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SUMMARY

Furin trafficking, and that of related proprotein con-
vertases (PCs), may regulate which substrates are
accessible for endoproteolysis, but tools to directly
test this hypothesis have been lacking. Here, we
develop targeted biosensors that indicate Furin activ-
ity in endosomes is 10-fold less inhibited by decanoyl-
RVKR-chloromethylketone and enriched >3-fold in
endosomes compared to the trans-Golgi network
(TGN). Endogenous PC7, which resists this inhibitor,
was active in distinct vesicles. Only overexpressed
PC7 activity reached the cell surface, endosomes,
and the TGN. A PLC motif in the cytosolic tail of PC7
was dispensable for endosomal activity, but it was
specifically required for TGN recycling and to rescue
proActivin-A cleavage in Furin-depleted B16F1 mela-
noma cells. In sharp contrast, PC7 complemented
Furin in cleaving Notch1 independently of PLC-
mediated TGN access. Our study provides a proof in
principle that compartment-specific biosensors
can be used to gain insight into the regulation of PC
trafficking and to map the tropism of PC-specific
inhibitors.

INTRODUCTION

Endoproteolytic cleavage by one or several proprotein conver-
tases (PCs) determines the bioavailability of many secreted
proteins in normal and cancerous tissues (Artenstein and Opal,
2011; Seidah and Prat, 2012). In common human cancers,
such as lung adenocarcinoma and melanoma, the upregulation
of PC activities correlates with tumor invasiveness (Bassi et al.,
2001b; Fu et al., 2013; Lalou et al., 2010). Furthermore, PC inhi-
bition can reduce proliferation and metastasis formation in
several types of cancer in vitro and in vivo (Bassi et al., 2001a,
2010; Scamuffa et al., 2008). In other tumors, such as intestinal
adenoma and hepatocellular carcinoma, PCs may be protective
(Huang et al., 2012; Sun et al., 2009), and their inhibition en-
hances metastasis formation in colon cancer (Nejjari et al.,
2004). Therefore, monitoring PC activities and the regulation of
their specific oncogenic or tumor-suppressive functions will be

2176 Cell Reports 22, 2176-2189, February 20, 2018 © 2018 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

critical to estimate the potential of pharmacological inhibitors
in animal models of future cancer therapies.

Defining specific functions of individual PCs is complicated
due to overlapping substrate specificities and partial redun-
dancy among multiple family members (Bessonnard et al.,
2015; Mesnard and Constam, 2010; Roebroek et al., 2004).
Four of nine conserved PCs, including Furin, Pace4, PC5A/B,
and PC7, cleave substrates after the minimal dibasic recognition
motif (K/R)-(X)n-(K/R) |, where niis 0, 2, 4, or 6 and X can be any
amino acid (Seidah et al., 2008). In 152 PC sequences examined
across species, the catalytic sites are 95% identical (Turpeinen
etal., 2011), raising the question of why not all PCs always cleave
the same substrates. PCs differ from each other mainly in their
C-terminal cytosolic tails, which regulate trafficking in exocytic
and endocytic vesicles by specific adaptor proteins (Seidah
et al., 2008). After autocleavage, PCs exit the endoplasmatic
reticulum (ER). However, they remain bound to their inhibitory
cleaved prosegments in latent form until arrival at the cell surface
or, in the case of Furin, in acidic endosomes (Anderson et al.,
1997, 2002; Creemers et al., 1995; Mayer et al., 2003; Seidah
etal., 2008), probably to avoid precocious activation or degrada-
tion of their substrates. Activated Furin and PC7 can then recycle
from endosomes to the trans-Golgi network (TGN) by binding to
specific adaptors in the cytosol (Chia et al., 2011; Declercq et al.,
2012,2017; Wan et al., 1998). Therefore, the substrate specificity
of PCs likely depends on the relative enrichment of their bioac-
tive forms in distinct subcellular compartments. However, tools
to quantify total and individual PC activities in specific exocytic
or endocytic vesicles are lacking.

To monitor the distribution of PC activities at the tissue
level, we previously introduced the biosensor CLIP (cell-linked
indicator of proteolysis). The initial version (v.)1 of CLIP consisted
of secreted ECFP fused to membrane-bound Citrine via the
sequence Arg-Gin-Arg-Arg (RQRR). Cleavage of this motif by
Furin, PC7, Pace4, or Pcsk5 during and after exocytosis can
be estimated by measuring ECFP/Citrine fluorescence ratios of
CLIP v.1 at the cell surface (Bessonnard et al., 2015; Mesnard
and Constam, 2010; Mesnard et al., 2011). However, ratiometric
imaging underestimates the levels of uncleaved CLIP up to
2-fold because fluorescence resonance energy transfer (FRET)
between the uncleaved fluorophores quenches ECFP and ex-
cites Citrine fluorescence (Clegg, 1992; VanEngelenburg and
Palmer, 2008; Mesnard and Constam, 2010). Furthermore,
the sensitivity of CLIP v.1 analysis is limited by the relatively
weak fluorescence of ECFP, especially in tissues with high
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Figure 1. New Versions 3 and 4 of the Biosensor CLIP and Compartment-Specific Variants to Quantify Intracellular PC Activities by Ratio-
metric or FRET Imaging

(A) Schematic representation of the PC biosensors CLIP v.3 and v.4 and corresponding mCLIP control constructs where the PC recognition motif RQRR is
mutated to SQAG to block cleavage (Mesnard and Constam, 2010). Compartment-specific variants were derived by adding specific localization signals (LSs). ss,
secretory signal sequence; S, flexible linker comprising the PC cleavage site; F, FLAG epitope.

(legend continued on next page)
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autofluorescence, and with ECFP and Citrine as a FRET pair, the
acceptor donor/ratio in cells varies depending on pH and ion
concentrations (Salonikidis et al., 2011).

To address these limitations, we here introduce CLIP v.3 and
v.4. We show that CLIP v.3 is suitable for ratiometric imaging
without interference by FRET, whereas CLIP v.4 can be used
as a FRET-based biosensor to quantify PC activities in specific
intracellular vesicles. By imaging compartment-specific variants
of CLIP v.4 in PC-deficient melanoma cell lines engineered by
CRISPR editing, we map the spatial distribution and relative
contributions of endogenous Furin and PC7 activity. Besides es-
tablishing CLIP v.3 and CLIP v.4 as versatile PC biosensors, our
results reveal a non-overlapping complementary distribution of
endogenous bioactive Furin and PC7.

