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The impact of the Drosophila experimental system on studies of
modern biology cannot be understated. The ability to tag endog-
enously expressed proteins is essential to maximize the use of this
model organism. Here, we describe a method for labeling endog-
enous proteins with self-complementing split fluorescent proteins
(split FPs) in a cell-type-specific manner in Drosophila. A short
fragment of an FP coding sequence is inserted into a specific ge-
nomic locus while the remainder of the FP is expressed using an
available GAL4 driver line. In consequence, complementation fluo-
rescence allows examination of protein localization in particular
cells. Besides, when inserting tandem repeats of the short FP frag-
ment at the same genomic locus, we can substantially enhance the
fluorescence signal. The enhanced signal is of great value in live-cell
imaging at the subcellular level. We can also accomplish a multicolor
labeling system with orthogonal split FPs. However, other orthog-
onal split FPs do not function for in vivo imaging besides split GFP.
Through protein engineering and in vivo functional studies, we re-
port a red split FP that we can use for duplexed visualization of
endogenous proteins in intricate Drosophila tissues. Using the two
orthogonal split FP systems, we have simultaneously imaged pro-
teins that reside in distinct subsynaptic compartments. Our ap-
proach allows us to study the proximity between and localization
of multiple proteins endogenously expressed in essentially any cell
type in Drosophila.
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ulticolor fluorescence microscopy provides a powerful means
to investigate differential gene expression, protein—protein
interactions, or biochemical activities. Engineering a broad color
range of fluorescent proteins (FPs) has empowered fluorescence
microscopy in the fields of cell and developmental biology (1, 2).
The use of FP tags to track and measure the properties of proteins
is valuable. By watching proteins’ behavior at high spatiotemporal
resolution in living cells, we can gain mechanistic insights into
protein trafficking, macromolecular assembly, and other biological
events that involve dynamic interactions between proteins (3).
When visualizing proteins moving inside cells, we can use tra-
ditional transfection and transgenic technologies to express FP-
tagged proteins in experimental systems. However, these are
subject to limitations due to the significant potential for over-
expression artifacts (e.g., protein mislocalization and aggregation
and aberrant organelle morphology) (4-6). These artifacts can be
averted by using endogenous gene tagging techniques (7), which
can be applied to introduce an FP coding sequence into a desired
genomic locus. Consequently, the fluorescent fusion proteins are
expressed under the control of endogenous regulatory elements.
For some genes with low expression levels, however, the fluores-
cence of FPs is too dim to visualize (8). This limitation has driven
researchers to find brighter fluorescent probes.
Similar to full-length FPs, split FPs have been widely used for
a myriad of applications [e.g., the bimolecular fluorescence com-
plementation assay (9-11), biosensors (12, 13), and optogenetic
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tools (14)]. In recent years, the self-complementing split GFP;_1¢,1;
system has become an essential tool in live-cell protein imaging (13,
15-17). In this system, the sequence encoding for superfolder (sf)
GFP is split between f-strands 10 and 11 (GFP;_yo and GFP;;,
respectively) (18, 19). The GFPy, fragment is a short 16-residue
peptide that constitutes a small protein tag (Fig. 14). GFPy, tagis
fluorescent only when the corresponding GFP;_y is expressed in
the same cell because neither GFP;_;o nor GFPy; by itself pro-
duces visible fluorescence. We previously applied the split GFP
system to generate a human cell library of fluorescently labeled
endogenous proteins via genetic knock-in by CRISPR-mediated
homology-directed repair (20). Because the size of GFP;; is small,
it improves the knock-in efficiency (21) and simplifies the donor
preparation (17, 20). An additional advantage of this system is that
the GFP,; fragment can be tandemly linked, providing a multi-
merization scaffold to recruit multiple GFP,_;o molecules (Fig. 1B)
and significantly enhance the fluorescent signal (17, 22). We have
shown that tagging Lamin A/C with four repeats of GFP;; (GFPy; x 4)
in human cells leads to a fourfold increase in fluorescence in-
tensity compared to GFPy; (20). The enhanced signal can be of
great value in imaging molecules difficult to study because of
low signal (e.g., less abundant proteins).

Significance

Split fluorescent protein (FP) systems have been used to en-
dogenously tag proteins in human cells. However, there have
been a limited number of studies to evaluate the potential of
multicolor FP4; tags in organisms. Here, we implement the ap-
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While split GFP has been practical, the availability of a second
split FP enables multicolor visualization. Through bioengineer-
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zation patterns of multiple proteins in particular cell types.
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Drosophila is a valuable and widely used model organism be-
cause of the low cost, short generation time, and state-of-the-art
genetic tools. Over the past decades, many approaches for en-
dogenous gene tagging in Drosophila have been developed: Minos-
mediated integration cassette (MiMIC) insertions and site-specific
recombination through cassette exchange (23, 24); TALEN- and
CRISPR/Cas9-mediated homologous recombination (25-27); and
transposon-based protein traps (28, 29). As a proof-of-concept
study, we previously demonstrated genetic knock-in through ho-
mologous recombination using a GFP;; donor template (30). We
generated a GFP;; knock-in allele of kinesin-1 heavy chain (khc)
and expressed GFP;_;p in the dendritic arborization sensory
neurons to visualize the localization of Khe. In this report, we set
out to establish the GFPy, tag as a general means for labeling
endogenous proteins in Drosophila in cell-type—specific and de-
velopmental stage—specific patterns. Despite the usefulness of split
GFP, there lacks a second split FP;_10/11 for multicolor imaging in
Drosophila. Using a screening strategy to engineer self-associating
split FPs, we have generated two additional variants. Here, we
explore the properties of a red-colored split FP system in cultured
cells and flies and demonstrate its utility for duplexed labeling and
multicolor imaging of endogenous proteins in Drosophila in vivo.

Results

Cell-Type-Specific Labeling of Cellular Proteins with GFP;; Tag in
Drosophila. To investigate whether the GFP;; fragment can be used
as a protein tag to a wide range of cellular proteins in Drosophila
cells, we prepared Drosophila expression plasmids encoding five
different proteins tagged with GFP;;: B-actin (cytoskeleton),
a-tubulin (cytoskeleton), histone H3.3A (nucleus), Centrosomin
(centrosome), and P, adrenergic receptors (plasma membrane;
GFP;; was fused to f,-AR at the cytoplasmic tail). Each fusion
protein was constructed for GFPy; to target its N or C terminus
with an appropriate-length linker. The lengths of linkers vary from
0 to 18 amino acids (aa). We could record fluorescence images
under confocal microscopy, coexpressing GFP;;-containing fu-
sions with cytoplasmic GFP,_y in cultured Drosophila S2 cells. In
contrast, no specific signal was detected with GFP,_;, or GFPy;
alone. For all fusions we tested, we obtained bright fluorescence
signals reconstituted from split GFP at the predicted subcellular
location (SI Appendix, Fig. S14). For example, S2 cells transfected
with split GFP-tagged f-actin exhibit the reconstituted signal in
the lamellipodia (SI Appendix, Fig. S14). Consistent with our
observation, Rogers et al. have previously shown a similar sub-
cellular localization of actin fused to full-length GFP (31). Alto-
gether, these results demonstrate that GFPy; efficiently performs
as a fusion protein when expressed in S2 cells.

