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Abstract: Ceramides regulate phagocytosis; however, their exact function remains poorly understood.
Here, we sought (1) to develop genetically encoded fluorescent tools for imaging ceramides, and (2) to
use them to examine ceramide dynamics during phagocytosis. Fourteen enhanced green fluorescent
protein (EGFP) fusion constructs based on four known ceramide-binding domains were generated
and screened. While most constructs localized to the nucleus or cytosol, three based on the CA3
ceramide-binding domain of kinase suppressor of ras 1 (KSR1) localized to the plasma membrane or
autolysosomes. C-terminally tagged CA3 with a vector-based (C-KSR) or glycine-serine linker (C-
KSR-GS) responded sensitively and similarly to ceramide depletion and accumulation using a panel
of ceramide modifying drugs, whereas N-terminally tagged CA3 (N-KSR) responded differently
to a subset of treatments. Lipidomic and liposome microarray analysis suggested that, instead,
N-KSR may preferentially bind glucosyl-ceramide. Additionally, the three probes showed distinct
dynamics during phagocytosis. Despite partial autolysosomal degradation, C-KSR and C-KSR-GS
accumulated at the plasma membrane during phagocytosis, whereas N-KSR did not. Moreover, the
weak recruitment of C-KSR-GS to the endoplasmic reticulum and phagosomes was enhanced through
overexpression of the endoplasmic reticulum proteins stromal interaction molecule 1 (STIM1) and
Sec22b, and was more salient in dendritic cells. The data suggest these novel probes can be used to
analyze sphingolipid dynamics and function in living cells.

Keywords: kinase suppressor of ras 1 (KSR1); SET nuclear proto-oncogene; phosphatase 2A inhibitor
2 (I2PP2A); protein kinase ¢ zeta (PRKCZ); C6-ceramide; sphingomyelinase; myriocin; fumonisin B1;
stromal interaction molecule 1 (STIM1); Sec22b; lipidomics

1. Introduction

Phagocytosis is a fundamental process whereby external foreign particles are internal-
ized by cells, and the resulting membrane-engulfed compartment, called the phagosome,
undergoes a series of maturation steps that lead to the formation of the digestive milieu
and degradation of the foreign material [1]. A large body of literature has highlighted
the central role of dynamic phosphoinositide lipid remodeling in controlling this process
through the recruitment of a variety of effectors including cytoskeletal, motor, or vesicular
docking proteins that help guide phagosomes to their fate [1-3]. Sphingolipids are a di-
verse group of lipids crucial for maintaining the cellular membrane structure, fluidity, and
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curvature, that have long been recognized to additionally play bioactive signaling roles [4].
Ceramides, a central hub of the sphingolipid network [5,6], have also been implicated in
various steps of the phagocytic process. These span from the facilitation of receptor cluster-
ing and activation [7,8], to the initial membrane deformation of phagocytic cups [9,10], to
the promotion of phago-lysosome fusion [11-13], and the inhibition of antigen presentation
in dendritic cells [14,15]. However, compared to phosphoinositides, less is known about
the dynamics, regulation, and roles of ceramide and its related lipids during this critical
immune process [16].

Arguably, part of the challenge may lie in the difficulty tracking these lipids in living
cells [17]. Currently, mass spectrometry is considered the most reliable method for detecting
and quantifying ceramides. However, it does not have the spatial resolution required for
subcellular tracking [18] or relies on labor-, cost- and, material-intensive organelle isolation
that still suffers from contamination of the endoplasmic reticulum (ER) membranes due to
the tightly tethered membrane contact sites (MCSs) that may skew the lipid content [19]. In
addition, tools such as fluorescent or functionalized sphingolipid analogs (including biotin,
azido, or radiolabeled ceramides) are rapidly metabolized to other sphingolipid species and
may partition in membranes in a different manner than their natural counterparts [17,20].
Moreover, although several anti-ceramide antibodies have been reported, such immunos-
tainings are difficult since lipids are not directly fixed and may change locations during
processing, and steps such as low temperature incubation and permeabilization necessary
for the access of anti-ceramide antibodies to intracellular membranes, such as phagosomes,
may disrupt natural lipid localization [17,21-23]. Therefore, an alternative approach en-
abling the detection of ceramides in living cells with high spatial resolution is desirable.
Genetically encoded lipid probes, typically composed of lipid-binding domains coupled to
a fluorescent tag, provide an opportunity to investigate the subcellular localization, relative
cytosolic accessibility, and dynamics in living cells, and have been extensively employed
to dissect phospholipid dynamics during phagocytosis [24]. A few described lipid probes
specific for sphingolipids have been published [25,26]. However, no fluorescent ceramide
biosensor based on isolated ceramide-binding domains have been described so far, al-
though a range of full-length ceramide-binding proteins have been characterized [27-30].
Nevertheless, the localization of these proteins, which are all multi-domain proteins, may
be governed by cooperative binding events, including ceramide, but also involving other
factors or domains. An Escherichia coli-purified glutathione-S-transferase (GST) fusion of the
CA3 ceramide-binding domain of the pseudokinase kinase suppressor of ras 1 (KSR1) was
used in vitro and demonstrated ceramide-binding specificity [31], yet fluorescent versions
of this construct for expression in mammalian cells have not been published. In the current
report, we document the cloning and screening of 14 putative ceramide-binding geneti-
cally encoded fluorescent probes. Out of several potential ceramide-binding biosensors,
three constructs all bearing the same CA3 domain of the human pseudokinase KSR1 were
characterized further. These were named N-KSR, C-KSR, and C-KSR-GS according to
which terminal (amino, N-, or carboxy, C-) the fluorescent protein was fused to, and the
presence of a glycine—serine (GS)-rich linker. The three KSR1-based probes responded to
treatments modifying the ceramide levels in cells, although changes in both the localization
and global fluorescence levels differed between the three constructs depending on the
stimulus. Immunostaining, liposome microarray, and lipidomic analyses, together with
further testing of the cellular behavior of the probes, indicated that N-KSR may instead be
more sensitive to glycosylated ceramides, C-KSR is less stable than the other two probes,
and that both factors contributed to the differences in cellular responses observed. Interest-
ingly, differential localization between the three probes, depending on the cell type and
the expression of ER-localized constructs, was documented to occur during phagocytosis.
Together, our data indicate that these constructs may be useful starting tools for dissecting
subcellular sphingolipid dynamics and warrant further characterization.
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2. Results
2.1. KSR1-Based Probes Associate to Cellular Membranes

