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Fluorogen-activating single-chain antibodies for imaging

cell surface proteins
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Marcel P Bruchez!?, Jonathan W Jarvik? & Alan Waggoner!

Imaging of live cells has been revolutionized by genetically
encoded fluorescent probes, most famously green and other
fluorescent proteins, but also peptide tags that bind exogenous
fluorophores!. We report here the development of protein
reporters that generate fluorescence from otherwise dark
molecules (fluorogens). Eight unique fluorogen activating
proteins (FAPs) have been isolated by screening a library of
human single-chain antibodies (scFvs) using derivatives of
thiazole orange and malachite green. When displayed on yeast
or mammalian cell surfaces, these FAPs bind fluorogens with
nanomolar affinity, increasing green or red fluorescence
thousands-fold to brightness levels typical of fluorescent
proteins. Spectral variation can be generated by combining
different FAPs and fluorogen derivatives. Visualization of FAPs
on the cell surface or within the secretory apparatus of
mammalian cells can be achieved by choosing membrane
permeant or impermeant fluorogens. The FAP technique is
extensible to a wide variety of nonfluorescent dyes.

oYe) The past 15 years have seen two approaches to building genetically

xpressible fluorescent tools for live cell studies. Green fluorescent
protein and its relatives have been improved by directed evolution,
and adapted for use as reporters of protein location and abundance?,
sensors of physical environment properties® and energy-transfer
reagents to monitor protein-protein interactions and conformational
changes*. Several site-specific chemical labeling systems have also been
devised, broadly grouped into fluorophores that directly bind small
peptide motifs, and fluorophores that are conjugated to small mole-
cules that bind to acceptor peptides, either directly or by enzymatic
action®!3. Chemical labeling systems have been applied as protein
location and abundance reporters and as energy-transfer reagents’.
Fluorophore-small-molecule conjugates like the Snap-tag!! and
Halotag!? reagents bind acceptor sites specific to the small molecule;
in these systems the behavior of the fluorophore is generally not
modulated by the act of binding. In contrast, fluorophore behavior
may be dynamically altered when directly binding to a peptide. To date
this potential has been exploited mainly in the biarsenical system,
where binding of FIAsH and ReAsH fluorogens to a tetracysteine motif

elicits large enhancements of respective green and red fluorescence®.

Although directed evolution has altered tetracysteine context to
improve binding affinity and quantum yield and reduce cytotoxicity’,
biarsenical functionality largely reflects the rational design of fluoro-
gen and binding site.

Our goal in this study is to extend the fluorogen concept to a broad
new class of protein-dye reporters. We seek to exploit immune
diversity to isolate multiple peptides that interact differently and
dynamically with a given fluorogen and its derivatives. The interplay
of these proteins and fluorogens determine the spectral and binding
properties. Unlike fluorescent proteins, the reversibly bound fluoro-
phore is directly accessible to experimentation and its chemistry can
be modified to alter reporting and sensing capabilities. Besides offering
potential as a platform for biosensors, the fluorogenic antibody
technology we describe has immediate applications in fluorescence
microscopy and cytometry, enabling selective visualization of cell
surface and secretory pathway proteins by simply adding fluorogen.

We isolated scFvs that elicited intense fluorescence enhancement
from two structurally unrelated dyes, thiazole orange (TO) and
malachite green (MG) (Fig. 1a). Human scFvs were chosen because
they are relatively small (<30 kDa) molecules that retain the wide
range of antigen recognition capabilities of the humeral immune
system, and are also amenable to use as recombinant tags in fusion
proteins. A complex human scFv library composed of ~ 10° synthe-
tically recombined heavy and light chain variable regions was available
in a yeast surface-display format'4, enabling us to use fluorescence-
activated cell sorting (FACS) to directly screen for fluorogenic binding
to the dyes.

TO and MG are known fluorogens; strong fluorescence activation
has been observed when TO intercalates into DNA (550-fold!?)
or when MG binds to a specific RNA aptamer (2,360-fold!®).
Enhanced fluorescence is thought to occur because rapid rotation
around a single bond within the chromophore is constrained upon
binding. Enhanced fluorescence of such ‘molecular rotors’ has also
been reported for an antibody-dye complex, although with much
smaller increases'”.

