophobic binding site consists of

156

, and

pairwise symmetrical side chains, all being aromatic with the exception of N™°. The relative

114

orientation of W= to the dye allows T-shaped Tr-stacking, while all other residues make van

der Waals contacts to the dye molecule.

Fig. 5. Dimerization contacts between the two FADA-3210 molecules in the homodimer.
Close-up views of the two major dimerization contacts are shown. The first dimerization
interface (top) includes an arginine side chain (R*®) sandwiched between parallel oriented
tyrosine and tryptophan side chains (Y*" and W*%). The R* side chain forms hydrogen bonds
to the carboxyl atoms of an aspartate side chain and backbone carbonyl (D*°), thereby being
held in a parallel orientation to the Y’ and W% side chains. Due to the symmetric
arrangement of the homodimer, this interaction interface exists twice in the dimer. All of these

residues are also present in FADA-C1, and thus may provide a dimerization site for the

ancestor DARPIn as well. The second major dimerization site (bottom) involves tyrosine \ o

lysine K**’, and tyrosine Y*** at the C-terminal part of FADA-3210 close to the MG-2p binding

site. The symmetrical arrangement of this interaction site supports parallel 1r-stacking of the
155 122

two Y™° side chains, which are also involved in intermolecular H-bonds to the Y™ side

chains of the other FADA-3210 molecule. An additional intermolecular H-bond is formed

147 155

between the side chain of K" and the carbonyl group of the Y™° backbone. This well defined

interaction network shields the MG-2p molecule from the solvent by forming a hydrophobic lid

at the C-terminal end of the DARPin and further stabilizes the conformation of Y*#

155

, which
also makes binding contacts to MG-2p. Y
matured FADAs (D™ in FADA-C1). Thus, the generation of this extended dimerization

represents a strongly selected mutation in

interface may be the key evolutionary event in the maturation of FADA-C1, in which these

interactions are not present.

Fig. 6. Native nanoESI-MS spectra of FADA-3210. Shown are native nanoESI-MS spectra of
FADA-3210 either incubated without fluorogenic dye or with different MG derivatives (MG-2p,
MG-11p-biotin, MG-ester, MG). In all samples, 5 uM FADA-3210 was used and the MG-dyes

were present in 5-fold excess (25 uM). The spectra show a bimodal charge state distribution

+8 +12

with monomeric (mainly [M]*°, [M]'®, and [M]"") and dimeric charge states (mainly [D]"?,
[D]'™, and [D]'*%) of FADA-3210 (shaded in grey). The spectra of samples incubated with
MG-dyes show clear peaks for dimeric FADA-3210 molecules binding one dye molecule
(mainly [D+L]"*?, [D+L]"™", and [D+L]"™°), with a shift relative to the corresponding peak of dye-
free dimer, according to the different masses of the MG-dyes (shaded in green). No peaks for

monomeric FADA-3210 binding a dye molecule were observed.
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Fig. 7. FADA-3210 is a versatile reporter for fluorescence live cell imaging. (a) Selective
imaging of integral membrane proteins at the cell surface. Neurotensin receptor 1 (NTR1),
parathyroid hormone 1 receptor (PTH1R) or p2-adrenergic receptor (B2-AR) with an N-
terminal 2xFADA-3210 fusion were expressed in HEK 293T cells. Cells were incubated with
200 nM of MG-2p for 5 min and imaged by confocal microscopy at 633 nm excitation and 650
— 700 nm emission or with bright field illumination (BF). For each receptor a strong
fluorescent signal at the cell surface with little intracellular background is visible. (b)
Visualization of ligand-induced receptor trafficking. 2xFADA-3210-NTR1 was expressed in
HEK 293T cells, and receptors at the cell surface were stained with 200 nM MG-2p. Receptor
internalization was induced by stimulation with 100 nM NT-HL488, and 2-color confocal
images were taken to visualize MG fluorescence (excitation 633 nm, emission 650 — 700 nm)
and NT-HL488 (excitation 488 nm, emission 510 — 580 nm). NT-HL488 co-localizes with MG-
2p fluorescence at the cell surface after 5 min and is internalized after 30 min together with
NTR1. (c —d) Intracellular staining of cytosolic and integral membrane proteins. 2xFADA-
3210-GFP or 2xFADA-3210-NTR1 were expressed in HEK 293T cells. Cells were incubated
with 200 nM of membrane-permeable MG-ester for 5 min to stain 2xFADA-3210-fusion
proteins within the cell, and confocal images were recorded as described above. 2xFADA-
3210-GFP shows an even cytosolic distribution with clear co-localization of MG-2p and GFP
fluorescence. In contrast, 2xFADA-3210-NTR1 is stained at the cell surface as well as in a