In previous studies, ceramide has been reported to be present in multiple organelles, in-
cluding the plasma membrane, ER, Golgi, mitochondria, lysosomes, and nucleus [22,32-36].
In artificial membranes, ceramide, a relatively hydrophobic lipid, readily flip-flops across
bilayers [37,38]. However, whether mechanisms that actively maintain bilayer asymmetry
of ceramides exist in cells, to our knowledge, has not been described. Thus, the localiza-
tion pattern of a ceramide-binding probe could conceivably include binding to several
different types of intracellular membranes. Many proteins, to date, have been identified
as ceramide-binding proteins, including protein phosphatases (PP) PP1 and PP2A [39,40],
cathepsin D [41], annexin Al [42], and lysosome-associated protein transmembrane 4
(LAPTM4) [43]. However, in the search for potential ceramide-specific biosensors, we
focused on proteins where the ceramide binding site had already been identified, and
where this site was found in a protein domain that could be conceivably separated from the
rest of the protein, with the hope of minimizing the protein’s natural activity or function.
Thus, four domains that have been previously demonstrated to bind ceramides in vitro
and/or in living cells were selected: (1) the earmuff domain (EMD) of the human nuclear
proto-oncogene protein SET (amino acids (aa) 69-226) [44]; (2) the N-terminal C1 domain
of atypical human protein kinase C zeta (PRKCZ, also called PKC(), aa 123-193); (3) the
C-terminal C20 domain (aa 405-592) of the same protein PRKCZ [32,45]; and (4) the CA3
domain (also called C1 or cysteine-rich domain, aa 317—400) of the human pseudokinase
KSR1 [31] (Figure 1A). The selected domains were tagged with enhanced green fluorescent
protein (EGFP) at the amino or carboxy terminus (prefixed with N- and C-, respectively)
and expressed in mouse embryonic fibroblasts (MEFs). Fusion proteins based on SET
(Figure 1B(i,ii)) and PRKCZ (Figure 1C(i-iv)) were primarily localized to the nucleus. A
nuclear export signal (NES) was added to C-SET-EMD (Figure 1B(iii)) and C-PRKCZ-C20
(Figure 1C(v)) to release proteins trapped in the nucleus, a strategy previously used for
other lipid biosensors [46]. C-NES-PRKCZ-C20 and C-NES-SET-EMD were mainly found
in the cytosol, though nuclear localization was still noticeable (Figure 1B(iii),C(v)).

In contrast, the expression pattern of KSR1-based constructs depended on the po-
sition of the fluorescent tag and linker (Figure 1D). The N-terminally tagged KSR1-CA3
domain (N-KSR) was found primarily at the plasma membrane (Figure 1D(i)), while the C-
terminally tagged probe (C-KSR) localized to large intracellular vesicles (Figure 1D(ii)). An
examination of the vector-based linker in C-KSR revealed the introduction of a chaperone-
mediated autophagy degradation signal RLELKLRILQ [47], and Western blot, as well as
immunostainings with organelle markers transferrin, RAB7, and lysosomal associated
membrane protein 1 (LAMP1), confirmed partial autolysosomal targeting and degradation
(Figure S1A-D). Targeted quantitative tandem mass spectrometry lipidomic analysis [48]
showed that the total levels of glycerophospholipid species phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphoinositide (PI) were
unchanged. Measurements of the major sphingolipid classes, including ceramides, gly-
cosylated ceramides (comprising glucosyl and galactosyl ceramides of identical mass,
collectively termed hexosyl-ceramides), and sphingomyelins, revealed a small but sig-
nificant increase in ceramides upon the overexpression of C-KSR (Figure S2A, see also
Supplementary Data S1). A closer inspection of individual lipid species showed that this
was driven by a specific increase only in ceramides harboring a 16-carbon acyl chain (C16-
ceramide, Figure S2A(i), see also Supplementary Data S1). These results were consistent
with a probe that is sensitive to ceramide but does not produce major global changes
in sphingolipid metabolism. Furthermore, to circumvent autophagic destruction, a C-
terminally tagged construct with an alternate glycine—serine (GS)-rich linker was generated
and abbreviated C-KSR-GS (Figure 1D(iii)). This construct displayed a localization similar
to N-KSR, although the plasma membrane localization was only salient in a subset of
cells and was more stable than C-KSR (Figure 1D(i,iii) and Figure S1D). To potentially
increase the lipid biosensor affinity [24], a construct expressing two KSR1 CA3 domains
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in tandem fused at the C-terminus to EGFP was also generated (abbreviated 2x-C-KSR).
However, the localization appeared similar to that of N-KSR and C-KSR-GS (Figure 1D(iv)).
The localization of both N- and C-KSR constructs depended on two conserved cysteines
(C359/C362) whose mutation to serine has previously been shown to decrease ceramide
binding in vitro [31] (Figure 1D(v,vi)). This suggests that their subcellular location might
indeed involve ceramide binding. When expressed in human Hela cells, probes based on
KSR1, SET, and PRKCZ probes showed a subcellular localization pattern similar to that
seen in MEFs (Figure 52B), confirming the idea that they can function similarly in different
cellular contexts. Since their expression pattern was suggestive of potential membrane
binding, we then selected three of the KSR1-based probes for further characterization: N-
KSR, C-KSR, and C-KSR-GS. Stable MEF cell lines for N-KSR and C-KSR were successfully
generated and employed in subsequent experiments, while C-KSR-GS was characterized
using transient transfection.
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Figure 1. Localization of candidate ceramide probes in mouse embryonic fibroblasts (MEFs).
(A) Schematic representation of ceramide-binding domains used for probe construction from the
following source proteins: Human SET earmuff domain (EMD, amino acids (aa) 69-226); atypical
PKC type zeta C1 domain (PRKCZ-C1, aa 123-193), and C20 domain (PRKCZ-C20, aa 405-592);
and KSR1 CA3 domain (KSR, aa 317—400). (B-D) Confocal images of MEF cells transfected with N-
terminally (N-) or C-terminally (C-) EGFP-tagged ceramide-binding domains of SET (B), PRKCZ (C),
and KSR1 (D). Constructs preceded by a nuclear export signal are labelled NES, the construct bearing
a glycine-serine linker is GS, the tandem construct is 2x, and the cysteine mutants are C359S/C362S.
The inset in C-KSR highlights enlarged vesicular structures. White bars = 10 pm, yellow bar = 3 um.