A sulfonated derivative of TO was synthesized (TO1) that reduced
background binding to DNA and increased solubility. TO1 and
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Figure 1 Fluorogens and their use with yeast-
displayed scFvs. (a) Structure of fluorogenic dyes
used in this study. Depicted are the thiazole
orange derivative TO1-2p and the malachite green
derivative MG-2p. Dye cores are shown in black
o and R-group substituents in color. An MG-11p
analog of MG-2p was used in some experiments.
(b) Isolation of FAPs using FACS. Sorting screen
shows separation of yeast cells bearing malachite
green-activating scFvs from bulk yeast
population. Horizontal axis shows distribution of
cells by green fluorescence of antibody reagent
that labels the c-myc epitope; vertical axis
depicts distribution of cells by red fluorescence
generated by binding of MG fluorogen. Sorting
window () collects cells enriched for FAPs
composed of heavy chain (Vy), light chain (V)

530 nm (c-myc epitope)

MG were coupled to 3,350 or 5,000 MW polyethylene glycol (PEG)-
biotin (Fig. 1a), and the dye-PEG-biotin conjugates were used
with streptavidin and anti-biotin magnetic beads to affinity enrich
the yeast surface display library for dye-binding scFvs'®. The TO1 and
o MG enriched scFv libraries were further enriched and then screened
for fluorescence-generating scFvs by 2-4 rounds of FACS using the
=2 dye-PEG conjugates (Fig. 1b)'4. For most subsequent studies, TO1
@ and MG were coupled to diethylene glycol diamine (TO1-2p and MG-
S 2p, Fig. 1a) to maintain the antigenic structure and aqueous solubility.
©  Sixteen clones that enhanced MG-2p fluorescence and two clones

e, that enhanced TO1-2p fluorescence were isolated from the library
@(Supplementary Table 1 online). Sequence analysis has revealed that

=" the TO1-2p FAPs are canonical 2-domain scFvs encoded by different
heavy and light chain germline genes'®. In contrast, the MG-2p scFvs
represented six germline configurations, three composed of the usual
heavy and light chain segments, and three composed of only a single
heavy or light chain segment (Table 1). The smallest module, L5-MG,
was just 110 amino acids long without the surrounding epitope tags,
less than half the size of GFP.

We found that when FAPs were expressed on the yeast cell
surface, high quality fluorescence spectra of cell populations could
be determined in 96-well plates by direct addition of fluorogen
(Fig. 1c). We used these homogenous assays to determine binding
curves and spectra for all of our FAPs (Table 1). Each of the MG
FAPs bound MG-2p tightly when assayed on the yeast cell surface,
with apparent cell surface dissociation constants in the low nanomolar
range. The Kps of HLI-TOl and HL2-TO1 were in the high
nanomolar range. To obtain stronger binders, one of the clones
(HL1-TO1) was affinity matured by directed evolution using
FACS selection?” for increased fluorescence at low fluorogen concen-
tration, generating several FAPs with significantly improved brightness
and binding affinity (Supplementary Fig. 1 online). The most
improved FAP, HL1.0.1-TO1, bound TO1-2p with a cell surface
Kp of about 3 nM.
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HL1.0.1-TO1 and HL2-TO1 showed modest red shifts of excitation
maxima (509 and 516 nm, respectively) relative to peak free dye
absorbance (504 nm), but emission maxima differed more signifi-
cantly (530 and 550 nm). Cell surface spectra of FAP/MG-2p com-
plexes showed substantial variation. Excitation maxima of the
complexes ranged from 620-640 nm, markedly to the red of free
dye absorbance (607 nm), whereas emission maxima ranged from
645-670 nm, suggesting an increase in chromophore conjugation
length or a correlated quantum yield increase.

To more rigorously investigate the properties of FAP/fluorogens, we
produced secreted FAPs and purified the proteins (Supplementary
Fig. 2 online). Figure 2a shows fluorescence spectra of these FAPs
complexed TO1-2p or MG-2p. In solution, HL1.0.1-TO1 bound TO1-
2p with a Kp very similar to that observed on the cell surface (Table 1
and Supplementary Fig. 3 online). Direct measurement showed that
the fluorescence of TO1-2p increased about 2,600-fold upon binding
to the HL1.0.1-TO1. The extinction coefficient and quantum yield of
the HL1.0.1-TO1/TO1-2p complex (e = 60,000 M~'cm™ and F =
0.47) are comparable to the values for Aequore&GFP (53,000 and
0.60 (ref. 21)), and predict that this FAP/fluorogen has EGFP-
like brightness.