To exploit GFPy; tag for labeling a protein that resides in its
target organelle or a compartment inside the organelle, we should
carefully consider whether the spatial constraint of a GFPy;-tag-
ged protein causes inaccessibility to cytoplasmic GFP;_;o, which
can result in a lack of complemented GFP signal. Indeed, we have
demonstrated that GFPy; targeted to the mitochondrial matrix
fails to reconstitute a fluorescence signal when coexpressed with
cytoplasmic GFPy_yo (SI Appendix, Fig. S1B). In contrast, mi-
tochondrial matrix-targeted GFP;_;o (GFP,_mitochondorial matrix)
gives rise to complementation with the same GFP;; construct, and
the reconstituted signal exhibits distinct localization to the matrix
of mitochondria (SI Appendix, Fig. S1C). We expect that as long as
both fragments are targeted to the same cellular compartments,
complementation fluorescence would be detected in any particular
organelle of Drosophila cells. Of note, the split GFP system has
previously been adapted to visualize protein localization within the
Golgi (32), the endoplasmic reticulum (33), the intermembrane
space of mitochondria (34), the inner nuclear membrane (35), and
peroxisomes (36) in plants and mammalian cells.

To further demonstrate applications and the potential advan-
tage of split GFP in vivo, we created transgenic flies that express
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PAR-GFP;; or GFP;_; under the control of UAS. SI Appendix,
Fig. S2 shows negligible background fluorescence in larval tissues
possessing either UAS-f24R-GFP;; or UAS-GFP;_;, alone. When
the GFP;_;o and GFP;; fragments were introduced into the same
flies, complementation fluorescence was detected. For instance,
when coexpressing UAS-$,AR-GFP;; with UAS-GFP;_; using
engrailed-GAL4 (the engrailed enhancer drives GAL4), we ob-
served a prominent fluorescence signal in the posterior portion of
wing imaginal discs (SI Appendix, Fig. S2). The fluorescence pat-
tern reflects where the engrailed gene is expressed (37). We also
employed three different GAL4 lines to express split GFP-tagged
B>-AR in other larval tissues (such as the central nervous system,
the salivary gland, and the fat body). Strong fluorescence signals
were observed within these tissues (SI Appendix, Fig. S2). These
observations suggest that by overexpressing the two split GFP
fragments together, the split GFP system is effective in a broad
range of Drosophila tissues.

In Drosophila tissues, the complemented signal from split GFP
fusion proteins can be used to localize a variety of proteins.
Movie S1 shows actin as an example of proteins tagged in cy-
toplasmic compartments. Expression of split GFP-tagged f-actin
under the control of a panneuronal driver elav-GAL4 produced
live images that revealed the retraction and extension of filo-
podia in an embryo’s growth cones, and these filopodia were
filled with the tagged actin (Movie S1). Additionally, by adding
an N-terminal endoplasmic reticulum (ER)-import signal to
GFPy_19 (GFPy_10*), we fluorescently labeled the ER luminal
Calreticulin protein (Crc-GFPy,) in the larval fat body, indicating
that split GFP can work within the secretory pathway as well (S/
Appendix, Fig. S34). Using GFP;_;**, we further aimed to label
the extracellular domain of a transmembrane protein. To this end,
we made a fusion protein of GFPy;, targeting the extracellular
domain of the Down syndrome adhesion molecule (Dscaml).
GFPy, tag was inserted immediately downstream of the Dscam1
signal sequence. When the UAS-GFP;;-dscaml [exon 17.1]
transgene was coexpressed with UAS-GFP;_;,** under the control
of 201Y-GAL4 specific for mushroom body (MB) neuron, split
GFP formed a complementation signal in the neurons. Moreover,
the signal was highly enriched in the cell bodies and dendrites,
while the minimal signal was detected on axons (SI Appendix, Fig.
S3B). This distribution is consistent with previous results from the
full-length GFP fusion (i.e., Dscam1-EGFP [exon 17.1]) (38, 39).

We generated transgenic lines, UAS-GFP;_;y and UAS-GFP;_;,",
to illustrate the utility of the GFP,;-tagging approach for investi-
gating the subcellular localization of proteins in tissues. Using
these two lines, proteins exposed to the cytoplasm, nucleoplasm,
secretory pathway lumen, and extracellular space can be inves-
tigated. However, researchers interested in imaging GFPy;-
tagged proteins in other compartments would need to generate
compartment-specific UAS-GFP;_jo lines.

Labeling Endogenous Proteins with GFP,; Tag. A motivation to adopt
the split GFP system for use in Drosophila is the potential to label
endogenous proteins fluorescently in cells of specific types. Cell-
type—specific labeling is particularly desirable in complex tissues
such as the brain, where adjacent and nontargeted cells are un-
labeled. Therefore, it enables the measurement of protein distri-
bution at high contrast. By introducing cell-type—specific GFP;_;y
expression into a GFP;; knock-in animal, only cells that express
both GFP;_;9 and GFP;; can be selectively visualized. To dem-
onstrate the feasibility of this approach, we modified some geno-
mic loci to tag with GFP;; by using MiMIC insertions. One of
these protein trap lines is a teneurin-m (ten-m) allele. ten-m en-
codes a type II transmembrane protein. Ten-m is required for the
proper establishment and maintenance of synapse formation in
the olfactory circuit (40, 41) and at neuromuscular junctions
(NMJ) (42). The MIiMIC line MI07828 has been converted to a
GFP;; protein trap line using recombination-mediated cassette
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Fig. 1. Labeling endogenously expressed proteins in subsets of neurons. (A and B) Schematic for split GFP labeling of a cellular protein. A protein of interest
is labeled with the GFP; fragment. It becomes fluorescent when the GFP;_1o fragment is expressed in the same cell. In this diagram, the N terminus of p-actin
is fused with GFP,, or four copies of GFP4;. (C and D) For the visualization of Ten-m, we crossed either the GFP;; or the GFP;; , ; strain with a panneuronal
expression line of GFP;_;o. The distribution pattern of Ten-m tagged with GFP;; or GFP¢; , 7 is indistinguishable from Ten-m detected with anti-Ten-m.
Identical acquisition settings were used for the split GFP images for comparison. (E) Quantification of relative fluorescence intensity of Ten-m labeled with
GFP41 or GFP4; 7, measured by confocal microscopy. n = 2 to 8 larval brains. Error bars are SEM. (F-H) Cell-type-specific labeling of Ten-m proteins. Rep-
resentative images of adult fly and larval brains showing cell-type—specific fluorescence of Ten-m (Top) and a CD8 membrane marker (Bottom). We crossed
the GFP;; « 7 protein trap line of ten-m with different expression lines for GFP;_;,. The following GAL4 lines were used to drive UAS-GFP;_;o expression: (F)
0Or47b-GAL4 (ORN), (G) dlip2-GAL4 (IPCs), and (H) ato-GAL4 (photoreceptor neurons). (H, Inset) Arrowheads mark Ten-m puncta along the axon shafts. (/)
Tracking of Ten-m tagged with either GFP4, 7 (with an expression of GFP;_;, driven by elav-GAL4; Top) or full-length EGFP (Bottom) in larval motor axons
(see also Movie S2). Kymograph displays the trajectory of Ten-m puncta. (J) Quantifying the anterograde and retrograde velocity of Ten-m labeled with GFP,; , 5
or full-length EGFP. The number of puncta that we analyzed in each case is indicated in the figure. Error bars are SEM. All images in this and subsequent figures
are maximum Z-projections of confocal images. Insets show a higher magnification of boxed regions (single Z-sections). cb, cell bodies. (Scale bars, 100 pm in C
through F.)
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exchange (RMCE). The GFP;; line is homozygous viable. GFP;;
is inserted into the intron separating the fourth and fifth coding
exons, flanked by splice acceptor and donor site. The GFPy;
fragment is located at the cytoplasmic N terminus of Ten-m.
GFP;_;( expression under the control of a panneuronal driver
elav-GAL4 leads to complementation fluorescence of Ten-m
(Fig. 1C), while no complementation fluorescence in the GFP;;
allele is observed in the absence of GFP,_j expression. The tag-
ged Ten-m expression pattern in the central nervous system (CNS)
overlaps with the pattern in wild-type larvae revealed with the
anti-Ten-m antibody (Fig. 1C), although we notice that split GFP
renders a relatively low fluorescence signal.