2.2. KSR-Based Probes Respond to Sphingolipid Depletion

Next, the behavior of the three KSR probes in response to changes in cellular ce-
ramide levels was investigated. To induce ceramide depletion, cells were exposed to
well-known inhibitors of sphingolipid biosynthesis: myriocin, a potent inhibitor of serine-
palmitoyltransferase [49], the enzyme which catalyzes the first step in sphingolipid biosyn-
thesis; and fumonisin B1, a selective inhibitor of ceramide synthases [50]. Upon ceramide
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depletion, C-KSR-expressing cells demonstrated a surprising and drastic 5-fold decrease in
the intracellular fluorescence after a 3-day incubation with myriocin (0.5 M) or fumonisin
B1 (2.5 uM), accompanied by the expected re-localization to the cytosol, but only in a
subset of cells (Figure 2A,B). In comparison, only a 2.5-fold decrease in the probe intensity
was observed in N-KSR-expressing cells after sphingolipid depletion with either drug
(Figure 2C,D). Targeted quantitative tandem mass spectrometry lipidomic analysis [48] con-
firmed that the total levels of all major sphingolipid classes measured, including ceramides,
glycosylated ceramides (comprising glucosyl and galactosyl ceramides of identical mass,
collectively termed hexosyl-ceramides), and sphingomyelins, were markedly depleted by
the myriocin treatment (Figure 2E, see also Supplementary Data S1). In contrast, the total
levels of the phospholipid species phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and phosphoinositide (PI) were unchanged (Figure 2E(i)).
In addition, the myriocin treatment of cells transiently co-transfected with C-KSR and
cytosolic Tag red fluorescent protein (TagRFP) did not produce any noticeable effect on
TagRFP expression (Figure S3), demonstrating that the effect on the KSR construct expres-
sion was not due to a generalized effect on exogenous protein synthesis or degradation.
In contrast, although no overt signs of toxicity were noted upon transient transfection of
C-KSR-GS alone, a combination of 3-day treatment with myriocin or fumonisin B1 and
C-KSR-GS transfection was toxic, precluding analysis, and indicating that the expression
of this construct might sensitize cells to stress. However, an overnight treatment with
10 uM fumonisin B1 also resulted in a 2-fold decrease in the global cellular expression of
C-KSR-GS (Figure 2FG), indicating that, similar to both N-KSR and C-KSR, C-KSR-GS
responds to sphingolipid depletion.
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Figure 2. Response of KSR probes to sphingolipid depletion. (A-D) Confocal images of MEF cells
stably expressing C-KSR (A) or N-KSR (C) (in green) treated with 0.5 uM myriocin (Myr, left) or
2.5 uM fumonisin B1 (FumB1, right) for 3 days, and respective methanol (MeOH) vehicle controls.
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The quantification of the normalized total cellular mean fluorescence intensity (nMFI) of cells in
(A) and (C) are shown in (B) and (D), respectively. (1 = 3 coverslips for each condition). White
bars = 10 pm. (E) Targeted lipidomic analysis of MEF cells stably expressing C-KSR, treated with
Myr as above. Left panel shows the quantification of the sum total mass of lipids classified as
ceramides (Cer), hexosyl-ceramides (HexCer), and sphingomyelins (SM), normalized to the total
mass glycerophospholipids (GPL) in the same sample (expressed as percent mole, %mol/Tot. GPL).
Inset (i) shows the quantification of total major phospholipid species phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphoinositide (PI), phosphatidylserine (PS). (1 = 3 independent
biological samples, see also Supplementary Data S1). (F,G) Similar analysis as in (A-D) of cells
transiently transfected with C-KSR-GS (green) and treated overnight with 10 uM FumB1. Control
and treated images are taken using identical imaging settings and shown using identical contrast
settings. Bars are means +/— SEM. (1 = 3 coverslips).

2.3. KSR-Based Probes React Differently to Ceramide Accumulation

To induce ceramide accumulation at different subcellular locations, two methods were
employed. In the first, a treatment with a ceramide precursor, the 16-carbon acyl chain (C16)
fatty acid palmitate for 4 h, was used to increase ceramide via de novo biosynthesis [51,52],
which would be expected to increase the number of ceramides in the ER where biosynthesis
takes place, as well as potentially in the secretory pathway [6]. In the second, cells were incu-
bated for 30 min with the purified bacterial enzyme sphingomyelinase from Staphylococcus
aureus. This enzyme directly cleaves sphingomyelin, a choline-ceramide derivative, to phos-
phorylcholine and ceramide [53,54]. Thus, it is expected to directly increase the number of
ceramides on the outer leaflet of the plasma membrane while decreasing sphingomyelin,
and it could potentially also increase the number of ceramides within the endocytic sys-
tem [53,54]. The palmitate treatment (added complexed to bovine serum albumin (BSA),
0.5 mM) led to a 3-fold and 1.5-fold increase in global C-KSR and C-KSR-GS signal intensity,
respectively, without an obvious shift in subcellular localization as compared to control cells
treated with BSA alone (Figure 3A,B). This contrasted with the N-KSR probe which did not
show any changes in fluorescence intensity or localization (Figure 3C). The lipidomic analy-
sis showed that the palmitate treatment induced a 20-fold accumulation of total ceramides,
driven mainly by the accumulation of C16-ceramide as expected (Figure 3D(i-iii), see also
Supplementary Data S1). On the other hand, palmitate did not induce significant changes
in total PC, PE, PI, or PS, nor in hexosyl-ceramides or sphingomyelins, although a trend
for increased hexosyl-ceramides and decreased sphingomyelins was noted. (Figure 3D).
However, upon closer inspection of individual lipid subspecies, the only significantly in-
creased hexosyl-ceramide was that of C10-hexosyl-ceramide, a lipid of unknown biological
significance. Unexpectedly, a significant decrease in C24-sphingomyelin, but not other
sphingomyelin subspecies, was also noted (Figure 3D(iii)).