HL4-MG and L5-MG respectively showed 185- and 265-fold
reduced affinity for MG-2p in solution as compared to surface display,
but affinity of H6-MG was reduced only fivefold. We have yet to
determine the mechanism of this contrasting behavior. H6-MG binds
MG-2p more tightly and with greater quantum yield (Kp = 38 nM,
F = 0.25) than the RNA aptamer binds MG (Kp = 117 nM,
F = 0.187 (ref. 16)). Our result reflects a fluorescence enhancement
of about 18,000-fold as compared to free fluorogen, which is much
greater than the 40- to 100-fold enhancement with other antibody/
fluorogen complexesg’”’22 but less than the 50,000-fold increase with a
FIAsH reagent®. Absorbance of H6-MG/MG-2p is about 1.4-fold
greater than free MG-2p (Table 1 and Supplementary Fig. 4 online)
corresponding to an extinction coefficient of ~ 105,000 M-lem™L. The
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Ve, using different fluorogens.

Table 1 Properties of fluorogen-activating proteins

LETTERS

Fluorogen Excitation Emission Extinction Quantum

activating scFv scFv maximum maximum Cell surface Solution coefficient yield Fluorescence
Fluorogen? protein format size (kDa) (nm) (hm) Kp (nM) Kp (nM) (M-lecm1) (F) enhancement
TO1-2p HL1-TO1 Vy-ViL 26.1 510 527 360
e= 58,000 M-lcm! HL2-TO1 V-V 26.3 516 550 600
at 504 nm HL1.0.1-TO1 V-V 25.9 509 530 3.1 1.7 60,000 0.47 2,600
MG-2p HL4-MG V-V 26.1 629 649 3.2 590 133,000 0.16 15,700
e= 74,250 M~tem L5-MG VL 11.5 640 668 1.2 320 103,000 0.048 4,100
at 607 nm H6-MG Vu 14.4 635 656 7.5 38 105,000 0.25 18,000

HL7-MG Vy VL 26.5 619 647 0.58

H8-MG VH 13.6 626 646 9.4
HL9-MG Vy-Vi 27.9 621 650 0.74

aData for fluorogen at absorbance maximum. Spectral and binding properties determined for fluorogen bound to indicated fluorogen activating protein.

combined absorbance and quantum yield predict a red fluorescent
probe with brightness slightly greater than the improved RFP mono-
mer mCherry?® and slightly less than ReAsH®. Excitation/emission
fall nearly 50 nm to the red of mCherry and ReAsH, and also to
the red side of heme excitation/emission, making this FAP especially
well suited for 633 nm laser-excited imaging of mammalian cells
and tissue.

Analyses using a variety of chemical derivatives of malachite green
revealed that different fluorogen-FAP combinations have different
binding affinities, fluorescence intensities and excitation/emission
spectra. Figure 2b shows the spectral differences produced by three
different MG fluorogen derivatives interacting with the same FAP, and
shows that the range of variation was specific
to a given FAP. Although we do not yet know
the specific molecular basis for any of these @
differences, it is clear that their existence
highlights an advantage of our system—
namely that one can get different spectral
readouts from the same FAP reporter by

The FAP-fluorogen system allows for mul-

FAPs (Fig. 3a and Supplementary Fig. 5 online). We took advantage
of the fact that MG and most of its derivatives have a well-resolved
secondary excitation peak at near-ultraviolet to blue wavelengths that
is sensitive to fluorogenic modulation by the FAP (Fig. 2b). We
exploited this property to demonstrate fluorescent reporting in non-
overlapping green and red colors singly excited by the 488 nm argon
laser. The experiment showed that there was no cross-specificity
between TO1-2p and MG-2p FAPs, and that in the absence of FAPs
neither fluorogen elicited significant fluorescence.

Our yeast FAPs are fused via AGA2 to the AGA1-AGA2 complex,
which is directed to the outer leaflet of the plasma membrane
by a C-terminal glycosylphosphatidylinositol (GPI) anchor before

ticolor imaging of cells expressing different

Normalized fluorescence

Figure 2 Fluorescence characterization of
purified FAPs. (a) Fluorescence spectra of FAP/
fluorogen complexes. Excitation and emission
spectra were determined in the presence of
excess purified FAP (2 mM HL1.0.1-TO1 and

100 nM TO1-2p; 2 MM HL4-MG, L5-MG, H6-MG
and 200 nM MG-2p). The 488-nm laser
excitation used in the experiment of Figure 3a is
shown as a dotted line. (b) Fluorescence spectra
of FAP-fluorogen complexes using different
fluorogen analogs; depicted R-groups replace
MG-2p R-group in Figure 1. Excitation spectra
were determined using 2 nM purified HL4-MG
or L5-MG and 200 nM of indicated fluorogen
analog: (I) malachite green diethylester;