RESULTS

CLIP v.3 and v.4 and Their Variants Containing Distinct
Localization Signals for Enrichment in Alternative
Subcellular Compartments

The initial version (v.1) of CLIP and a mutant control (mCLIP)
without a PC cleavage motif are enriched at the cell sur-
face by the glycosylphosphatidyl-inositol (GPI) anchor of
CD58 (Bessonnard et al.,, 2015; Mesnard and Constam,
2010). To improve the signal-to-noise ratio of CLIP v.1 fluores-
cence, we replaced the FRET donor (ECFP) by monomeric
TFP1-FLAG or by monomeric Cerulean (Rizzo et al., 2006; Sal-
onikidis et al., 2011), and we exchanged its position relative to
monomeric Citrine (Figures 1A and 1B). Of the resulting CLIP
v.3 and v.4, we derived several variants by replacing the GPI
anchor with the transmembrane domains (TMDs) and cytosolic
tails of membrane proteins containing well-defined trafficking
signals (Table S1). To generate PC-resistant mCLIP controls
that are needed for signal normalization of RQRR-specific
cleavage, we mutated the RQRR linker sequences in all CLIP
v.3 and CLIP v.4 variants to SQAG.

To verify that alternative trafficking signals are functional, we
monitored Citrine epifluorescence of mCLIP v.3 variants in trans-
fected HEK293T cells that were co-labeled for specific markers
by immunofluorescent staining. As described for CLIP v.1 (Mes-
nard and Constam, 2010), targeting by the GPI signal enriched
mCLIP v.3 at the plasma membrane (Figure S1A). By contrast,
fusion to a C-terminal KDEL sequence retained mCLIP v.3 in
the ER (Lewis and Pelham, 1990) (Figure S1B). Alternatively,

fusion to the TMD and cytosolic tail of the TGN protein TGN38
(Bos et al., 1993) enriched mCLIP v.3 in vesicles stained for
TGN46 (Figure S1C), whereas fusion of mCLIP v.3 to the TMD
and cytosolic tail of CD-MPR led to its co-localization with the
endogenous late endosomal protein CI-MPR (Ghosh et al.,
2003) (Figure S1D). These results show that the localization sig-
nals examined are functional and enrich mCLIP v.3 in distinct
specific subcellular compartments.

CLIP v.3 Cleavage and Ratiometric Imaging Can
Estimate PC Activity in Exocytic Compartments
To estimate maximal FRET efficiencies of uncleaved CLIP v.3
and CLIP v.4, we compared PC-resistant mCLIP v.3 and
mCLIP v.4 by sensitized emission analysis in transfected
HEK293T cells, starting with CD-MPR-tagged variants (Fig-
ure S2). In mCLIP v.4, but not in the cleavable control CLIP
v.4, excitation of Cerulean triggered strong Citrine emission
while Cerulean emission was quenched by Citrine, indicating
robust FRET specifically in the absence of cleavage (Figures
1C and 1D). By contrast, excitation of TFP1 as an energy
donor for Citrine in mCLIP v.3 resulted in no FRET. Although
unexpected, this confirms that the FRET signal of mCLIP v.4
was specific. Since mCLIP v.3 showed no FRET, we compared
it to cleavable CLIP v.3 by ratiometric imaging. Irrespective of
whether CLIP v.3 was targeted to the TGN or to late endo-
somes, its Citrine/TFP1 fluorescence ratio was 2-fold lower
than in mCLIP v.3 controls, indicating cleavage (Figures 1E
and 1F). However, ratiometry may underestimate PC activity
in vesicles that do not release cleaved Citrine into the medium.
To address this, we directly monitored CLIP v.3 cleavage by
anti-FLAG western blot analysis of the membrane-anchored
TFP1-FLAG moiety. Only 14% + 5% of the total CLIP
v.3-TGN in HEK293T cell lysates was actually cleaved,
compared to 56% = 5% of CLIP v.3-MPR and 73% + 5% of
GPl-anchored CLIP v.3-CD58 (Figure 1G). By contrast, CLIP
v.3-KDEL containing the ER retention signal KDEL remained
uncleaved. Besides confirming that endogenous PCs are acti-
vated in post-ER vesicles, these results show that the traf-
ficking of a given substrate is rate limiting for its cleavage.
Since TGN38 and CD-MPR cycle between endosomes and
TGN (Chia et al., 2011; Stockli and Rohrer, 2004), biosensors
that mimic their trafficking will not be cleaved in only one
compartment. However, the baseline of cleavage at the plasma
membrane and in early endosomes during rapid transit may be

(B) Shedding of Citrine by PCs is predicted to inhibit fluorescence resonance energy transfer (FRET) between excited donor (blue) and acceptor (yellow).

Numbers, wavelengths (nm) of excitation and emission.

(C) Maximal normalized FRET efficiencies (NFRET) of mCLIP v.3 and mCLIP v.4 quantified by sensitized emission analysis in endosomes targeted by the
localization signal of CD-MPR in live HEK293T cells. Data represent mean + SEM of 2 experiments.
(D) TFP1 fluorescence of mCLIP v.3-MPR relative to that of CLIP v.3-MPR control (left), and Cerulean fluorescence of mCLIP v.4-MPR relative to CLIP v.4-MPR

(right). Data represent mean + SEM of 2 experiments (“*p < 0.01, t test).

(E) Fluorescent images of CLIP v.3-TGN and CLIP v.3-MPR (RQRR) and their corresponding PC-resistant mCLIP v.3 controls (SQAG). Scale bars, 5 pm.
(F) Average Citrine/TFP1 fluorescence ratios of CLIP v.3-TGN and CLIP v.3-MPR relative to those of their mCLIP v.3 controls. Data represent mean + SEM

of 3 experiments (*p < 0.05 and ***p < 0.001, t test).

(G) Anti-FLAG western blot (top) of compartment-specific CLIP v.3 variants in HEK293T cell extracts. Densitometric analysis is shown below. Uncleaved (Unc.)
and cleaved forms (Cle.) of CLIP v.3 variants fused to the indicated localization signals are marked in the top panel by open and closed arrowheads, respectively.

Data represent mean + SD (*p < 0.05 and **p < 0.01, t test).

(H) Epifluorescence of Citrine-MPR(6Ala) (red), which is enriched at the plasma membrane due to the endocytosis-blocking 6xAla mutation in the localization
signal FFWYLL, and of the late endosomal marker Cerulean-MPR (green). Scale bars, 5 and 1 um (inset). See also Figures S1 and S2 and Table S1.
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Figure 2. CLIP v.4 Cleavage Mediated by Endogenous Furin in HEK293T Cells Increases in Post-TGN Compared to TGN Vesicles
(A) Relative NFRET efficiencies of CLIP v.4-TGN and CLIP v.4-MPR. Each dot of the scatterplots represents the entire cytoplasmic region of one cell. Data

represent mean + SD (**p < 0.01 and ****p < 0.0001, t test).