Next, the two C-terminally tagged constructs C-KSR and C-KSR-GS, which showed
only partial plasma membrane localization under resting conditions, were examined for
their response to treatment with purified bacterial sphingomyelinase (0.5 U/mL dissolved
in PBS, diluted in serum-free medium) for 30 min (Figure 4A). This treatment, expected to
convert the outer leaflet plasma membrane sphingomyelin into ceramide [53,54], led to a
small but significant increase in the global C-KSR fluorescence intensity compared to con-
trols treated with PBS in a serum-free medium (Figure 4B). In addition, it also led to a 2-fold
increase (from 29 to 59%) in the recruitment of C-KSR to the plasma membrane, measured
as the fraction of cells displaying plasma membrane localization in sphingomyelinase-
treated cells as compared to controls (Figure 4A insets, Figure 4C). A significant 1.5-fold
increase in the fraction of cells displaying plasma membrane localization of C-KSR-GS
(from 35 to 54%) was also observed (Figure 4D,E), whereas an analysis of the N-KSR was
not conducted since nearly all cells displayed plasma membrane localization at resting
conditions. A lipidomic analysis revealed that sphingomyelinase significantly increased the
total ceramides 2-fold and decreased the total sphingomyelins by 40%, whereas levels of
total hexosyl-ceramides, PC, PE, PI, and PS were unchanged (Figure 4F(i)). The increase in
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ceramides was largely driven by increased C16-ceramide, with C18- and C22-ceramides also
contributing (Figure 4F(ii), see also Supplementary Data S1). Interestingly, C24-ceramide
was slightly but significantly decreased, whereas the decrease in sphingomyelin was driven
by the decreased C18-, C22-, and C24-, but not C16-sphingomyelin (Figure 4F(iii)). These
data suggest that this bacterial sphingomyelinase displays a preference for cleavage of
sphingomyelin species harboring longer (18- to 24-carbon) acyl chains and that the cleav-
age generates C18- and C22-ceramide. The greater generation of C16-ceramide may thus
result from the conversion of C24- to C16-ceramide, but might also represent C16-ceramide
generation through a different pathway. In addition to the lipidomic data indicating the
efficient cleavage of sphingomyelins, levels of sphingomyelin were additionally assessed
by fixing cells after the sphingomyelinase treatment and staining them with a purified
EGFP-tagged sphingomyelin-specific probe lysenin (20 ug/mL) [55]. Lysenin staining was
lost upon sphingomyelinase treatment, confirming efficient cleavage of plasma membrane
sphingomyelin under these conditions (Figure S4A).
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Figure 3. Response of KSR probes to palmitate-induced ceramide accumulation. (A—C) Confocal
images of MEF cells expressing C-KSR (A), C-KSR-GS (B), and N-KSR (C) (in green) treated with
0.5 mM BSA-palmitate (Palm) or BSA control for 4 h. The quantification of the total cellular fluo-
rescence (NMFI) is shown to the right of the respective images (1 = 3 coverslips for each condition).
(D) Targeted lipidomic quantification of total Cer, HexCer, and SM in MEF cells expressing C-KSR,
treated with Palm as above. Inset (i) shows the quantification of PC, PE, PI, and PS. Inset (ii) shows
quantification of C16- and C24-Cer. Inset (iii) shows quantification of C10-, C16-, and C24-HexCer,
as well as C24 and C16-SM (labelled SM24 and SM16, respectively) (n = 3 independent biological
samples, see also Supplementary Data S1). Control and treated images were taken using identical

imaging settings and shown using identical contrast settings. Bars are means +/— SEM. (n = 3
coverslips). White bars = 10 pm.
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Figure 4. Response of KSR probes to sphingomyelinase-induced ceramide accumulation. (A-E) Con-
focal images and analysis of C-KSR (A-C) and C-KSR-GS (D,E) in cells treated for 30 min with
0.5 U/mL sphingomyelinase (SMase). In (B) a quantification of total cellular fluorescence (nMFI) is
shown, whereas (C) and (E) show quantification of the fraction of cells displaying plasma membrane
localization (indicated by white arrows in (A) insets) of C-KSR and C-KSR-GS, respectively (n = 4
coverslips). (F) Targeted lipidomic quantification of total Cer, HexCer, and SM in MEF cells expressing
C-KSR, treated with SMase as above. Inset (i) shows the quantification of PC, PE, PI, and PS. Inset
(ii) shows quantification of C16-, C18-, C22-, and C24-Cer. Inset (iii) shows quantification of C16-,
C18-, C22-, and C24-SM (n = 3 independent biological samples, see also Supplementary Data S1).
(G,H) Confocal images of MEF cells co-transfected with C-KSR-mRFP (magenta) and diacylglycerol
(DAG) probe PKC-C1(2)-EGEFP (green), control (Ctl, top) or treated with 10 uM ionomycin (Iono) for
10 min (middle), or with SMase as above (bottom). Green arrows indicate regions of PM localization
of PKC-C1(2). Magenta arrows indicate regions of PM localization of C-KSR-mRFP. (H) Quantification
of cells in (G) displaying PM localization of either C-KSR or PKC-C1(2) probe (1 = 6/3/3 coverslips
for Ctl/Iono/SMase). Control and treated images were taken using identical imaging settings and
shown using identical contrast settings. Bars are means +/— SEM. White bars = 10 pm, yellow
bar =3 pm.
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Diacylglycerol (DAG) is a molecule with a close structural similarity to ceramide
that could potentially be indirectly generated through the activation of SM synthases
upon large increases in ceramide, such as those observed under the sphingomyelinase
treatment here [56,57]. Thus, the specificity of C-KSR for ceramide was further investigated
through the generation of C-KSR-mRFP and co-expression with the DAG probe GFP-PKC-
C1(2) [58]. Cells were then treated with either 10 pM ionomycin (Iono) for 10 min in
order to induce plasma membrane DAG accumulation [59], or with sphingomyelinase as
above. The ionomycin treatment, but not the sphingomyelinase, induced PKC-C1(2) plasma
membrane recruitment, while the opposite pattern was observed for C-KSR (Figure 4G,H).
The treatment with sphingomyelinase did not affect the localization of PKC-C1(2) when
it was expressed alone, nor did it affect the localization of an alternate DAG probe YFP-
DBD [60] (Figure S4B), ruling out potential indirect DAG accumulation after treatment with
sphingomyelinase. Collectively, the data suggested that, out of the three probes analyzed,
C-KSR, despite the drawback of autolysosomal degradation, is the most sensitive to the
changes in cellular levels of ceramides and can also detect locally generated ceramides at
the plasma membrane. In addition, the data showed that C-KSR-GS responds similarly
to C-KSR but with a slightly smaller dynamic range. Importantly, however, the lack of
response of N-KSR to palmitate suggests a potential difference in lipid binding specificity.