(1) crystal violet; (I11) malachite green.
Fluorescence intensity is normalized; actual
fluorescence signal varied, mainly owing to

o

Normalized fluorescence

differences in binding affinity. Depicted FAP-
fluorogen complexes showed 70- to 12,000-fold
fluorescence enhancement over free fluorogen.
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HL1.0.1-TO1 or L5-MG scFv

c-myc ab

(g}

MG-11p (impermeant)

MG-ester (permeant)

—
f

HL4-MG scFv

MG-11p TO1-2p

HL4-MG scFv HL1.1-TO1 scFv

insertion into the cell wall'%, Live cell imaging using fluorescent
proteins fused to GPIs or GPI-anchored proteins is useful for studying
organization and function of membrane proteins, including signaling
receptors and cell adhesion molecules, but these constructs may also
label cell structures involved in biosynthesis, secretion and degrada-
tion. Dynamic imaging of lipid rafts and other surface features would
benefit by confining fluorescence to proteins anchored to the outer
leaflet . Whereas methods such as total internal reflection fluorescence
microscopy have evolved to allow selective observation, there are no

238

TO1-2p & MG-2p

HL1.1-TO1 or HL4-MG scFv

Figure 3 Fluorescence microscopy of FAPs
displayed on live cells. (a) Two-color confocal
visualization of yeast surface—displayed FAPs
using single laser excitation. Cells expressing
HL1.0.1-TO1 or L5-MG were mixed 1:1 and
excited at 488 nM in the presence of 1 niv
TO1-2p and 1 nM MG-2p. Left to right: TO1-2p
emission channel (517-583 nm), MG-2p
emission channel (668-700 nm), differential
interference contrast (DIC) image and merge of
fluorescent and DIC images. Statistical analysis
indicates no cross-labeling of cell populations.
Unlabeled yeast cells that did not express FAPs
occured in all populations due to loss of low

copy expression plasmid and serve as a control.
(b) Selective confocal imaging of cell surface by
FAPs as compared to GFP. Isogenic yeast strains
displaying AGA2-HL4-MG and AGA2-GFP protein
fusions were used. As surface labeling controls,
c-myc epitopes on the FAP and the GFP were
visualized with antibody/second antibody-Alexa
647. Left to right: HL4-MG visualized with

100 nM MG-11p, HL4-MG c-myc control, GFP
native fluorescence, GFP c-myc control.

(c) Selective visualization of biosynthetic-secretory
compartment using membrane permeant
fluorogen. NIH3T3 cells stably expressing HL4-
MG fused to PDGFR were imaged by confocal
microscope at 633 nm excitation after treatment
for 5 min in PBS with 200 nM MG-11p (top row,
membrane impermeant) or 200 nM MG-ester
(bottom row, membrane permeant; for structure
see Fig. 2b R-group 1). On longer incubation,
MG-ester illuminated intracellular features such
as the nuclear periphery (endoplasmic reticulum)
and Golgi become more difficult to visualize.

(d) Surface labeling of human tumor cells with a
MG FAP. Stably transformed M21 melanoma cells
expressing HL4-MG fused to PDGFR were imaged
as a confocal stack at 488-nm excitation using
10 nM MG-11p. Photomicrograph is a three-
dimensional reconstruction of the stack.

(e) Surface labeling of fibroblasts with a TO1 FAP.
Stably transformed NIH3T3 cells expressing
HL1.1-TO1 fused to PDGFR and imaged as in

d using 40 nM TO1-2p. (f) Simultaneous surface
labeling of fibroblasts with MG and TO1 FAPs.
NIH3T3 cells respectively expressing the FAPs of
d and e were mixed 1:1 and imaged using 10 nM
MG-2p and 40 nM TO1-2p. The transparency of
surface-labeled cells allows fine discrimination of
contact surfaces between cells of different colors.
Scale bars, 10 mm.

methods for selective labeling and homo-
genous detection. To illustrate such labeling
and detection, we imaged an MG FAP and an
identically anchored AGA2-GFP fusion pro-
tein?* (Fig. 3b). The MG FAP and the GFP were visualized on the
extracellular surface, but intracellular structures, many with the
morphology expected of vacuoles and nuclear membranes (endoplas-
mic reticulum), were visualized only by the GFP.