We have previously demonstrated that inserting a seven tan-
dem GFP;; (GFPy; « 7) tag can substantially enhance the com-
plemented signal of tagged proteins by sevenfold in S2 cells (17).
To validate this approach in Drosophila in vivo, we generated a
GFP;; « 7 protein trap line of ten-m from the same MiMIC line
as above. Like the GFP;; protein trap line, the resulting GFP;; « 7
line is fully viable. For labeling of Ten-m in the nervous system, we
crossed the GFP;; « 7 strain with a panneuronal expression line of
GFP;_;9. We found that the fluorescence distribution resembles
that of the single GFP;; fusion (Fig. 1 C and D). Quantifying the
overall fluorescent brightness for single-copy and multicopy GFPy;,
we also confirmed that the GFP;; » 7 fluorescence was ~4 times
brighter than the single copy of GFPy; (Fig. 1E). For the GFP;; « 7
line to be useful, the presence of the tandem tag must not interfere
with the function of Ten-m. We addressed this by performing a
genetic analysis of the GFP;; » 7 line. It has been previously
reported that fen-m mutants alter the number of synaptic boutons
and the innervation of a specific skeletal muscle by motor axons
(41). Either in the split state or the reconstituted state of GFPy; 7,
however, there has been no observable phenotype in larvae ho-
mozygous for the GFP;; « 7 insertion (SI Appendix, Fig. S4). Next,
we assessed the distribution of Ten-m in different types of neurons
(olfactory neurons, insulin-producing cells [IPCs], and photore-
ceptor neurons) during larval development and at the adult stage.
We used different GAL4 drivers to express GFP;_;p and label
Ten-m fluorescently in targeted neurons. As shown in Fig. 1 F-H,
the labeled Ten-m proteins localize to the axonal terminals. Re-
gardless of the types of neurons, the proteins tended to form
clusters and appeared as fluorescent puncta. Occasionally, a small
number of Ten-m puncta was also found along the axon shafts
(arrowheads in Fig. 1H). These observations implicate that Ten-m
might undergo axonal transport. To assess whether Ten-m is
trafficked down axons, we visualized motor neurons in real time.
Larval motor axons offer an accessible means to study axonal
trafficking (43). With GFP,_;o expressed under elav-GAL4 con-
trol, the Ten-m proteins were fluorescently labeled in live larvae.
Live imaging revealed that Ten-m puncta rapidly moved in motor
axons (Movie S2). After making kymographs (Fig. 1/), we calcu-
lated the velocity for Ten-m puncta (0.83 + 0.03 pm s™' in the
anterograde direction and 0.99 + 0.03 pm s~' in the retrograde
direction; Fig. 1J). The velocity range (SI Appendix, Fig. SS) co-
incides with that of other receptors trafficked via microtubule-
based axonal transport (44). Importantly, ~60% of the total par-
ticles we observed revealed anterograde bias, supporting the no-
tion that Ten-m puncta are enriched in the motor axon terminals
(42). We note that Ten-m labeled with full-length EGFP (ie., a
GFP protein trap) showed similar Ten-m transport kinetics, albeit
the GFP signal was much dimmer than that of GFPy; , 7 (Fig. 11
and J and Movie S2). Altogether, these studies demonstrate that
the localization pattern of split GFP-tagged proteins accurately
reflects the distribution of endogenous proteins in specific cell

types.

Protein Labeling Using the Split sfCherry System in Drosophila. For
multicolor imaging experiments, we and others have previously
developed the split sfCherry system (17, 45, 46). Although the
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system has been successfully used in mammalian cells, there is no
literature about the performance in Drosophila cells. To examine
the utility of the sfCherry;; tag, we designed four fusion proteins:
sfCherry2,;-B-actin, sfCherry2;;-a-tubulin, f,AR-sfCherry;;, and
CD8-sfCherry;;. With coexpression of sfCherry2;_;o in S2 cells,
we did not observe fluorescence from any of these fusions
(Fig. 24). Similar results were obtained with in vivo expression
analysis (in which a transgenic line of UAS-CD8-sfCherry;; was
crossed to a panneuronal sfCherry2;_; line), confirming that the
overall fluorescence signal was extremely weak or undetectable
in third-instar larvae (Fig. 2B). We also evaluated the performance
of sfCherry3V;_yo [sfCherry3V;_y is one of the most improved
sfCherry,_;( variants and is fully capable of binding to sfCherry2,;
(46)] and found that it produces essentially no fluorescence when
coexpressed with sfCherry2;; in S2 cells (SI Appendix, Fig. S6).
The reason for the reduced overall signal of split sfCherry is
currently unknown, but we speculate that it is probably due to the
pH of Drosophila cells.

Although not surprisingly, its brightness is partially recovered
using the tandem repeat approach. When cotransfecting S2 cells
with sfCherry2;_;o and either sfCherry2;; 5 »p-actin or sfCherry2;; «
a-tubulin, we observed poor but nonnegligible signal in fluores-
cence images of actin stress fibers and microtubules, respectively.

Engineering Split FPs in Drosophila S2 Cells. The weak or unde-
tectable fluorescence signal of complemented split stCherry in
Drosophila makes it challenging to perform multicolor imaging.
Thus, we aimed to generate split FP variants in spectral regions
other than the green region that retain brightness in Drosophila
cells. For this purpose, we chose a set of candidate FPs. Previous
studies (1), together with our bioinformatic alignment of full-length
FPs, predicted that some FP variants are structurally similar to
SfGFP (the split GFP system was derived from sfGFP; Introduction).
We hypothesized that, like sfGFP, these FPs could be divided into
two fragments between f-strands 10 and 11.