2.4. N-KSR Binds Glucosyl-Ceramide In Vitro

To further investigate the mechanism underlying the differences in how the KSR-
based probes react to ceramide accumulation, we sought to measure their in vitro binding
specificity to artificial membranes containing different ceramide species and derivatives.
To this end, a liposome microarray-based assay (LiMA) was employed, where arrays of
liposomes (small artificial vesicles) of various compositions are deposited inside a mi-
crofluidic chip, exposed to purified (or cell lysates containing) fluorescent lipid-binding
probes, and binding is assessed using automated fluorescence microscopy [61]. To obtain
purified probes, the N-KSR and C-KSR probes were re-cloned into super-folding GFP
(sfGFP) bacterial expression vectors [62] and purified from E. coli cultures. Interestingly,
significant binding of N-KSR was observed to dioleoyl-phosphatidylcholine (DOPC) lipo-
somes containing 2% glucosyl-ceramide (GlcCer), whereas the trends toward binding to
liposomes containing either 10% sphingomyelin or 10% bovine ceramide mixtures were not
significant (Figures 5A and S5A, see also Supplementary Data S2). Purified C-KSR tended
to aggregate in this assay, and the sample sizes were too small (less than n = 3) to allow
statistical analysis on individual types of membrane spots. However, pooling the binding
scores of control liposomes (lacking ceramide) and comparing this to pooled scores of
liposomes containing ceramide or ceramide derivatives (lipids of close structural similarity
to ceramide) suggests a preference for membranes harboring ceramides or ceramide-like
lipids (Figure 5B). We also studied the binding of C-KSR-GS expressed in lysates from trans-
fected HEK293 cells, to ceramide present in liposomes with either DOPC as the carrier lipid
as above, or in liposomes based on palmitoyl-oleoyl-PC (POPC) that mimic the composition
of the inner plasma membrane (IPM liposomes) [63] (Figure 5C and Figure S5B,C). Lysates
from HEK cells expressing soluble EGFP and the DAG probe PKC-C1(2) were employed as
negative and positive controls, respectively (Figure S5B,C). Whereas robust and significant
binding of PKC-C1(2) to DAG-containing liposomes as compared to IPM liposomes was
readily observed (Figure S5C, Supplementary Data S2), the trend for a difference in binding
scores of C-KSR-GS to individual ceramide containing liposome compositions as compared
to controls (DOPC, POPC or IPM only) alone were not significant (Supplementary Data S2).
On the other hand, when pooling liposome data to increase statistical power as above, a
comparison of pooled control liposome spots (DOPC, POPC and IPM alone) to DOPC or
IPM liposomes containing ceramides revealed a small but significant difference in binding
scores in the IPM context (Figure 5C). These data support a preference of C-KSR-GS for
ceramide-containing membranes within a more complex lipid context.
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Figure 5. Differential lipid preference of C- and N-tagged KSR probes. (A) Liposome microarray
(LiMA) analysis using purified N-KSR. Binding scores of control liposomes containing dioleoyl-
phosphatidylcholine (DOPC), and DOPC liposomes containing 2% glucosyl-ceramide (GlcCer), 10%
sphingomyelin (SM), or 10% ceramide mixture (Cer) are shown. Binding scores are expressed as log2-
transformed normalized binding intensity (NBI) score ratios to control (1 = 3 independent biological
samples). (B) LiIMA analysis using purified C-KSR. Pooled binding scores of liposomes either lacking
(Cer(D)™) or containing ceramide or ceramide derivatives (Cer(D)*). Conditions included were
as follows: Cer(D): DOPC alone, and 10%PI(4,5)P2 or 10% sphingosine in DOPC. Cer(D)*: 10%
ceramide mix (Cer), SM, GlcCer, or Cer1P in DOPC (1 =6/7 Cer(D)~ /Cer(D)* independent biological
samples). (C) LiIMA analysis of C-KSR-GS lysates pooled binding scores of control liposomes (Cer ™)
or containing 5% and 10% ceramides in either a DOPC or inner plasma membrane (IPM) mimicking
composition (DOPC Cer" and IPM Cer*, respectively). Conditions included were as follows: Cer™:
DOPC, POPC, and IPM control liposomes; DOPC Cer*: C18-ceramide in DOPC; IPM Cer*: ceramide
mix and C18-ceramide (n = 10/5/13 Cer~ / DOPC Cer* /IPM Cer* independent biological samples).
(D-G) Confocal images of MEFs expressing C-KSR-GS (D) or N-KSR (F) and treated (bottom) with
either Cer analog C6-ceramide (200 uM, 2 h, left) or 100 uM of the GlcCer synthase inhibitor Genz-
123346 (Genz, 1d, right), or their respective vehicle controls ethanol (EtOH) or dimethylsulfoxide
(DMSO) (top). (E,G) show the quantification of total cellular fluorescence (nMFI) of C-KSR-GS
and N-KSR, respectively (in (E): n = 3/3/4/3 coverslips for EEOH/C6/DMSO/Genz; in (G): n =4
coverslips for all conditions). Control and treated images were taken using identical imaging settings
and shown using identical contrast settings. In (A-C) the box plots show the range (min to max) and
the line shows the median value. In (E,G) the bars are means +/— SEM. White bars = 10 pm.