(B) Relative NFRET efficiencies of CLIP v.4-MPR in HEK293T cells transfected with or without the indicated siRNAs. Data represent mean + SD (*p < 0.05, t test).
(C) gRT-PCR analysis of endogenous PC mRNAs in wild-type HEK293T cells transfected with the indicated siRNAs. Asterisks mark significant differences relative
to scrambled control (siScr) as determined by t test (p values are indicated). Data represent mean + SEM. See also Figure S2.

similar for all CLIP variants and negligible compared to compart-
ments where a sensor accumulates at steady state. To test this,
we analyzed ®°S-labeled CLIP v.3 variants by pulse-chase anal-
ysis. If PC activity were uniformly distributed, CLIP v.3-TGN and
CLIP v.3-MPR should be cleaved at comparable rates. Contrary
to this prediction, analysis in stably transduced HelLa and
HEK293T cells showed that, while it takes more than 4 hr to
cleave half of CLIP v.3-TGN, half of CLIP v.3-MPR was pro-
cessed within less than 1 hr (Figures S1E and S1F). These data
suggest that PC activity is enriched in post-TGN compartments.
To estimate cleavage of CLIP v.3-MPR before endocytosis, we
analyzed the mutant derivative CLIP v.3-MPR(6Ala) that cannot
interact with the clathrin machinery and, therefore, leaks to the
cell surface (Ghosh et al., 2003; Stockli and Rohrer, 2004) (Fig-
ure 1H). CLIP v.3-MPR(6Ala) was significantly less processed
than its wild-type counterpart (Figure 1G; 36% + 5% versus
56% + 5%; p < 0.05) and at a slow rate similar to CLIP
v.3-TGN (Figure S1F). These data show that CLIP v.3 cleavage
correlates with its enrichment in different compartments, accel-
erating specifically in endosomes.

FRET Imaging of CLIP v.4 Confirms that Endogenous
Furin Activity in HEK293T Cells Is Enriched in
Endosomes Compared to the TGN
We were surprised that CLIP v.3 appeared up to 4-fold more
cleaved in post-TGN compartments than in the TGN. To validate
this conclusion and to rule out artifacts linked to protein turnover,
we quantified total PC activity in these and other compartments
by FRET imaging of CLIP v.4 variants. Their average FRET sig-
nals were normalized to the average maximal FRET of the corre-
sponding non-cleavable mCLIP v.4 variants. By applying masks
to measure entire cells (Figure S2), we found that the normalized
FRET (NFRET) efficiency of CLIP v.4-TGN was only 25% + 5%
below that of PC-resistant mutant control mCLIP v.4-TGN
(Figure 2A, left panel). By contrast, the average NFRET of
CLIP v.4-MPR differed from that of mCLIP v.4-MPR by almost
50% =+ 10% (right panel). These data corroborate our conclusion
that total PC activity is significantly higher in late endosomes
and/or other post-TGN compartments than in the TGN.
HEK293T cells transcribe five PC family members (Besson-
nard et al., 2015). To obtain an initial estimate of their relative
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Figure 3. CRISPR/Cas9 Genome Editing of Furin and PC7 in B16F1 Melanoma Cells
(A) RT-PCR analysis of PC mRNAs in B16F1 cells. Results are representative of 3 experiments.
(B) Targeted region of mouse Furin and sequences of two frameshift mutant alleles in the clone sgFurin-1. Yellow, targeted sequence; blue, complementary single
guide RNA (sgRNA) sequence. Sequences of the resulting truncated protein products and anti-Furin western blot analysis are shown in Figure S3.
(legend continued on next page)
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contributions to total PC activity during endocytosis, we
depleted Furin or PC7 mRNAs in HEK293T cells expressing
CLIP v.4-MPR using previously validated small interfering
RNAs (siRNAs) (Bessonnard et al., 2015; Scamuffa et al.,
2008). Compared to cells transfected with scrambled control
siRNA, cells depleted of 64% + 10% of Furin mRNA sig-
nificantly increased the average NFRET signal of CLIP
v.4-MPR, whereas depletion of 56% =+ 10% of PC7 mRNA
did not (Figure 2B). Depletion of Furin siRNA did not signifi-
cantly increase PC7 mRNA levels (Figures 2B and 2C).
Together, these results show that processing of the late endo-
somal PC biosensor CLIP v.4-MPR in HEK293T cells largely
depends on Furin.

CRISPR/Cas9 Genome Editing of Endogenous PCs
Expressed in B16F1 Melanoma Cells

Since multiple overlapping PC activities are coexpressed in most
cells and tissues, their relative contributions to the cleavage of a
given substrate are notoriously difficult to estimate. Tissue spec-
ificity and/or cross-regulation among PC family members may
further complicate the interpretation of experimental manipula-
tion (Bessonnard et al., 2015; Lapierre et al., 2007). To reduce
this complexity, we decided to image compartment-specific
CLIP v.4 variants in mouse B16F1 melanoma cells, which ex-
press endogenous Furin and PC7 but no detectable Pace4 or
PC5 mRNAs (Figure 3A). To inactivate endogenous Furin and
PC7, we mutated their genes adjacent to the start codons in
B16F1 cells using CRISPR/Cas9 genome editing (Figures 3B
and 3C). Of 27 selected cell lines analyzed, 89% showed frame-
shift mutations in one or all alleles, resulting in premature stop
codons and short inactive protein. We selected clones where
no wild-type alleles were detected, including single-mutant
sgPC7-1, sgFurin-1, and sgFurin-2 cells and double-knockout
(sgDKO) cells (Figures S3A-S3C). Immunoblotting of cell ex-
tracts from wild-type and CRISPR-edited clones confirmed
the loss of Furin protein expression specifically in sgFurin
and sgDKO clones (Figure S3D). PC7 antibody is not commer-
cially available. However, qRT-PCR analysis showed that
sgFurin-1/2 and sgDKO clones continued to express PC7
mRNA or even significantly upregulated it compared to control
cells (Figures 3D and S3E). Conversely, expression of Furin
mRNA was reduced 2- or 10-fold in the sgFurin-1/2 and sgDKO
clones, respectively, compared to control B16F1 cells, consis-
tent with potential autoregulatory feedback (Blanchette et al.,
2001; Qiu et al., 2015) (Figure 3D). Neither Pace4 nor PC5 was

upregulated (data not shown). These data suggest that B16F1
melanoma cells are viable independently of Furin and PC7 but
that loss of one of these PCs may influence the expression of
the other.