We generated a series of constructs in which we split the candi-
date FPs with one of the following two ways: for mNeonGreen2,
mApple, mKate2, and E2-Crimson, each of the FP,; fragments was
fused to one of the well-folded carrier proteins (either Hem oxy-
genase or sfGFP) and coexpressed with its corresponding FP;_;¢;
and for mCardinal and mTagBFP2, we inserted a 30 amino acid
spacer between the 10th and 11th p-strand of the two FPs. In many
cases, the long spacer insertion prevents a fluorescent protein from
folding correctly, resulting in the drastic reduction of its fluores-
cence level (45). However, if the complementation of a split FP is
good enough (e.g., the well-optimized split GFP system), its fluo-
rescence signal can be kept or slightly reduced with the spacer in-
sertion (45). Among the split FPs we tested in S2 cells, only spacer-
inserted mTagBFP2 gave a bright fluorescence signal (Fig. 2C and
SI Appendix, Fig. S6). To quantitatively measure the brightness of
spacer-inserted mTagBFP2, we performed an image-based assay
[previously used for quantitative assessment of split FPs (17, 45)]
and compared the brightness between the spacer-inserted and full-
length mTagBFP2. To allow direct comparison, we coexpressed
either the spacer-inserted or full-length mTagBFP2 with mo-
nomeric infrared FP (we used the mIFP signal to normalize the
differences of gene expression level). In this assay, we observed
that spacer-inserted mTagBFP?2 retained ~53% brightness of full-
length mTagBFP2 (Fig. 2D), suggesting the potential for the split
mTagBFP2 system to label cellular proteins.

To test whether split mTagBFP2 functions as a fluorescent
probe in S2 cells, we constructed Drosophila expression plasmids
of mTagBFP2,; fusions. We coexpressed mTagBFP2,_;, with any
one of four mTagBFP2,, fusions, including f-actin, a-tubulin,
H3.3A, and clathrin light chain (Clc). For the fusion proteins we
tested, we obtained blue fluorescence images of actin filaments and
clathrin-coated pits (Fig. 2E); however, we did not detect comple-
mentation fluorescence with the fusion constructs of a-tubulin and
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Fig. 2. Development of other split FPs. (A) Fluorescence images of S2 cells coexpressing p,AR-sfCherry, sfCherry2,_4o, and CD8-mIFP (an infrared FP-tagged
membrane marker). The dashed lines in the Left indicate where IFP-positive cells are. (B) A transgenic line of UAS-CD8-sfCherry;; was crossed to a pan-
neuronal sfCherry2;_;, line. Early third-instar larval brains were dissected and stained with anti-CD8. (C) Fluorescence images of S2 cells expressing either full-
length or spacer-inserted mTagBFP2. For direct comparison, we kept all acquisition settings identical for both constructs. (D) Quantification of whole-cell
fluorescence intensity of S2 cells expressing full-length or spacer-inserted mTagBFP2. n = 36 to 49 cells. Error bars are SEM. (E) Representative images of
mTagBFP24, labeling of cellular proteins in S2 cells. mTagBFP2,_1o was coexpressed with mTagBFP244-B-actin or mTagBFP244- Clc. (Scale bars, 10 pm in E and

100 pm in A through C.)

H3.3A (of note, a split GFP-tagged version of the a-tubulin and
H3.3A constructs fluoresces in S2 cells, indicating that the perfor-
mance of split mTagBFP2 is suboptimal). These observations confirm
that split mTagBFP2, although it is important to consider optimi-
zation of it in the future, enables protein visualization in S2 cells.

Characterizing the Binding Specificities of FPy_4q44 Pairs. A specific
FPy_1011 pairs ability to bind each other is central to differentially label
multiple proteins within the same cell (45). With the three FPy_yq;
pairs (i.@., GFP],]O/H, SfCherryZ],lg/” x 7> and mTagBFle,]()/] 1),
we systematically examined their binding specificities. We tested each
FP;_yo fragment for binding to any one of FPy; fused to p-actin in
S2 cells, in which they were also coexpressed with a reporter protein
(i.e., mIFP). Binding between FP;_;(, and FP;; was determined as
the percentage of split FP-positive cells in the mIFP-positive pop-
ulation. We carried out experiments in a grid format (i.e., 3 x 3 for
all FPy_y0; combinations; Fig. 34 and SI Appendix, Fig. S7). As
tested along the grid diagonal, all three FP;_ ;o fragments recon-
stituted with their complementary FP;; partners. Also, the pair of
sfCherry2, ;o and mTagBFP2,; rendered a complementation
signal. Its reciprocal binding pair (i.e., mTagBFP2,_;/sfCherry2;; « 7)
also gave a similar result. Of note, sfCherry2,_o/mTagBFP2;,
has a similar emission spectrum to full-length sfCherry2, as shown
in Fig. 3B. Remarkably, sfCherry2,_;o/mTagBFP2,; exhibited ~3
to 4 times better performance than sfCherry2;_1o11 x 7. This optimal
performance of sfCherry2,_o/mTagBFP2;; might be due to
either high molecular brightness or much-enhanced comple-
mentation efficiency between the fragments. When comparing
the molecular brightness of these red-colored split FPs, we
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found that sfCherry2,_;o/mTagBFP2,, is similar to sfCherry2,_ 10,11
(SI Appendix, Table S1). Therefore, these data support the
notion that sfCherry2; ;o has greater complementation efficiency
with mTagBFP2, than sfCherry2,;.

The pronounced performance of the sfCherry2;_o/mTagBFP2,;
pair holds promises for protein labeling. To illustrate its use to
visualize the subcellular localization of proteins, we coexpressed
stCherry2,_;o with any of the mTagBFP2,; fusions in S2 cells.
Contrary to the mTagBFP2,_;y;; system (this system fails to
yield a fluorescent signal in two out of four targets; Fig. 2F),
sfCherry2,_jo/mTagBFP2,, allows us to visualize all the targets
we have tested (Fig. 3C). Presumably, the improvement from this
pair enables tagging of many targets that we cannot accomplish
with mTagBFP2; ;1. Therefore, these results demonstrate that
stCherry2,_;o/mTagBFP2,; is a highly efficient, red-colored split
FP system in S2 cells.

Labeling of Endogenous Proteins with sfCherry2,_,o(/mTagBFP2,; in
Drosophila. To demonstrate that sfCherry2;_,o/mTagBFP2,; has
high enough performance to detect proteins expressed at endoge-
nous levels in Drosophila tissues, we took advantage of the RMCE-
based strategy to convert a MiMIC insertion to an mTagBFP2;;
protein trap line. We tested the CASK gene locus. The CASK gene,
which encodes a member of the MAGUK (membrane-associated
guanylate kinase) protein family, is moderately expressed in the
larval brain (47). When crossed with a panneuronal expression line
of sfCherry2;_;9, the mTagBFP2;; line exhibited a weak but signifi-
cant fluorescence signal in the larval brain (Fig. 44). On the other
hand, we did not observe background fluorescence in larval or adult
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Fig. 3. Discovery of a bright, red-colored split FP1_q¢/11 system. (4) Characterizing
the binding specificities of three FP;_10,11 pairs (i.e., GFP1_10111, SFCherry2, 1011 x 7,
and mTagBFP2;_1¢/11). We tested each of the FP;; fragments to complement all
of the FPy_,o fragments (S/ Appendix, Fig. S7). Complementation is indicated as
the percentage of fluorescent cells by a color scale and each block’s number.
(B) Normalized emission spectra of full-length and split FP variants measured in
S2 cells. (C) Fluorescence images of different mTagBFP2,; fusions coexpressed
with sfCherry2,_;o in S2 cells. (Scale bars, 10 pm.)

fly brains from either sfCherry2;_ ;o or mTagBFP2,; (SI Appendix,
Fig. S8). The tagged CASK protein is ubiquitously expressed in the
brain, as previously reported (47). The distribution was also
compared to the result assessed by the GFP protein trap line
(Nagarkar-Jaiswal et al. have converted the same MiMIC line to
label CASK with full-length EGFP) (24). The GFP-tagged CASK
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has brighter signals in defined regions than the split FP counter-
part (Fig. 4 A and B).