Since the in vitro conditions tested likely do not fully recapitulate the optimal con-
ditions for lipid binding of our probes, we continued our exploration of the differences
between C- and N-terminally tagged probes within the cellular context. Thus, we next
examined the response of the two probes displaying the most similar localization pattern
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(N-KSR and C-KSR-GS) to additional reagents previously shown to increase cellular ce-
ramides. To this end, cells expressing either probe were treated for 2 h with 200 uM of the
ceramide analogue C6-ceramide [64] or overnight with 200 uM of the glucosyl-ceramide
synthase inhibitor Genz-123346 [65] or their respective ethanol and methanol vehicle con-
trols. Previously, C6-ceramide has been shown to induce large increases in endogenous
ceramides and hexosyl-ceramides, with an only comparatively smaller increase in sphin-
gomyelin [64,66,67]. In contrast, Genz-123346 increased the ceramides without affecting
sphingomyelin and concomitantly decreasing hexosyl-ceramides [65,68]. Interestingly,
whereas both probes showed a robust increase in cellular fluorescence upon treatment
with C6-ceramide (Figure 5D-G), a strikingly different response to Genz-123346 treatment
was noted, where an increase in fluorescence was observed with C-KSR-GS but not with
N-KSR (Figure 5D-G). Together, these data suggest that a preference of N-KSR for glucosyl-
ceramide instead of ceramide could explain the difference in cellular behavior of the N-
and C-terminally tagged probes.

2.5. KSR1-Based Probes Behave Differently during Phagocytosis

In several reports, ceramide generation has been associated with phagocytic ingestion
and phagosomal maturation, and has been shown to be important for pathogen elimination,
yet its precise role is still poorly understood [69,70]. Thus, to not only glean some hints at ce-
ramide dynamics (and eventually function) during this important immune process, but also
to test our probes under a physiological stimulus, we next investigated the behavior of our
three KSR1-based probes during phagocytosis. To this end, we examined MEFs rendered
phagocytic through overexpression of the Fc gamma receptor Ila (FCGR2A)-c-myc. This
phagocytic cell model is easier to transfect and manipulate than naturally phagocytic cells,
and we and others employing a similar strategy have observed such models recapitulate
many aspects of the phagocytic process, including phospholipid dynamics [13,71-73]. Cells
expressing each of the three KSR1-based probes (C-, N- and C-KSR-GS) were exposed to
3 um IgG-opsonized polystyrene beads for 30 min or 135 min, time-points representative of
the early and late stages of phagosomal maturation (Figure 6A—C). In parallel, sphingolipid
levels were measured in C-KSR-expressing cells using targeted lipidomics, where a large ac-
cumulation in total cellular ceramides, sphingomyelin, and hexosyl-ceramide (4-, 2.6-, and
6-fold, respectively) was observed at 30 min (Figure 6D, see also Supplementary Data S1).
This effect was driven by changes in C16- and C24-ceramide, C24-sphingomyelin, and
C16- and C24-hexosyl-ceramide species (Figure 6D(i,ii)). It should be noted that changes in
the total PC, PI, and PS were also observed (Figure 6D(iii-iv)). Interestingly, 30 min after
the incubation with IgG-coupled beads, an accumulation of C-KSR at the plasma mem-
brane, similar to what was observed after incubation with bacterial sphingomyelinase (and
blindly quantified in a similar manner), was noted (Figure 6A, see also Figure 4A-C,G-H).
Exploring this plasma membrane localization further, we found that plasma membrane
recruitment of C-KSR could still be detected at 45 min and 60 min after phagocytosis
initiation, yet was mostly lost at later stages, after 90 and 135 min, correlating closely with
changes in the sphingolipid levels at 30 and 135 min (Figure S6A and Figure 6A,D). For
N-KSR and C-KSR-GS, the FCGR2A expression appeared to increase plasma membrane
localization already at baseline, precluding the simplified binary assessment of plasma
membrane recruitment as performed for C-KSR. Thus, instead, the plasma membrane and
total cellular fluorescence intensity levels (excluding regions containing phagosomes) were
quantified using artificial intelligence-assisted image segmentation. Interestingly, a loss of
total fluorescence was noted for C-KSR-GS at 135 min, whereas the trend for a similar loss
was not significant for N-KSR (Figure 6B,C). In contrast, the plasma membrane appeared to
be more salient upon phagocytosis for both constructs. This was detected by normalizing
the plasma membrane to total cell fluorescence, where this ratio was significantly increased
at both 30 and 135 min for C-KSR-GS, and only at 135 min for N-KSR (Figure 6B,C).
Moreover, whereas N-KSR was completely absent from phagosomes (Figure 6C, insets),
in C-KSR-GS-expressing cells, an accumulation around phagosomes was detected in a
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subset of phagosomes (Figure 6B, arrows). In some instances, a pattern of small, flattened
cisternae or protruding tubular structures could be seen around phagosomes, which were
reminiscent of membrane contact sites (MCS) between the phagosomal membrane and
ER, structures that have been studied extensively by our laboratory in the past [73-76]
(Figure 6B, arrows). To confirm whether such structures could indeed represent ER, C-
KSR-GS was then co-expressed with several ER-targeted constructs, including a soluble
ER-targeted RFP TagRFP-KDEL, a calcium regulator and MCS marker monomeric Cherry
(mCh)-STIM1 and mCh-Sec22b, a protein regulating traffic between ER and Golgi that we
have recently shown to tether STIM1-independent MCS [73,75] (Figure 7A,B and Figure
56B). Interestingly, although an overlap between C-KSR-GS and KDEL was not easily
discerned, likely due to the low overall KDEL expression (Figure S6B), an overlap between
C-KSR-GS and STIM1, as well as C-KSR-GS and Sec22b, was observed in some but not all
instances of periphagosomal accumulation of the fluorescent proteins (Figure 7A,B). Finally,
we expressed the N-KSR and C-KSR-GS probes in a naturally phagocytic dendritic cell line,
JAWS II. Similar to MEFs, N-KSR did not localize to the phagosomal or other organellar
membranes (Figure 7C). In contrast, a robust C-KSR-GS accumulation at the phagosomal
membrane could be discerned on a subset of phagosomes, as well as on internal structures