To verify that endogenous Furin and PC7 in B16F1 cells were
functional, we analyzed processing of known substrates. First,
we transfected parental cells and CRISPR clones with E-cad-
herin, a validated in vivo substrate of overlapping Furin, PC7,
and Pace4 activities (Bessonnard et al., 2015). A cleavage
mutant E-cadherin where the PC recognition motif RQKR was
mutated to SQAG served as a specificity control. Western
blot analysis showed that 53%-62% of the stably accumulating
total E-cadherin was cleaved in B16F1 sgFurin, sgPC7, and
control cells, compared to only 32% in DKO. The residual
cleaved fraction of 32% in DKO was close to the 20%-27%
observed with SQAG mutant E-cadherin in B16F1 cells irre-
spective of their genotype (Figure 3E), indicating that it origi-
nated from PC-independent degradation. Thus, endogenous
Furin and PC7 substitute for each other to cleave E-cadherin
in B16F1 cells, similar to what we observed previously in
mouse blastocysts (Bessonnard et al., 2015). Other substrates
shared by Furin and PC7 may include the precursors of Notch1
and the disintegrin metalloproteinase proADAM10 (Anders
et al., 2001; Logeat et al., 1998). Western blot analysis detected
endogenous ADAM10 mainly in its mature form in control cells,
whereas sgFurin-1, sgPC7-1, and sgDKO clones all enriched
the uncleaved proform (Figure 3F). Analysis of endogenous
Notch1 was hampered by a frequent loss of expression in
CRISPR clones (data not shown). However, western blot anal-
ysis of transfected Notch1 revealed cleaved Notch1 p120
fragment specifically in control and in single-mutant clones,
whereas it was absent in sgDKO cells (Figure 3G). These results
indicate that both endogenous Furin and PC7 are functional in
B16F1 cells and able to substitute for each other during Notch1
and ADAM10 precursor processing.

CRISPR Editing and PC Inhibitor Treatments Reveal that
Both Endogenous Furin and PC7 Cleave CLIP v.4 in
B16F1 Cells

The RQRR linker that is shared by CLIP v.1, CLIP v.3, and CLIP
v.4 variants is efficiently cleaved by endogenous Furin and
PC7 (Bessonnard et al., 2015; Mesnard and Constam, 2010).
However, CLIP v.1 and other GPl-anchored fluorophores,
such as Citrine-CD58 and Cerulean-CD58, did not accumulate
at the plasma membrane or in conditioned media of B16F1

(C) Targeted region of the mouse PC7 locus and frameshifted mutant alleles in clone sgPC7-1. Sequences of the resulting truncated protein products are shown in

Figure S8.

(D) gRT-PCR analysis of Furin and PC7 mRNAs in wild-type, sgFurin-1, sg-PC7-1, and sgDKO B16F1 cells. Data represent mean + SEM (‘p < 0.05 and

***p < 0.001, t test).

(E) Western blot analysis of GFP-tagged wild-type E-cadherin (top) or cleavage mutant RQKR > SQAG derivative (bottom) in whole-cell lysates of parental and
sgFurin, sgPC7, and sgDKO B16F1 cell lines. Filled and open arrowheads here and elsewhere indicate cleaved and uncleaved forms, respectively.

(F) Western blot analysis of endogenous ADAM10 protein processing in B16F1 clones of the indicated genotypes. y-tubulin served as a loading control.

(G) Western blot analysis of Notch1 in B16F1 clones. Notch1(p120) and Notch1(p300) correspond to cleaved and uncleaved forms, respectively.

(H) Anti-GFP western blots of conditioned media of the indicated B16F1 cell lines transfected with soluble CLIP v.4 and treated with the pan-PC inhibitor
decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK) or empty vehicle. In keeping with a role for PC7, residual CLIP v.4 cleavage in sgFurin cells was resistant to
CMK treatment (Bessonnard et al., 2015) and blocked after CRISPR editing of PC7 in sgDKO cells. Filled and open arrowheads indicate cleaved Citrine and
uncleaved CLIP v.4, respectively. Both blots in (F) were generated and processed in parallel but on two separate gels to accommodate all samples. See also
Figure S83.

Cell Reports 22, 2176-2189, February 20, 2018 2181

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A B Cc
2.07 2,07 2.07
dekkde dekdkk : juioiaialdaielel %°
— . — — .. — *dekk
E"s' — o 51.5- . o 51'5' —
o [ .‘ ° E oo ® * E o
Z = Q =
= 1.0 % g - E-m- % ? Y E‘LO- g .
('_9 ®  oge oo o % .' & @ °° = o0 29
< e e o = ° . e o <& e® &
= 0.5 G 05 o . S o5 o
- g ¥ :
ole
o Vo °® o. (X -~
mCLIP + + + mCLIP + + + mCLIP + + +
CLIP + + + CLIP + + + CLIP + + +
WT  sgPC7-1 sgFurin-1 WT  sgPC7-1 sgFurin-1 WT  sgPC7-1 sgFurin-1
D E F
15y kkkk  kkkk
PC7 -
e B . o 2%
[S[pro] catalytic_|P domain]lllLNCT 1] TN § . T
L » e r = £ p
[&]
LVLVGCFSVFWTIYYMLEVCLSQR...QIC : 0.5 °
s Cee o
CLIPv4-PC7
0.
mCLIP  + + +
CLIP + + +
WT  sgPC7-1 sgFurin-1

Figure 4. PC Activity in the TGN/Endosomal System Is Mediated by Furin, but Not by Endogenous PC7
(A-C) Average NFRET efficiencies of (A) CLIP v.4-TGN, (B) CLIP v.4-MPR, and (C) CLIP v.4-TfR in control, sgFurin-1, and sgPC7-1 B16F1 cells. Data represent

mean + SD (***p < 0.0001, t test).

(D) Schematic representation of the biosensor CLIP v.4-PC7 containing the TM domain and cytosolic tail of PC7 as a localization signal. Ss, secretory signal

sequence; pro, propeptide; TM, transmembrane domain; CT, cytosolic tail.

(E) Immunofluorescent staining of FLAG-tagged mouse PC7 (red) in B16F1 cells shows no significant overlap with Citrine epifluorescence of mCLIP v.4-PC7

(green).