To explore fluorogenic labeling of mammalian cell surface proteins,
we fused selected TOl and MG FAPs to the N terminus of
platelet-derived growth factor receptor (PDGFR) transmembrane
domain. The TOl and MG FAPs were than expressed stably in
NIH3T3 mouse fibroblasts and in M21 human renal carcinoma
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cells. In each case the transfected cells exhibited strong surface
fluorescence when exposed to low concentrations of TO1-2p or
MG-11p fluorogen (Fig. 3c—f). No significant intracellular fluores-
cence was observed under these experimental conditions; TO1-2p and
MG-11p controls did not enter living NIH3T3 cells (Supplementary
Fig. 6 online and data not shown).

It is noteworthy that little or no photobleaching of cell surface
fluorescence was observed. Separate experiments showed that TO1-2p
FAPs resisted bleaching about as well as EGFP and that MG FAPs were
even more bleach resistant (Supplementary Fig. 7 online). Fluores-
cence signal of TO1-2p FAPs decayed to a TO1-2p concentration-
dependent steady state, suggesting that rapid exchange of fluorogen
(and/or fluorogen photoproducts) between the solution and the FAP
itself was effectively buffering the system against photobleaching. For
MG FAPs, other mechanisms may contribute, such as loose seques-
tration of dark fluorogen on the plasma membrane outer surface.

In aqueous solution mobile fluorogens such as MG or TO1 show
almost no photoreactivity?, but under illumination MG conjugated
to an antibody generates reactive oxygen species at a rate similar to
GFP?%, sufficient to be phototoxic under continuous or intense
excitation?’. Phototoxicity correlates with photobleaching, suggesting
that MG and TO1 FAPs generated reactive oxygen species at GFP-like
rates. MG has also been used as an antifungal agent; at experimental
concentrations the MG derivatives studied here had little or no effect
on yeast growth (Supplementary Fig. 8 online).

Cell surface-exposed FAPs visualized with a membrane-impermeant
fluorogen were seen at the plasma membrane only. When exposed to a
membrane-permeant fluorogen, however, these same cells showed
additional fluorescence within elements of the secretory apparatus,
including the nuclear endoplasmic reticulum and the Golgi (Fig. 3¢
and controls in Supplementary Fig. 6 online). This result suggests
that permeant fluorogens can be used to visualize FAPs shortly
after cotranslational insertion into the lumen, and thus potentially
report protein folding in near real time. Permeant fluorogens
can be added and withdrawn at will, facilitating development of
pulse-chase and other approaches to studying secretory and
endocytic pathways.

When incorporated into fusion proteins, FAP domains provided a
eporter of protein location and abundance in time and space.
Fluorescence signal was generated only upon addition of a second
component (the fluorogen); in this respect FAPs resemble the site-
specific chemical labeling systems. However, all chemical labeling
systems require additional manipulation such as enzymatic conjuga-
tion steps or washes to reduce background signal, whereas FAPs can be
visualized directly after fluorogen addition on a time scale of seconds
(on the cell surface) to minutes (within the secretory apparatus).
Fluorescence visualization can also be spatially controlled by the
appropriate choice of fluorogen, enabling one to selectively observe
fusion proteins at particular cellular locations. Multicolor imaging of
spectrally and antigenically distinct FAPs co-expressed within a cell
will greatly enhance the usefulness of different fluorogens to dynami-
cally monitor complex cellular functions.

ScFv-based FAPs contain internal disulfide linkages and are cur-
rently adapted for use only in nonreducing environments, mainly the
cell surface and secretory apparatus. FAP/fluorogens thus complement
the biarsenical system, which is generally limited to intracellular
reducing environments, primarily the cytoplasmic and nuclear com-
partment56’7’10. However, it has been shown that functional scFvs can
be expressed cytoplasmically in a disulfide-free format in yeast and
mammalian cells?3-30, and future developments of scFv and other FAP
platforms will address these intracellular compartments.

@g
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METHODS
Experimental procedures and data analyses are presented as ‘Methods and
Supplementary Figures' in Supplementary Materials online. Methods are
described for:

FAP nomenclature; yeast display library and yeast strains'4; cloning of single
chain antibody FAPs'% sequencing and classification of FAPs!%; spectral
characterization of yeast surface displayed FAPs; directed evolution of HLI-
TO12Y; secretion and purification of soluble FAPs; fluorogen binding affinity to
yeast surface displayed FAPs?®?!; fluorogen binding affinity to soluble FAPs’!;
quantum yields of FAP/fluorogens®?>—3% corrected absorbance of FAP/fluoro-
gens; fluorogenic enhancement of FAP/fluorogens; mammalian cell surface
expression of FAP molecules; microscopy; syntheses of fluorogens®.

Accession numbers. GenBank: EU309680-EU309689.

Note: Supplementary information is available on the Nature Biotechnology website.
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