reminiscent of the ER (Figure 7D).
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Figure 6. Behavior of KSR probes during phagocytosis in MEFs. (A-C) Confocal images of phagocytic
MEFs expressing (in green) C-KSR (A), C-KSR-GS (B), and N-KSR (C) exposed to IgG-AlexaFluor647-
coupled beads at 1:10 cell /bead ratio for 0 (left), 30 (middle), and 135 (right) min. Percentage of
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C-KSR plasma membrane recruitment (%PM+) during phagocytosis is shown to the right of the
corresponding images (n = 5/3/4 coverslips for Ctr/30 min/135 min). MFI for total cell (TotCell) and
PM are shown to the right of corresponding images for C-KSR-GS and N-KSR (n = 4 coverslips for
all conditions with C-KSR-GS, and n = 3/4/4 coverslips for Ctr/30 min/135 min with N-KSR). The
white arrows in (A) indicate PM recruitment of C-KSR, whereas the white arrows in (B) indicate peri-
phagosomal accumulation of C-KSR-GS. The corresponding violin plots on the right of the bar graphs
show the range (min to max) and distribution, with a line showing the median value of the logarithm
of the average PM/TotCell ratio per coverslip of the same data as the bar graphs. (D) Targeted
lipidomic quantification of MEF cells stably expressing C-KSR, transfected with FGCR2A-c-myc and
exposed to IgG-beads as above. The left panel shows total Cer, HexCer, and SM. Inset (i) shows
quantification of C16-Cer, C24-Cer, and C24-SM. Inset (ii) shows quantification of C16-HexCer and
C24-HexCer. Insets (iii) and (iv) show quantification of total phospholipids PC and PE in (iii), and PI
and PS in (iv) (n = 3 independent biological samples, see also Supplementary Data S1). Bar graphs
are means +/— SEM. White bars = 10 um.

A

30 min

Figure 7. Behavior of KSR probes during phagocytosis upon ER protein overexpression and in
dendritic cells. (A,B) Confocal images of phagocytic MEFs co-transfected with C-KSR-GS (green)
and membrane contact site proteins mCh-STIM1 ((A), magenta) and mCh-Sec22b ((B), magenta),
and
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exposed to IgG-beads for 30 min (see also Figure 6). White arrows show periphagosomal regions
where overlap of fluorescent protein signal is discerned, green arrow shows regions with green
fluorescence only. (C,D) Confocal images of dendritic cell line JAWS transfected with (in green)
N-KSR (C) exposed to IgG-coupled beads at 1:10 cell/bead ratio for 30 (left) and 135 (right) min,
and C-KSR-GS (D) exposed to beads for 30 min. Brightfield images are shown to confirm presence
of internalized beads. Images in (A,B) and (C,D) were taken using identical imaging settings and
shown using identical contrast settings. Bars = 3 pm.

Several inferences may be gleaned from these intriguing observations. First, the large
changes in ceramides during the first 30 min of phagocytosis detected in whole-cell MEF
extracts were likely occurring at the plasma membrane and were best detected using C-KSR,
which is the most sensitive of the three probes at detecting dynamic changes of plasma
membrane ceramides, though C-KSR-GS is also capable of detecting changes in plasma
membrane ceramides. The fact that the C-KSR-GS signal is specific is also highlighted
by the observation that the highly similar N-KSR construct did not behave in a similar
manner. Indeed, whether N-KSR is truly capable of sensing glucosyl-ceramide or other
ceramide derivatives in the cellular context remains to be verified, yet clearly it is not
sensing ceramide itself, at least not to the same extent as C-KSR-GS, and maybe a useful
control to show specificity for studies employing C-KSR-GS. However, the fact that the
relative C-KSR-GS levels at the plasma membrane remained high at 135 min was surprising,
as was the time-dependent global loss in total cellular fluorescence. Whether C-KSR-GS
expression itself impacts ceramide dynamics, for example, by delaying the ceramide loss
at later time points, or whether ceramide-independent effects on C-KSR-GS degradation
can account for these observations also remain to be defined. On the other hand, C-KSR-
GS may be additionally useful in detecting ceramide species on intracellular membranes,
including phagosomal and ER membranes, since the data also hint at dynamic ceramide
fluxes, potentially at contact sites between the phagosomal membrane and ER.

3. Discussion

Despite several proteins reported as ceramide binders [17,28,30], to our knowledge no
genetically encoded ceramide-specific probes per se have been reported. Although whole
GFP-tagged ceramide-binding proteins were employed to track subcellular ceramide in a
limited number of studies, they contain other active domains that could contribute to the
signal. Out of the 14 candidate biosensor constructs reported here, we focused on three
based on the KSR1 CA3 (317—400) ceramide-binding domain which displayed membrane
localization when expressed in cells. In contrast, constructs based on PRKCZ and SET
were targeted to the nucleus, without an obvious association to cellular membranes. Since
sphingolipids have been detected in both the nuclear membrane as well as the nuclear
matrix [35], and SET has a defined nuclear activity [36], these proteins may detect ceramides
in the nuclear matrix rather than simply being misfolded [77]. Future studies employing
stimuli such as DNA damage, known to change nuclear ceramides, may yet verify the
utility of these constructs that were not further characterized here.

In contrast, though nuclear shuttling has also been reported for KSR1, a 934-amino
acid scaffolding regulator of the rat sarcoma virus small GTPase/rapidly accelerated
fibrosarcoma/mitogen-activated protein kinase kinase/extracellular signal-regulated ki-
nases pathway (referred to as Ras/Raf/MEK/ERK signaling) comprised of five domains
(CA1-CAS5) [78], KSR1 normally resides in the cytosol in resting conditions [79]. It is
recruited to the plasma membrane upon growth factor stimulation, which induces both the
activities of ceramide-generating sphingomyelinases, as well as changes in the phospho-
rylation of multiple KSR1 residues [80,81]. Several studies have reported direct ceramide
binding of the KSR1 CA3, including in vitro reports using an N-terminal GST fusion with
a small CA3 fragment of similar composition (aa 320-388) as the one employed here
(aa 317-400), though others, notably some employing a truncated CA3 (aa 334-377), have
failed to detect direct ceramide binding [31,82-84]. Thus, we hypothesized that probes
based on this small 83 amino acid fragment of KSR1 are particularly poised to detect plasma
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membrane ceramides, while reducing the likelihood that the protein’s natural function or
other binding partners will interfere with its localization and behavior. In addition, since
the MEK and ERK interaction domains (CA4-CAJ5) are absent, the oncogenic potential of a
construct derived from KSR1 [78] would also be expected to be circumvented, mitigating
safety concerns for the use of these constructs. However, mutagenesis studies suggest
that the phosphorylation of 5392, a residue found within the CA3 domain, contributes to
KSR1’s stability and membrane re-localization upon growth factor activation [79,81]. While
full-length KSR1-5392A localizes to the nucleus rather than the plasma membrane [79],
whether the phosphorylation status of S392 in the isolated CA3 of our KSR constructs
contributes to membrane localization remains to be defined.