Like other FPy_ ¢/ systems, tandem mTagBFP2,, , ; tagging
enhances the fluorescent signal, thereby promoting the visualization
for endogenously expressed proteins. To show the utility of this
approach, we created three protein trap lines with mTagBFP2;; » 7
tag. In addition to CASK, we tagged two other genes: dyschromic
(dysc) and exchange factor for Arf6 (efa6). RNA sequencing—
based expression profiles available from the modENCODE con-
sortium (48) have identified that dysc and efa6 are expressed at
low levels throughout development. MiMIC insertions for dysc
and efa6 have been isolated and converted into protein trap lines
with EGFP before (24); we adopted the same MiMIC insertions
for mTagBFP2;; . 7 into these genes. For its complementation
with stCherry2,_;o, we crossed the mTagBFP2;; « 7 lines with a
panneuronal line of sfCherry2;_;9. We found strong fluorescence
signals in both third-instar larval and adult fly brains of all protein
traps (Fig. 4 C-E). These tagged protein expression patterns are
similar to the patterns in the corresponding GFP protein trap lines
(SI Appendix, Fig. S9) and their protein expression annotations
(47, 49, 50). By quantifying complementation signals for CASK,
we confirmed that the brightness of mTagBFP2,, , ; was ~5 times
greater than that of mTagBFP2, in larval brains (Fig. 4F). We
also found the homozygous CASK-mTagBFP2;; . 7 line with the
panneuronal expression of sfCherry2; ;9 generated no obvious
phenotype, suggesting that this complementary pair is not muta-
genic (S Appendix, Fig. S10).

As an example of cell-type—specific labeling using sfCherry2;_;¢/
mTagBFP2,,, we show the distribution of mTagBFP2, , ;-tagged
CASK in a specific class of adult olfactory receptor neurons
(ORN), using Or47bGAL4-driven sfCherry2,_;,. The CASK pro-
teins distribute primarily in axon terminals of Or47b-expressing
ORNs (Fig. 4G). For a detailed characterization of CASK local-
ization, we also immunolabeled the axon terminals with the active
zone (AZ) maker anti-Bruchpilot (BRP). We found that CASK
preferentially formed puncta, and the majority of CASK puncta
colocalized with endogenous BRP staining (SI Appendix, Fig. S11).
These observations confirm a previous finding that presynaptic
CASK functions as a scaffolding protein that tethers multiple
signaling molecules at nascent AZs (51).

Dual-Color Endogenous Protein Tagging in the Drosophila Nervous
System. In the grid experiments in Fig. 34, GFP;_,¢/1; and
sfCherry2,_jo/mTagBFP2;; display minimal cross talk in cultured
cells (i.e., GFP;_;( only binds to GFP;; but does not bind to
sfCherry2,;). Thus, these split FP systems can perform duplexed
labeling of endogenous proteins in vivo. We tested a double
knock-in strain of Ten-m and CASK (tagged with GFP;; « 7 and
mTagBFP2;; . 7 respectively). To fluorescently label the two
different targets in the same animal, we panneuronally expressed
both GFP,_;y and sfCherry2;_1o. The adult flies were dissected
and imaged to characterize Ten-m and CASK expressions. We
then noticed that their distribution patterns were different. Ten-m
is highly concentrated in the antenna-mechanosensory center, the
antennal lobe, and the lateral horn, whereas CASK is enriched in
some other brain regions (such as the MB and the medulla)
(Fig. 5A4). These results demonstrate that the orthogonal split FP
pairs enable us to visualize the differential spatial distribution of
two proteins in a Drosophila tissue.

A significant advantage of this approach is its ability to com-
pare directly two protein distributions in a given cell type. Here,
we took advantage of cell-type—specific labeling of the two syn-
aptic proteins (i.e., Ten-m and CASK) and analyzed presynapse
formation in IPCs. Although the morphological development of
IPCs has been well characterized (52), the molecular details of
synapse formation are largely unknown. Drosophila TPCs are
primarily characterized as neuroendocrine cells (53). However, it
has been recently reported that IPCs express genes involved in
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Labeling of endogenous proteins with sfCherry2,_;o/mTagBFP2,;. (A) A fluorescence image of the split FP complementation from an mTagBFP2;;-

tagged CASK line crossed with a panneuronal expression line of sfCherry2;_;o. (B) A fluorescence image for the localization of EGFP-tagged CASK. (C-E)
Representative images of different mTagBFP2;; . ; protein trap lines. We crossed these mTagBFP2;; ;7 lines with a panneuronal line of sfCherry2;_;0. (A, C,
and E) The images were taken with the same acquisition settings. (F) Quantification of relative fluorescence intensity of CASK labeled with mTagBFP24; , 1 or
mTagBFP24; . 7. n = 4 to 7 larval brains. Error bars are SEM. (G) ORN-specific labeling of CASK in the adult fly brain. The mTagBFP2;; . 7 line of CASK was
crossed with an ORN-specific expression line of sfCherry2;_;, and CD4-tandem GFP. (Scale bars, 100 pm.)

presynapse formation (52, 54), so we hypothesized that these
synaptic proteins are trafficked to the axon terminals and as-
sembled into presynaptic structures.

There is a cluster of seven IPCs in each brain hemisphere. IPC
axons innervate the anterior aorta and the ring gland and release
insulin-like peptides to the hemolymph (52) (Fig. 5B). As ob-
served in nerve cells that release neurotransmitters, we found
BRP puncta accumulation in IPC axonal terminals during the
third-instar larval stage, suggesting AZ formation or maturation
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in these areas (SI Appendix, Fig. S12). In larval brains, the dilp2-
GAL4 driver is expressed at high levels only in IPCs. Using dilp2-
GAL4—driven split FP;_;9, we can colabel the FPy; , ;-tagged
Ten-m and CASK proteins specifically in IPCs. We found that
Ten-m predominantly localizes to IPC axons, while we observed
minor fluorescence in IPC cell bodies or dendrites (Fig. 5C and
Fig. 1G). In particular, Ten-m displays punctate patterns in the
axonal terminals throughout different stages of larval development
(ST Appendix, Fig. S13). Strikingly, Ten-m puncta overlap only partially
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Dual-color endogenous protein tagging in the Drosophila brain. Dual-color fluorescence images of GFPyy 4 ;-tagged Ten-m and mTagBFP24;  7-

tagged CASK (A) in an adult fly brain, and (C) IPC axonal terminals in a third-instar larval brain. Both GFP;_;o and sfCherry2,_;o were (A) panneuronally or (C)
IPC-specifically expressed in the double knock-in strain. (B) Schematic drawing of larval IPCs. Their neuronal processes extend to the anterior aorta and the
corpora cardiaca (cc) of the ring gland. AL, antennal lobe; AMMC, antenna-mechanosensory and motor center; LH, lateral horn; MB, mushroom body; ME,
medulla; cb, cell bodies; and AEL, after egg laying. (Scale bars, 10 um in C and 100 pm in A.)