(F) Average NFRET efficiencies of CLIP v.4-PC7 in parental versus sgFurin-1 or sgPC7-1 B16F1 cells. Data represent mean + SD (***p < 0.0001, t test). See also

Figure S4.

cells (data not shown). Therefore, as an alternative control, we
transfected B16F1 cells with a soluble secreted CLIP v.4 (CLIP
v.4-sol) (Table S1). We found that sgFurin and sgPC?7 single-
mutant and control B16F1 cells all released uncleaved and
cleaved CLIP v.4-sol into the medium, and mutation of Furin
reduced or, when combined with the loss of PC7, abolished
cleavage (Figure 3H). Mutation of PC7 alone did not diminish
cleaved CLIP v.4 in culture medium but rather increased it,
correlating with significant upregulation of Furin mRNA (Fig-
ure 3D). These data show that both Furin and PC7 cleave
CLIP v.4.

To validate the contribution of PC7 by an independent
approach that does not rely on clonal DKO cell lines, we took
advantage of the fact that the PC inhibitor decanoyl-Arg-
Val-Lys-Arg-chloromethylketone (CMK) potently inhibits PC7 in
cell-free assays, but not in cells and tissues even at high dosage
(Bessonnard et al., 2015; Jean et al., 1998). Treatment with CMK
for 12 hr dose-dependently inhibited CLIP v.4 cleavage in
parental and in sgPC7-1 B16F1 cells. By contrast, cleavage of
CLIP v.4 in sgFurin-1 cells was not inhibited even at the maximal
tolerated CMK dosage of 50 uM (Figure 3H). These results agree
with our data from DKO B16F1 cells that CLIP v.4 cleavage in-
volves the PC7 compartment.
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All PC Activity Detected in the TGN/Endosomal System
of B16F1 Cells Is Mediated by Furin, but Not by
Endogenous PC7

Since PC7 resisted CMK treatment in vivo, we previously spec-
ulated that it may function in intracellular compartments distinct
from Furin (Bessonnard et al., 2015). To test this, we compared
CLIP v.4 variants in control B16F1 cells and in CRISPR-edited
clones. In parental B16F1 cells and in clones that were mutated
by sgPC?7 or transfected with Cas9 alone (B16-Cas9), average
NFRET of CLIP v.4-TGN and CLIP v.4-MPR only reached
approximately 40% and 20%, respectively (Figures 4A, 4B,
S4A, and S4B). By contrast, in two independent sgFurin clones,
NFRET of CLIP v.4-TGN and CLIP v.4-MPR soared to maximal
levels (Figures 4A, 4B, S4C, and S4D). These results suggest
that PC activity is enriched in endosomes compared to the
TGN also in B16F1 cells and mediated in both compartments
by Furin and not by PC7.

Since endogenous PC7 activity was not detected in the TGN
or in late endosomes, we asked whether it may function in
early endosomes. To target early endosomes, CLIP v.4 and its
cleavage mutant control were fused to the type Il TMD and
cytosolic N terminus of transferrin receptor (TfR) (Schlierf et al.,
2000; van Dam et al., 2002). In addition, we inverted the relative



OPEN

ACCESS
CellPress

A & S A
& 0
& R
WB: FLAG -
WB:v-tub S s
= R ¢
B
2.5 Fedekdk
P —
Fkkk
=20 o —
w ®ee® °
I ..
LEL.1 ] ..o oot %ole®
z O &: o lo0 oo
Ig it o ° ®ee %ol '
< coe . ol
> 0.54 od®
0. o
mCLIP +
CLIP + + + +
& A
9 & @)
6\0 QQ Q
Cc
2,07 Fkkk
e —
—_— ° *kkk
E 1.54 eoe o
o .
[T o o ogle®
z o9 (] L]
=10 o%e DY
& E: oole® ° ®ee S
F .. . ° :
T o5 ¢ ° Jg¢ ST
0 ..: u ..'.
mCLIP +
CLIP + + + +
& A
© N O
6\0 Q\\ <<
D
251 *kkk
Ez_o. . . : *kkk
[
LL 1.51 °, oo
Z
E 1.0 g .. 5 L] ...
E. . .- ‘el e 4
; 0.54 oo o °ay .'o
X =
mCLIP +
CLIP + + + +
¥ & A
O N O
@0 (<\) Q

Figure 5. Overexpressed PC7 Activity in TGN/Endosomal Com-
partments

(A) Representative western blot of FLAG-tagged Furin or PC7 in extracts of
sgDKO B16F1 cells. y-tubulin served as a loading control.

positions of the fluorophores to retain the FRET donor at the
membrane (Table S1; Figure S4E). Immunostaining confirmed
that the resulting CLIP v.4-TfR co-localized with endogenous
early endosome antigen-1 (EEA1) (Figure S4E). However,
average NFRET of CLIP v.4-TfR only increased in sgFurin-1
and not in sgPC7-1 cells compared to B16F1 control (Figure 4C).
These results suggest that endogenous PC activity in early endo-
somes of B16F1 cells is mediated by Furin and not by PC7.

Fusion to the Cytosolic Tail of PC7 Directs CLIP v.4 to
Compartments that Harbor Furin Activity, but Not
Full-Length PC7

To determine whether the PC7 compartment could be targeted
by localization signals of PC7 itself, we fused CLIP v.4 to the
cytosolic tail and TMD of PC7 (Figure 4D). Co-transfection of
CLIP v.4-PC7 with FLAG-tagged PC7 resulted in no co-localiza-
tion of the two proteins. Instead, anti-FLAG staining detected
FLAG-PC?7 in peripheral cytoplasmic vesicles, whereas CLIP
v.4-PC7 showed a Golgi-like distribution near DAPI-stained
nuclei (Figure 4E). Furthermore, sensitized emission analysis
revealed that the average NFRET efficiencies of CLIP v.4-PC7
were 70% + 3% and 60% + 3% in B16F1 control and sgPC7-1
cells, respectively. By contrast, in sgFurin-1 cells, NFRET of
CLIP v.4-PC7 increased to 95% + 2% (Figure 4F). These results
show that fusion to the TMD and cytosolic domains of PC7
does not route CLIP v.4 to endogenous PC7 but to alternative
compartments that enable cleavage by Furin.