In the characterization of our probes, a surprising observation was that the most
salient change in the behavior of the KSR probes in response to ceramide-modifying drugs
was a change in the total cellular fluorescence. This contrasts with similar phospholipid
probes, which usually change their locations rather than their total fluorescence. The effect
was consistently observed in both the induction and the depletion of ceramides and across
all drug treatments tested (Figures 2-5), and at least for C-KSR, these changes correlated
well with levels of ceramide measured using mass spectrometry for all conditions tested.
For the myriocin treatment, a simple toxicity effect (which often accompanies changing
levels of ceramide [6]) on the global exogenous gene expression was ruled out since levels
of cytosolic RFP, expressed from a similar cytomegalovirus (CMV) promoter-containing
plasmid, were unchanged. In addition, with the sphingomyelinase treatment, neither of the
two DAG probes reacted in this manner (Figure 4 and Figure S4). Why should a lipid probe
change its global fluorescence in response to lipid changes? A potential explanation is that
the CA3 domain itself is somewhat unstable and subject to an intrinsic degradation that
is mitigated by membrane binding. Indeed, full-length KSR1 binds cytosolic chaperones
heat-shock proteins (Hsp)70, 90, and 68, [85], though the binding sites are not defined,
and KSR1 is ubiquitinated, though at a site outside the CA3 domain [86,87]. Moreover,
phosphorylation at S392 (together with T274) increases the half-life of KSR1 from 1 h to
6 h [87]. Such a fast turnover time is consistent with our results, which were observed even
with treatments as short as 30 min. However, whether phosphorylation, ubiquitination, or
chaperone binding might also be modified, increasing the stability of the cytosolic fraction
of the probe will also be important to define in future studies. Indeed, a careful analysis
of changes in probe abundance, monitored using both Western blot and fluorescence, to
inhibitors of lysosomal or proteasomal degradation, small interfering ribonucleic acid
(siRNA)/ clustered regularly interspaced short palindromic repeats (CRISPR) against
chaperones, and the generation of 5392 mutations will be greatly informative to dissect the
influence of probe stability on the probe’s response to changes in cellular ceramide. A more
detailed characterization of the probe stability will also be important to define whether
these probes are suitable to longer term imaging studies.

In addition to its potential influence on cellular probe behavior, an intrinsic instability
of the CA3 domain could well explain the weak in vitro binding observed for C-KSR-GS
and C-KSR to artificial membranes containing ceramides or ceramide derivates. Thus,
while the precise specificity and selectivity of the probes for ceramides remain to be more
firmly established, the propensity for the isolated probes to aggregate and precipitate in
solution have rendered in vitro studies, which are usually employed to define this (such
as liposome flotation or fat blot), impractical. Thus, future studies directed at dissecting
the specificity and selectivity of these probes within the cellular context will likely be more
fruitful than biochemical exploration.

Nevertheless, a significant and surprising interaction of the N-KSR probe to glucosyl-
ceramide-containing liposomes was observed. Though unexpected, such a modification to
the lipid specificity of the CA3 domain is consistent with the clear difference in behavior
between N and C constructs to palmitate, Genz-123346, and phagocytic stimuli. Why
should the position of the fluorescent protein tag have such an influence on the lipid
binding properties of the KSR1 CA3 domain? The structure of a truncated CA3 (aa 334-377)
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indicated a shallow putative ceramide binding pocket involving residues L342, V345, M353,
1354, and F355 [82]. Thus, such shallow interaction surface could conceivably be deformed
by N-terminal attachment to a rigid or bulky domain. A wider pocket might thus decrease
the original affinity of the CA3 for ceramides and instead favor binding ceramide species
bearing a small additional head-group such as a single sugar or phosphate group. However,
during phagocytosis the behavior of N-KSR did not correlate with hexosyl-ceramide levels
measured using mass spectrometry. Though several potential factors may explain this,
including the fact that changes in glucosyl-ceramide might not occur on the cytosolic
leaflet, since flip-flop is not efficient for glycosylated ceramides [38,88-90], we cannot
exclude that the N-KSR binding profile within the cellular context differs from its in vitro
profile. Thus, future studies with drugs or the genetic manipulation of enzymes, such as
glucosyl and galactosyl ceramidases, ceramide kinase, or transporters, such as anoctamin 6
(ANOE, also called TMEM16F) [88] and ceramide transferase, will be useful to corroborate
these findings and determine more precisely the specificity and selectivity of the three
probes for glycosylated or phosphorylated ceramides versus ceramide itself in the cellular
context. In addition, performing calibration experiments where a range of cellular ceramide
concentrations, verified using mass spectrometry, are directly correlated to levels of C-KSR
or C-KSR-GS responses will be extremely useful in establishing the true dynamic range
and ceramide sensitivity and utility of these probes.

Overall, the examination of our three KSR1-based probes under different stimuli
(summarized in Figure 8) demonstrated that these probes may each have their own utility
as such, or serve as a basis for future designs and studies aimed at dissecting ceramide
(and potentially glucosyl-ceramide) dynamics in cells. The exacerbated instability and
autolysosomal degradation of C-KSR is certainly a limitation, since a contribution of
a partially degraded probe to the fluorescent signal (that an intact fluorescent protein
separated from the lipid binding domain might generate) cannot be excluded to contribute
to the signal of internal membranes. On the other hand, this very instability, which likely
explains the smaller constitutive plasma membrane localization, proved in