with the AZ protein CASK (Fig. 5C). We carefully quantified the
spatial colocalization between Ten-m and CASK. We used the
open-source image analysis software Icy (icy.bioimageanalysis.
org) to automatically identify puncta in either the Ten-m or CASK
channel and isolate them and calculated their spatial distribution
with Ripley’s functions. This quantitative analysis confirms that the
percentage of colocalization is deficient (13 + 6%, n = 4 IPC axonal
terminals); in contrast, the percentage between CASK and BRP is
high (57 + 4%, n = 4 IPC axonal terminals). Consistent with our
observation in the IPC samples, Ten-m and CASK puncta only
slightly colocalize in axon terminals of Or47b ORNSs (12 + 3%, n =4
ORN axonal terminals) (SI Appendix, Fig. S14). From these data,
we conclude that Ten-m is trafficked to the presynaptic nerve
terminal and resides in subsynaptic compartments outside of AZs
(Discussion).

Discussion

This study describes two orthogonal split FP systems for cell-
type-specific, duplexed labeling of endogenous proteins in Dro-
sophila. First, we show that split GFP provides bright signals that
allow for intensive imaging experiments, including in vivo anal-
ysis of axonal transport. Second, by using a screening approach
to engineering split FPs, we developed a red-colored split FP
system usable for protein tagging in Drosophila. Third, we show
that we can use these split FP systems to study synapse organization
in specific cell types within the complex CNS.

An ideal approach for protein labeling should be both endog-
enous and cell-type specific. We have currently performed such
labeling by modifying an endogenous locus to express a GFP-
tagged protein in the presence of FLP recombinase (55-58). For
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example, in the absence of FLP, a transcriptional and translational
stop sequence blocks the expression of the fusion protein. In
contrast, cell-type-specific expression of FLP induces recombi-
nation of FRT sites to excise this stop sequence, allowing ex-
pression of the fusion protein only in cells of interest. Using GFP-
based labeling approaches, tagging of proteins with low expression
levels remains a particular challenge: fluorescence of a GFP knock-
in strain could be too dim to distinguish from background fluo-
rescence. Approximately 50% of GFP-tagged proteins expressed
in Drosophila are detectable, while the other 50% need a stronger
fluorescent signal to separate from tissue autofluorescence (59).
Using split GFP;_10/11, we demonstrate substantial signal ampli-
fication by tagging endogenous proteins with seven copies of the
GFP;, fragment in tandem (as seen in Movie S2, the GFP; « 7
fluorescence is much brighter than the single copy of full-length
GFP). Such a bright signal can facilitate imaging applications with
low-abundance proteins (20) or high background tissue samples
(22, 60). However, we advise using the tandem tag with additional
caution because it may disrupt the function of proteins of interest
due to its large size. If the functional disruption happens, one may
choose to use the single copy of GFPy, accepting that a weak
fluorescence signal is possible.

Previously, we applied GFP; tag to generate a human cell library
of fluorescently labeled endogenous proteins via genetic knock-in
by CRISPR-mediated homology-directed DNA repair (20). Because
GFP; is only 60 nucleotides long, the required 200-nt single-strand
DNA donor is directly synthesized, making this a cloning-free
approach. We synthesized donors and knocked GFP;; into ~50
individual loci encoding various cellular proteins in human cells.
Electrophoresis of Cas9/single guide RNA ribonucleoprotein (RNP)
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complexes led to a knock-in efficiency in the range of 10 to 50%.
Because the previous introduction of an RNP into Drosophila
resulted in genome editing efficiency comparable to that in human
cells (61), the strategy might provide a high FP;; knock-in effi-
ciency in Drosophila. This scalable knock-in strategy would be
particularly suited to a project to create a Drosophila library of a
specific gene group, for example, the generation of a library with
fluorescently labeled endogenous adhesion molecules. The library
enables a systematic study of how adhesion molecules specify
morphological features (i.e., axon fasciculation sites, dendrite
branching points, synapses) in various neural circuits. In this in-
stance, an FPy; coding sequence would be inserted into an array of
adhesion molecule genes where GFP;_;( can be expressed in cells
of particular types (e.g., motor neuron, olfactory, mechanosensory)
using available GAL4 lines. The library would examine their
localization relative to morphological features in specific neuronal
cells.

As a general rule, red fluorescence provides deep tissue pene-
tration and great spectral separation from tissue autofluorescence
(1). Therefore, the discovery of the red-colored split FP should
advance the FP,;-tagging approach for deep imaging in Drosophila
tissues. Combined with split GFP, it can also be applied to dual-
color imaging of protein colocalization. Dual-color imaging allowed
us to visualize and quantify the spatial relationship between CASK
and Ten-m within IPC axonal terminals (Fig. 5C). Although we
describe the red-colored split FP as bright, it is ~40% as bright as
a full-length sfCherry in Drosophila cells. As opposed to the highly
optimized split GFP, whose overall brightness is comparable to
that of its full-length counterpart (17, 46), the red-colored split FP
leaves some room for improvement. Recently, we have exploited
an evolution strategy to enhance the physical and chemical properties
of split FPs via random and targeted mutagenesis (62). Through this
strategy, the red-colored split FP may be evolved toward brighter
variants. Even slight increases in its fluorescence signal level can
reduce the numbers of tandem tags (i.e., mTagBFP2,; . ;) required
for strong visualization.

One prominent application of these orthogonal split FPs is the
study of synaptic development in the Drosophila brain. In Dro-
sophila, the presynaptic AZ contains T-shaped electron-dense
structures (i.e., T-bars). T-bars are thought to serve as platforms
in recruiting synaptic vesicles to AZs (63). T-bars comprise clus-
ters of BRP protein. These clusters appear as fluorescent puncta
when stained with anti-BRP, and each punctum corresponds to a
single AZ (64). Strikingly, these BRP puncta overlap with CASK
puncta in Or47b ORNGs (SI Appendix, Fig. S11) as well as IPC ax-
onal terminals. We, therefore, infer that the tagged CASK proteins
also mark AZs in Drosophila. This notion would be consistent with
previous studies in vertebrates focused on CASK’s potential
roles as a scaffolding protein. CASK directly or indirectly in-
teracts with various cell-surface and cell-junction proteins, or-
ganizing a protein complex that recruits synaptic vesicles and
Ca®* channels to AZs (51).