Overexpressed PC7 Cleaves TGN/Endosomal CLIP v.4
Variants

Previous work established that PC7 can be forced to travel to
the cell surface by overexpression (Rousselet et al., 2011) and
that overexpressed PC7 recycles to the TGN (Declercq et al.,
2012, 2017; Rousselet et al., 2011; van de Loo et al., 1997),
cleaving substrates during transit in endosomes (Guillemot
et al., 2013). To monitor overexpressed PC7 activity in these
compartments, we co-transfected sgDKO B16F1 cells with
distinct CLIP v.4 variants and FLAG-PC7 or empty vector.
FLAG-Furin was transfected as a control (Figure 5A). In all
compartments analyzed that were devoid of detectable
endogenous PC7 activity, overexpressed FLAG-PC7 reduced
average NFRET of CLIP v.4 by >50%, similar to FLAG-Furin
(Figures 5B-5D and S5A), suggesting overexpression can
result in ectopic PC7 activity. To validate this conclusion, we
analyzed tumor necrosis factor a-converting enzyme (TACE),
also known as ADAM17, a known substrate of Furin and other
PCs in the TGN (Endres et al., 2003; Srour et al., 2003). West-
ern blot analysis detected uncleaved proADAM17 specifically
in sgFurin-1 and in sgDKO, but not in sgPC7 or wild-type
B16F1 cells (Figure S5B). Thus, endogenous PC7 failed
to compensate for the loss of Furin during ADAM17 cleavage.
Nevertheless, FLAG-PC7 overexpression readily restored

(B-D) Live imaging of (B) CLIP v.4-TGN, (C) CLIP v.4-TfR, and (D) CLIP
v.4-MPR in sgDKO B16F1 cells co-transfected with FLAG-tagged Furin
or PC7. The asterisk indicates a significant difference with the mock
control as determined by Mann-Whitney test. Data represent mean + SD
(***p < 0.0001). See also Figure S5.
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activity.

(B) Anti-FLAG western blot analysis of CLIP v.3
in the TGN (v.3-TGN), at the plasma membrane
(v.3-MPRJ[6Ala]), or in late endosomes (v.3-MPR)
of HEK293T cells treated with the indicated
dosage of CMK. Filled and open arrowheads
indicate cleaved and uncleaved forms, respec-
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ADAM17 cleavage in sgDKO B16F1 cells similar to FLAG-Furin
(Figure S5B). While endogenous PC7 is clearly active in B16F1
cells and functions redundantly with Furin, e.g., during Notch1
and ADAM10 cleavage (Figure 3), these results suggest that
spatial compartmentalization is a likely determinant of sub-
strate specificity.

Compartment-Specific Variants of the Biosensor CLIP
v.4 Can Quantify the Efficacy of the PC Inhibitor CMK
and Validate Its Access to Specific Intracellular
Destinations

Besides elucidating the spatial distribution of PC activities, we
reasoned that CLIP imaging might be useful to characterize
the efficacy and tropism of PC inhibitors. As proof of principle,
we compared CLIP v.4 variants in the TGN, early endosomes,
and late endosomes of B16F1 cells treated with increasing
concentrations of the inhibitor CMK. We found that CMK in-
hibited CLIP v.4 cleavage in the TGN with a half-maximum inhib-
itory concentration (ICs) of 400 nM. By comparison, the ICsq
concentrations of CMK required to inhibit CLIP v.4 in early or
late endosomes were 3 and 7 uM, i.e., almost 10- or 20-fold
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10 30 100

higher dosages, respectively, than in
the TGN (Figure 6A). To validate this dif-
ference across different cell types, we
also titrated CMK on HEK293T cell lines
stably expressing CLIP v.3-TGN, CLIP
v.3-MPR, or the endocytosis-deficient
mutant derivative CLIP v.3-MPR(6Ala).
The results showed that, while a low con-
centration of 10 uM completely inhibited
CLIP v.3 processing in the TGN and at
the plasma membrane, a 10-fold higher
dose (100 uM) was required to block
cleavage in late endosomes (Figure 6B).
The reduced sensitivity of CLIP v.4 to in-
hibition by CMK in endosomes compared
to the TGN and plasma membrane cor-
roborates our earlier conclusion that it is
mainly cleaved locally within endosomes.
Since Furin alone mediated cleavage
of CLIP v.4 in all three compartments,
CMK titration emerges as a convenient criterion to evaluate
where a given Furin substrate is cleaved within the TGN/endoso-
mal system.

To test this idea on a physiological Furin substrate, we focused
on the pigment cell-specific-pre-melanosomal protein (PMEL,
also known as PMEL17 or gp100), which is important for melanin
synthesis and storage in melanocytes. Immature PMEL, called
P1 form, is exported from the ER to the Golgi complex where
its oligosaccharides are modified to derive the higher-molecular
weight P2 form (Theos et al., 2005). The P2 form undergoes
multiple proteolytic events, including PC-dependent cleavage,
which is essential to generate functional melanosomes (Berson
et al., 20083). Western blot analysis revealed that the P2 form
was undetectable in parental cells but accumulated in sgFurin
clones and in sgDKO (Figure S6A). This result indicates that Furin
is the only PC able to process PMEL in B16F1 cells. Since PC
cleavage of PMEL occurs during secretion independently of
endocytic uptake (Leonhardt et al., 2011), we asked whether
a low dose of CMK is sufficient to inhibit it. Confirming this
prediction, the P2 form started to accumulate in cells treated
with CMK concentration in the nanomolar range (Figure S6B),

- 70 kDa
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Figure 7. Internalization of Overexpressed PC7 Regulates Its Specificity

(A) Representative images of anti-FLAG M2 antibody internalized after 30 min at 4°C and 15 min at 37°C by sgDKO cells expressing wild-type PC7 (left) or mutant
PC7" > A (right). Double immunofluorescent staining of FLAG-tagged PC7 before (green, A-488) and after cell permeabilization (red, A-647), respectively, dis-
tinguishes PC7 pools at the plasma membrane from those that were internalized. Scale bars, 5 and 1 um (inset).

(B) Representative western blot of FLAG-tagged PC7 and PC7" > ” in extracts of sgDKO B16F1 cells. y-tubulin served as a loading control.

(C) Activity of PC7" > A relative to that of wild-type PC7 plotted as Citrine/TFP1 ratio difference in sgDKO cells co-expressing CLIP v.3 at the plasma membrane.
The activity of wild-type PC7 was defined as 1.0 after normalization to empty vector control. Data represent mean + SD.

(D and E) Activity of PC7" > A relative to that of wild-type PC7 plotted as NFRET difference in sgDKO cells co-expressing CLIP v.4 in (D) late endosomes or in (E) the
TGN. The activity of wild-type PC7 was defined as 1.0 after normalization to empty vector control. The asterisk indicates a significant difference with the wild-type
PC7 as determined by Mann-Whitney test. Data represent mean + SD (***p < 0.0001).

(legend continued on next page)
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i.e., at concentrations that are below those required to inhibit
Furin activity in endosomes (Figure 6A). These data provide a
proof of concept that pharmacological PC inhibitors can be
used to differentially target a subset of diverse intracellular PC
compartments.