perinuclear compartment, which most likely represents the Golgi apparatus.

Fig. 8. Structural models of the homodimers of rigid DARPin-DARPIn fusions of 3G124 and
FADA-3210. Perpendicular views of structural models of homodimers of
DD_3G123_09 FADA-3210 (left panel), DD_3G123_13 FADA-3210 (middle panel), and
DD_3G123 13 FADA-3210 with bound GFP (right panel) are shown. The GFP-binding
DARPIn 3G124 is at the top (N-terminal), the MG-binding DARPin FADA-3210 at the bottom
(C-terminal). The two molecules of the homodimers are depicted in yellow and brown
cartoons, and the N- and C-termini of the rigid DARPIn fusions are indicated (labeled with N
and C, respectively). The monomers are assumed to be rigid, and the dimerization of the MG-
binding DARPIn orients the fusion proteins. For DD_3G123 09 FADA-3210, the relative
orientation of the 3G124 and FADA-3210 molecules does not allow dimerization, as seen in
the model of the FADA-3210 homodimer, due to clashes of the two 3G124 DARPIns. Since
the 3G124 and FADA-3210 DARPins have a different relative orientation in the
DD_3G123_13 FADA-3210 fusion, dimerization is sterically allowed. However, if both 3G124
DARPIns bind a GFP molecule, dimerization of DD_3G123_13 FADA-3210 is sterically
hindered due to clashes of the GFP molecules. The models were obtained by superimposition
of the C-terminal DARPin DD_09 and DD_13 models onto the crystal structure of the FADA-
3210 homodimer. The model for DD_3G123 13 FADA-3210 with bound GFP was obtained

by superimposition of the crystal structure of the 3G124/GFP complex (Hansen S. et al.,
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manuscript in preparation) onto the N-terminal DARPin of the DD _3G123 13 FADA-3210

model.

Fig. 9. Fluorescence-activation assays with rigid DARPin-DARPIn fusions of 3G124 and
FADA-3210. (a) FADA-3210, DD_3G123 09 _FADA-3210, or DD_3G123_13 FADA-3210
(always 2 pM) were incubated with 200 nM MG-2p and fluorogen-activation was measured.
For FADA-3210 and DD_3G123 13 FADA-3210 identical MG-2p-activation signals are
obtained. DD _3G123 09 FADA-3210, however, gives only about 20% fluorescence-
activation compared to FADA-3210 and DD_3G123 13 FADA-3210. Error bars indicate
standard deviations of triplicates. (b) 100 nM FADA-3210 or DD_3G123 13 FADA-3210
were incubated with 100 nM MG-2p in the absence (black bars) or presence (grey bars) of
200 nM GFP. Due to internal filter effects, addition of GFP slightly decreases the
fluorescence-activation signal obtained for FADA-3210 (9% reduction of signal). In contrast,
for DD_3G123_13_FADA-3210, the addition of GFP leads to a significantly stronger decrease
of fluorescence-activation (33% reduction of signal), consistent with a steric repulsion due to
bound GFP. Data were normalized to the fluorescence intensity of FADA-3210 and
DD_3G123 13 FADA-3210 in the absence of GFP. Error bars indicate standard deviations of

triplicates.
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Highlights:

¢ Fluorogen-activating proteins are a novel class of fluorescent probes

¢ We created a fluorogen-activating DARPin (FADA) for malachite green

e Structural investigations revealed that the fluorogen is activated by a FADA dimer
e The FADA can be used as biosensors in extracellular and intracellular applications

¢ A prototype sensor has been built that detects a presence of another molecule

39