Contrary to CASK, the endogenous localization pattern of
Ten-m, which acts as a synaptic cell-surface molecule, is distinct:
Ten-m proteins are distributed in a punctate pattern, while Ten-
m puncta have only minimal overlap with CASK puncta in IPC
axonal terminals (Fig. 5C). These results indicate that Ten-m
proteins might be present at subcellular structures outside of
the AZs. In a previous study (42), Mosca et al. have demonstrated
that presynaptic knock down of Ten-m results in a mild decrease in
the number of synaptic boutons at NMJs. They argued that this is
due to a requirement for 7en-m to regulate microtubule organi-
zation. Therefore, it is conceivable that Ten-m puncta might
overlap with microtubules at IPC axonal terminals. Further anal-
ysis of the subcellular localization of presynaptic Ten-m may
clarify its functional roles in forming IPC axonal terminals.
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Materials and Methods

Fusion Protein Construction. The amino acid sequences of mTagBFP2 (65),
mNeonGreen2 (45), mApple (66), mKate2 (67), E2-Crimson (68), and mCardinal
(69) were obtained from published reports. We split each of these FPs at a loop
between p-strands 10 and 11. The sequences that encode mNeonGreen2;_qq,
mApple;_1q, sfCherry2,_4o (45), sfCherry3:_1o (46), mKate2;_;o, and E2-Crimson;_o
were ordered as gBlocks (Integrated DNA Technologies). These DNA frag-
ments were ligated into the Bglll/Xbal sites of the Drosophila expression vector
PACUH (plasmid 58374, Addgene) using an In-Fusion HD cloning system
(Takara Bio UAS, Inc.). The DNA fragments of spacer-inserted mTagBFP2 and
spacer-inserted mCardinal were directly synthesized by IDT and cloned into the
Bglll/Xbal sites of pACUH. Each of the spacer-inserted constructs contains a
30-aa spacer (GGGGSEGGGSGGPGSGGEGSAGGGSAGGGS) between p-strands
10 and 11. The sequences of mTagBFP2;_1¢/11, GFP1_1011, MNeonGreen2;_qo11,
mApplei_o/11, sFCherry2,_1o11, mKate2_40/11, E2-Crimson;_qo/11, and spacer-
inserted mCardinal are listed in S/ Appendix, Tables S2 and S3.
PACUH-GFP;;-p-actin, pACUH-GFP;;-a-tubulin, pACUH-GFP;_;9, and
PACUH-GFP;;-calreticulin (human calreticulin, NM_004343) were previously
described (17). pACUH-SP-GFP;_;o was originally derived from pACUH-SP-GFP;_;o-
SEHDEL (17). We constructed a version of pACUH-GFP;_;5* that lacks the SEHDEL
sequence for this study. To generate the plasmid pACUH-GFP,_;,mtochondrial matrix
GFP;_;p with the sequence encoding the N-terminal 29 aa of human COXVII|
(NM_004074) was cloned into pACUH vectors. For the other plasmids of FPq; » 4
or FPq « 7 fusions, DNA fragments encoding various proteins were amplified by
PCR with multiple sets of primers using Q5 High-Fidelity Polymerase (New
England Biolabs, Inc.) or fully synthesized and then cloned into available re-
striction enzyme sites of pACUH. Cellular proteins for split FP fusions were de-
rived from the following sources: human -actin, NM_001101; human a-tubulin,
NM_006082; human f,-adrenergic receptor, NM_000024; Drosophila histone
H3.3A, NM_078755; Drosophila centrosomin, NM_001169670; Drosophila
CG7630, NM_144156; mouse CD8, NM_009857; human clc B, NM_001834;
and Drosophila Dscam1, NM_001259252. The oligonucleotides and gene
fragments used to make the constructs are listed in S/ Appendix, Table S4.

Transgenic Flies. After being sequenced, all plasmids were injected into either
w8 or attP fly embryos (Rainbow Transgenic Flies, Inc.). We introduced each of
seven transgenes into the fly genome. UAS-GFP;_;5°*¢, UAS-GFP;;-Calreticulin,
UAS-GFP;;-p-actin, UAS-B,AR-GFPy;, UAS-CD8-sfCherry;, UAS-sfCherry2,_;0, and
UAS-GFP;;-Dscam1 were generated by P element-mediated transformation.
UAS-GFP;_;p was generated by ®C31-mediated transformation.

To generate FP;; and FP;; 7 protein trap lines, we modified the existing
protein-trap plasmids for RMCE (plasmids 1298, 1306, and 1314; Drosophila
Genomics Resource Center [DGRC]) (23). pBS-KS-attB1-2-PT-SA-SD-FP;; and
pBS-KS-attB1-2-PT-SA-SD-FP;; » 7 plasmids were first constructed. In short,
the original pBS-KS-attB1-2-PT-SA-SD-EGFP-FIAsH-Strepll-TEV-3xFlag plasmid
was digested with BamHI (New England Biolabs, Inc.). The DNA sequence
of FP;; or FP;; »  flanked by peptide linkers (5-GGATCC-FP11 » 1 or x7-
GGCGGATCC-3') was directly synthesized and ligated with the digested
plasmid. Protein-trap FP1; x 7 plasmids were made in all three reading
frames. We then injected any one of the plasmids into MiMIC insertion lines
expressing @C31 integrase driven by vasa promoter elements. Microinjec-
tions were performed using the following lines: y[1] w[*]; Mi{y[+mDint2]
=MIC}Ten-m[MI07828] (Bloomington Drosophila Stock Center [BDSC] stock
no. 44887), y[1] w(*]; Mify[+mDint2]=MIC}CASK[MI01748]/TM3, Sb[1] Ser[1]
(BDSC stock no. 32778), y[1] w[*]; Mi{y[+mDint2]=MIC}dysc[MI01684]/TM3,
Sb[1] Ser[1] (BDSC stock no. 34235), y[1] w[*]; Mify[+mDint2]=MIC}Efa6
[M100261]/TM6B, Tb[1] (BDSC stock no. 30684), and ®C31 integrase (BDSC
stock no. 34771). Finally, RMCE events were identified by PCR analysis de-
scribed elsewhere (23).

All Ten-m and CASK protein trap lines are homozygous viable, indicating
that insertion of a split FP tag (i.e., either GFPy4, GFPyy » 7, mTagBFP244, or
mTagBFP2,; ;) does not significantly disrupt gene function. On the other
hand, the mTagBFP2;; . ; lines of dysc and efaé6 are associated with a lethal
phenotype. We have not assessed whether lethality is caused by the tag
insertion itself or secondary mutations on the chromosome, which are very
common in MiMIC transposon insertions (23). Importantly, note that these
lethal lines are viable over deficiencies. Also, most of the fusion proteins
maintain restricted localization patterns, as shown in Fig. 4 D and E, sug-
gesting that these proteins are most likely to be folded properly and can
localize normally.

Drosophila Stock and Genetics. The following lines were obtained from the
BDSC: engrailed-GAL4 (BDSC stock no. 30564), elav-GAL4 (BDSC stock no.
8760 and 8765), dlip2-GAL4 (BDSC stock no. 37516), CG-GAL4 (BDSC stock
no. 7011), 201Y-GAL4 (BDSC stock no. 4440), Or47b-GAL4 (BDSC stock no.
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9983), ato-GAL4 (BDSC stock no. 9494), UAS-CD8-GFP (BDSC stock no. 32185),
UAS-CD8-mRFP (BDSC stock no. 32218), EGFP-tagged Ten-m (BDSC stock no.
59798), EGFP-tagged CASK (BDSC stock no. 59768), EGFP-tagged dysc (BDSC
stock no. 59797), and EGFP-tagged efa6 (BDSC stock no. 60147). UAS-CD4-
tdGFP was provided by Yuh Nung Jan, University of California, San Francisco,
CA. Stocks were maintained at 25 °C on standard fly food. Specific genotypes
in each experiment are listed in S/ Appendix, Table S6.