Internalization of PC7 Is Required for Its Activity in
Exocytic Compartments

Overexpressed PC7 uses both conventional and unconventional
secretory pathways to reach the cell surface before internaliza-
tion and recycling to the TGN (Declercq et al., 2012; Rousselet
et al., 2011). A short sequence in the cytosolic tail composed
of the residues Pro’2%, Leu”®*, and Cys’2® is important to nor-
mally internalize PC7 from the plasma membrane. To test
whether this internalization signal regulates PC7 function, we re-
placed Pro”3, Leu™*, and Cys’®® in FLAG-tagged mouse PC7
by alanine residues. The resulting mutant PC77 > # or wild-type
PC7 was expressed in B16F1, and defects in trafficking were
evaluated by antibody uptake experiments using a double-label-
ing method as previously described (Declercq et al., 2012).
Briefly, sgDKO cells expressing the FLAG-tagged wild-type or
the FLAG-tagged mutant PC7 were incubated with anti-FLAG
antibody for 30 min at 4°C and 15 min at 37°C, fixed, and stained
with secondary antibodies. Plasma membrane-localized PC7
was stained green using a secondary Alexa488 antibody, while
internalized PC7 was stained red using a secondary Alexa647
antibody. While the wild-type FLAG-tagged PC7 mediated effi-
cient antibody uptake and enrichment in Golgi-like structures,
the mutant PC7” > # accumulated at the cell surface, with
few stained internalized vesicles (Figure 7A). Furthermore, anti-
FLAG western blot analysis revealed no adverse effect of the
PLC > AAA mutation on PC7 expression levels (Figure 7B). These
results confirm that the PLC motif is important also in B16F1 cells
to internalize overexpressed PC7 from the cell surface prior to its
retrieval to the Golgi apparatus. To test potential effects on activ-
ity, we added back wild-type PC7 or PC7" > # mutant to sgDKO
cells by co-transfection together with different CLIP v.4 variants
or CLIP v.3-MPR(6Ala). While both wild-type PC7 and PC7F > A
efficiently cleaved CLIP v.3 at the plasma membrane or CLIP
v.4 in late endosomes, only wild-type PC7, but not PC7"” > 4,
rescued cleavage of CLIP v.4 in the TGN (Figures 7C-7E). These
results suggest that PLC motif-mediated internalization is essen-
tial for overexpressed PC7 activity to reach exocytic vesicles of
the TGN.

Spatial Mapping of Furin and PC7 Activities by
Compartment-Specific CLIP v.4 Variants Can Explain
Differential Substrate Specificities

Activin-A is a multifunctional endocrine factor related to trans-
forming growth factor B (TGF-f). In syngeneic B16F1 melanoma
grafts, autocrine growth-inhibitory Activin signaling is attenu-
ated, while paracrine signaling promotes primary and metastatic

growth by inhibiting tumor immunosurveillance (Donovan et al.,
2017). However, how Activin-A precursor processing is regu-
lated in this or other contexts is unknown (Antenos et al.,
2008). To estimate the relative contributions of endogenous
Furin and PC7 in Activin-A maturation, we transfected parental
B16F1 cells and CRISPR clones with INHBA expression vector
encoding Activin-A. Western blot analysis showed that condi-
tioned media of control and sgPC7-1 single-mutant B16F1 cells
accumulated mature Activin-A (A30) consisting of a homodimer
of the C-terminal INHBA fragment (28-30 kDa), together with di-
mers of one cleaved and one uncleaved INHBA subunit (A60)
(Huylebroeck et al., 1990; Mason et al., 1996), but no precursor
dimers (A110). By contrast, in sgFurin-1 and sgDKO cells,
A110 was stabilized, and the 60-kDa processing intermediate
was shifted to 70 kDa (Figure 7G) or below detection (Figure 7G).
To distinguish whether proActivin-A is intrinsically resistant to
PC7 or whether it avoids endogenous PC7 compartments, we
replenished sgFurin-1 cells with Furin (positive control) or with
wild-type PC7 or its P > Amutant form that is active at the plasma
membrane and in endosomes, but not in the TGN (Figures 7C-
7E). Western blot analysis of conditioned media of cells co-trans-
fected with INHBA confirmed that added-back Furin cleaved
both the A110 and A70 forms of proActivin-A and rescued the
release of A30 (Figure 7G). Cleavage of A110 and A70 was
similarly rescued by overexpressed PC7, whereas the mutant
PC7F > A cleaved both forms very inefficiently and barely rescued
A30 secretion (Figure 7G). Thus, when forced to enter the TGN,
PC?7 clearly can convert A110 dimers to A30, whereas outside
the TGN, PC7 only cleaves a single INHBA subunit to generate
A70. In sharp contrast, PC7-mediated cleavage of proNotch1,
a substrate shared by endogenous Furin and PC7 (Figure 3G),
was unaffected by the P > A mutation (Figure 7H). The failure
of PC7" > * to efficiently rescue A30 strongly suggests that con-
version of A110 and A70 to A30 depends on sorting to the TGN.

DISCUSSION

PC trafficking likely regulates whether and where potential sub-
strates are cleaved during or after exocytosis, but tools to
directly test this hypothesis have been lacking. Here we investi-
gated whether the biosensor CLIP that we invented to image
endogenous PC activities in transgenic mice at the cell and tis-
sue levels (Mesnard and Constam, 2010) can be modified to
quantify PC activities and the tropism of specific inhibitors at
subcellular resolution in intracellular vesicles. We found that
the versions CLIP v.3 and CLIP v.4 and their variants carrying
different localization signals can map PC activities in the
TGN/endosomal system.

Besides validating CLIP v.3 and v.4 and their compartment-
specific variants as ratiometric or FRET-based PC-specific
biosensors, respectively, live imaging revealed increased PC
activity in endosomes compared to exocytic vesicles in three

(F) Western blot analysis of conditioned media of the indicated B16F1 cells overexpressing Activin-A. Molecular weights of the cleaved products are indicated.
(G) Western blot analysis of conditioned media of sgFurin-1 cells overexpressing Activin-A and co-transfected with empty vector (mock) or the indicated PC.

Molecular weights of the cleaved products are indicated (*non-specific band).

(H) Western blot analysis of sgDKO-1 cell lysates overexpressing Notch-1 and co-transfected with the indicated PC. Filled and open arrowheads indicate

PC-cleaved Notch1(p120) and uncleaved Notch1(p300), respectively.
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unrelated cell lines (HeLa, HEK293T, and B16F1 mouse mela-
noma). This was unexpected since immunolabelling previously
associated Furin and PC7 with the TGN (Declercq et al., 2012,
2017; Rousselet et al., 2011; Schéfer et al.,, 1995; Teuchert
et al., 1999). However, these studies focused on overexpressed
proteins and did not distinguish latent from active PCs. Since
Furin recycling to the TGN requires its cytosolic tail, which can
be cleaved off by an unknown sheddase (Thomas, 2002), satura-
tion of this sheddase by overexpressed Furin may increase recy-
cling above physiological levels.