Confocal Microscopy. Confocal images of cells expressing green and red FPs
were captured using an inverted fluorescence microscope (Ti-E, Nikon) with a
100x 1.45 NA oil immersion objective (Plan Apo, Nikon). The microscope was
attached to the Dragonfly Spinning disk confocal unit (CR-DFLY-501, Andor).
Three excitation lasers (40 mW 488 nm, 50 mW 561 nm, and 110 mW 642 nm
lasers) were coupled to a multimode fiber passing through the Andor Bor-
ealis unit. A dichroic mirror (Dragonfly laser dichroic for 405-488-561-640)
and three bandpass filters (525/50 nm, 600/50 nm, and 725/40 nm bandpass
emission wheel filters) were placed in the imaging path. Images were recorded
with an electron multiplying charge-coupled device camera (iXon, Andor).

Confocal images of cells expressing mTagBFP2 were acquired on an up-
right microscope (Axio imager Z2, Zeiss) with a 63x 1.4 NA oil immersion
objective (Plan Apo, Zeiss). The upright microscope was attached to an LSM
880 Scan-head (Zeiss) with 32-channel GaAsP spectral photomultiplier tube
detector. It was equipped with six laser lines (Diode 405 nm; Argon 458, 488,
514 nm; HeNe 543, 633 nm). The 405-nm diode laser with a 409 to 491 nm
barrier filter was used in the blue channel. The other lasers were also used
for multichannel fluorescence detection.

Image Quantifications. To compare the brightness between full-length and
spacer-inserted mTagBFP2, we imaged S2 cells coexpressing either of full-
length or spacer-inserted mTagBFP2 with mIFP using a 10x objective lens
(Plan Apochromat, Zeiss). We took cell images as single optical sections at
the center of the cells. Images were processed using ImageJ to calculate the
blue-to-infrared signal ratio. The mean ratio within a 10-um diameter ROI
(region of interest) was computed for each cell. We randomly chose x40 cells
per condition. These values were graphed in a bar plot in Fig. 2D.

A brightness comparison between FPq; 1 and FPy4 » 7 was performed by
imaging fluorescently tagged Ten-m and CASK in third-instar larvae. Con-
focal Z-series of larval brains were obtained at 1-um step size. For each brain,
image stacks were projected into a Z-stack (maximum intensity) and then the
mean fluorescence intensity within a single ROI (an 18.5 x 18.5 pm square
ROI) drawn around neuropils was measured. Per genotype, ~4 ROIs were
quantified and averaged. These average values were graphed in bar plots in
Figs. 1E and 4F.

We measured Ten-m motility by imaging fluorescently tagged Ten-m for
~1 min (2 frames/s) in 1 to 2 motor axons per larva. We chose ~4 larvae per
genotype. We generated kymographs using the Multi Kymograph plugin
(ImageJ). Kymographs were further analyzed to quantify the number and
velocity of anterograde and retrograde events. Puncta that move only in one
direction were counted as anterograde or retrograde transport for statistical
analysis. A detailed tracking protocol was described elsewhere (30).

For spectral characterization in vivo, FP-tagged actin and split FP-tagged
actin were transfected into S2 cells. Each emission spectrum from 450 to
695 nm was measured on the Zeiss LSM 880 using the software Zen (Zeiss).

In Vitro Characterization of Red-Colored Split FPs. For in vitro characterization
shown in S/ Appendix, Table S1, we designed pET plasmids to produce His,g-
tagged proteins. The amino acid sequences of individual constructs were
listed in SI Appendix, Table S5. We lysed bacterial pellets expressing Hisys-
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tagged proteins with a French press. We purified recombinant proteins with
HisPur Cobalt Resin (Pierce). Proteins were further desalted into phosphate-
buffered saline (PBS) pH 7.4 using a GE Healthcare illustra NAP column (GE
Healthcare). We then calculated extinction coefficients using Beer-Lambert
law. To determine quantum yields, we applied Rhodamine B (Wako) as a
standard and measured integrated fluorescence intensities with a fluores-
cence spectrophotometer (Hitachi F-7100). A detailed measurement protocol
was described elsewhere (62).

Colocalization Analysis. We assessed the spatial overlap between CASK and
either Ten-m or BRP puncta at IPC axonal terminals (n = 4 axonal terminals
for each case). IPC images were taken as single optical sections. An 18.5 x
18.5 um square ROl was drawn around the terminals in each image. Within
the ROIs, we detected individual puncta in both channels using the spot
detector plugin in the software tool Icy (70). To detect individual puncta, we
set the size of puncta at 390 nm and the sensitivity at the default value of
100. After automatic detection of puncta, we performed colocalization
analysis using the Colocalization Studio plugin (71, 72) in the software. The
colocalization percentage was determined using a parametric fit to Ripley’s
K function described elsewhere (71).

Immunofluorescence. Tissues were dissected in PBS, fixed in 4% parafor-
maldehyde (Electron Microscopy Sciences) for 30 min, washed with TBS (0.1%
Triton X-100 in PBS), and incubated in the blocking buffer for 1 h. Dissected
tissues were incubated in primary antibodies at 4 °C overnight, washed, and
then incubated in secondary antibodies for 2 h at room temperature. After
extensive washes with TBS, samples were mounted in 50% glycerol for slide
preparation. The following antibodies and dilutions were used: anti-CD8
(53-6.7, 1:1,000, eBioscience), anti-Ten-m (mAb20, 1:500, the Developmen-
tal Studies Hybridoma Bank [DSHB]), anti-BRP (mABnc82, 1:100, DSHB), anti-
HRP Alexa 647 (1:500, Jackson ImmnoResearch Laboratories, Inc.), anti-rat
Alexa 647 (1:500, Invitrogen), anti-mouse Alexa 647 (1:500, Invitrogen), and
anti-mouse Atto 488 (1:500, Sigma-Aldrich).

Cell Culture and Transfection. Drosophila S2 cells (obtained from DGRC) were
grown at 25 °Cin an SFX-INSECT cell culture medium (HyClone). An actin 5C-
Gal4 driver and pACUH expression vectors (100 to 300 ng of each vector per
well) were cotransfected by using Effectene (2.5 pL, QIAGEN) into cultures of
S2 cells grown on a 24-well plate (Corning). Cells were transferred to Con-
canavalin A-coated coverslips and imaged 48 h after transfection.

Statistics. For split FP brightness, Ten-m velocity, and protein colocalization
results, data were represented as mean + SEM. The Student's t test
(two-tailed, equal variance) was used to compare multiple samples. Origin-
Pro (OriginLab) was used for statistical analysis.

Data Availability. All study data are included in the article and/or supporting
information.
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