CRISPR editing revealed that both Furin and PC7 are func-
tional in B16F1 cells and able to substitute for each other during
Notch1 and ADAM10 precursor processing. Functional overlap
with PC7 may explain why deletion of Furin alone is not sufficient
to block Notch signaling in developing mouse embryos (Krebs
et al., 2003; Raya et al., 2003; Roebroek et al., 1998). In B16F1
cells, manipulation of the localization of the shared reporter sub-
strate CLIP v.4 revealed that endogenous Furin and PC7 are
active in distinct vesicles. Differential sorting was predicted since
PC7 and Furin partition to distinct density gradient fractions of
ethanol-loaded rat livers (Wouters et al., 1998). In B16F1 cells,
only overexpressed PC7 activity was detected in the TGN. Over-
expressed PC7 recycles from the cell surface to the TGN also in
other cell types (Declercq et al., 2012, 2017; Rousselet et al.,
2011; van de Loo et al., 1997), cleaving substrates during transit
in clathrin-coated endosomes (Guillemot et al., 2013). We found
that mutation of a known recycling signal in the cytosolic tail of
PC7 specifically blocked its activity in the TGN, but not at the
cell surface or in endosomes. Thus, PC7 activity likely enters
the TGN indirectly via the cell surface.

In HEK293 cells, overexpressed PC7 reaches the cell surface
independently of coat protein Il and the TGN and without
inducing ER stress (Rousselet et al., 2011). If the TGN is forced
to collapse with endosomes, overexpressed PC7 at the cell
surface decreases by only 40%, and it still cleaves its inhibitory
prosegment; however, the cleaved prosegment remains intra-
cellular instead of being secreted (Rousselet et al., 2011).
Possibly, PC7 cycles between the cell surface and endosomes
to facilitate the release from cleaved prosegment before trans-
port to the TGN. While not ruling out such retrograde transport
in cells with elevated PC7 expression, our finding in B16F1 cells
that endogenous bioactive PC7 failed to cleave TGN biosensors
and to mimic Furin activity during ADAM17 cleavage (a known
PC substrate in the TGN) suggests that TGN access was ineffi-
cient. Possibly, traffic via clathrin-coated endosomes to the
TGN is limited by the sequestration of PC7 in uncoated Flotillin
carriers (Rousselet et al., 2011).

A long-standing enigma is whether compartmentalization of
PCs determines their substrate specificities. To address this
question, we evaluated whether the spatial mapping of Furin
and PC7 activities by CLIP v.4 imaging can explain which of these
endogenous PCs, if any, mediates cleavage of the multifunctional
Activin-A precursor. Activin-A regulates the menstrual cycle,
bone and skeletal muscle formation (Chen et al., 2017), inflamma-
tory processes (Hedger et al., 2011; Sanchez-Duffhues et al.,
2015), and tumorigenesis (Loomans and Andl, 2014). Little is
known about the processing of proActivin-A via partially cleaved
intermediates and its regulation. Here we found that Furin, but

not endogenous PC7, mediates the release of mature Activin-A
by B16F1 cells. In cells lacking Furin, overexpressed wild-
type PC7 efficiently rescued maturation. By contrast, mutant
PC7F > A activity that is excluded from the TGN but remains func-
tional at the plasma membrane and in endosomes only partially
cleaved one subunit. These observations confirm the prediction
of our biosensor data that PC localization is rate limiting for how
efficiently a given substrate is hydrolyzed. These findings will
be important to inform future strategies of how Furin and PC7
may be targeted pharmacologically to preferentially block the
processing of unique or shared substrates, respectively.

EXPERIMENTAL PROCEDURES

Cell Lines

HEK293T, HelLa, and B16F1 melanoma cells (ATCC) were maintained in
DMEM supplemented with 10% fetal bovine serum, 1% gentamicin, and 1%
GlutaMAX (Gibco and Invitrogen). HEK293T and HelLa cells stably transduced
with lentiviral CLIP v.3 reporter were maintained in the same medium supple-
mented with Puromycin (2 ng/mL) (Gibco and Invitrogen).

Ratiometric Imaging and FRET Analysis

For live-cell imaging, transfected cells on coverslips in 3.5-cm dishes were
transferred in buffered OptiMEM while the temperature was maintained at
37°C throughout the imaging process. Single-cell images were acquired using
a W N-Achromat 63x/0.9 objective on a confocal microscope (Zeiss LSM
710) at the following settings: Cerulean channel, 458-nm excitation and 460-
to 510-nm emission; TFP1 channel, 458-nm excitation and 463- to 514-nm
emission; FRET channel, 458-nm excitation and 530- to 600-nm emission;
and Citrine channel, 514-nm excitation and 530- to 600-nm emission. NFRET
efficiency was calculated as described (Xia and Liu, 2001) by normalizing the
corrected FRET signal to the square root of the product between Cerulean
and Citrine intensities. Owing to this normalization, NFRET is independent of
local fluorophore concentration, and potential FRET between-cell-linked
Cerulean and soluble Citrine trapped in vesicles was accounted for. Correction
factors accounting for spectral bleed-through were determined independently
on cells transfected with Cerulean or Citrine alone. Images of 5-15 reporter cells
per condition were analyzed using ImageJ PixFRET plug-in to quantify NFRET in
all regions defined by a mask of significant Cerulean signal above an arbitrary
threshold (Feige et al., 2005) (Figure S2). Each dot of the scatterplot represents
a single cell. For ratiometric analysis, the mean of TFP1 and Citrine background
fluorescence was measured in untransfected cells. For each of the CLIP
v.3-expressing cells, a mask was generated using the TFP1 channel and over-
laid with the channels of interest (TFP1 and Citrine). Mean fluorescent intensities,
after background subtraction, were measured, and Citrine values were divided
with the corresponding TFP1 values to obtain individual Citrine/TFP1 ratios.

Statistical Analysis

Statistical tests were performed using Prism (GraphPad). Unless indicated
otherwise, data represent mean + SD of at least 3 independent experiments.
The normal distributions of Citrine/TFP1 ratios and of normalized NFRET
values were verified with the Shapiro-Wilk normality test, and the results
were analyzed by Mann-Whitney or by Student’s t test. IC5sq values were calcu-
lated using Prism (GraphPad). A p value < 0.05 was considered significant.
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