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Introduction

All newly synthesized secretory proteins arrive at the Golgi ap-
paratus from the ER (Palade, 1975). In the very last subcom-
partment of the Golgi stack, which is generally referred to as 
the TGN, the diverse cargoes are sorted from each other and 
from the Golgi-resident proteins, packed into specific transport 
carriers, and exported to their respective destinations (De Mat-
teis and Luini, 2008; Guo et al., 2014; Kienzle and von Blume, 
2014). The sorting of lysosomal hydrolases is well understood 
(Kornfeld and Mellman, 1989; Traub and Kornfeld, 1997; 
Doray et al., 2002), as are the signals in the cytoplasmic do-
mains of transmembrane cargoes that mediate their incorpora-
tion into clathrin-coated vesicles for their export from the TGN 
(Fölsch et al., 1999, 2001; Mellman and Nelson, 2008; Boni-
facino, 2014). However, no cargo receptors for the sorting and 
packing of secretory proteins have been identified at the TGN.

In recent years, we have studied a novel and conserved 
cargo receptor–independent mechanism implicated in the sort-
ing of secretory cargo at the TGN (von Blume et al., 2011; Cur-
win et al., 2012). In this process, F-actin and cofilin bind to, and 
activate, the TGN-specific Ca2+ pump SPCA1 (Lissandron et 
al., 2010; Kienzle et al., 2014), which results in an influx of Ca2+ 
into a specific domain of the TGN (von Blume et al., 2011). We 

suggested that this transient local increase in Ca2+ concentration 
involves Cab45, a protein that is required for secretory protein 
sorting and is normally retained in the TGN (Kienzle and von 
Blume, 2014). Here, we investigate how Ca2+ and Cab45 act 
together to sort secretory proteins at the TGN.

Results and discussion

Previous work has shown that soluble Ca2+-binding ER- or sar-
coplasmic reticulum–resident proteins form oligomers in the 
presence of Ca2+ (Meissner, 1975). Thus, we hypothesized that 
soluble Cab45 might oligomerize upon Ca2+ binding. To inves-
tigate the state of Cab45 in cells, we incubated purified Golgi 
membranes under control or Ca2+ depletion conditions, and 
subjected them to Blue NativePAGE gel electrophoresis, dena-
turing SDS-PAGE, and Western blotting (WB) with a Cab45 
antibody. Under control conditions, Cab45 appears as low-(45 
kD) and high molecular mass (1,000 kD) fractions (Fig. 1 A), 
but upon treatment of the membranes with the Ca2+ chelator 
BAP TA-AM, the latter fraction was not evident (Fig. 1 A). On 
the denaturing SDS-PAGE, Cab45 is detectable at a molecular 
mass of ∼50 kD and the Golgi preparation consists of a trans-
Golgi compartment as visualized by the TGN46 Western blot. 

Sorting and export of transmembrane cargoes and lysosomal hydrolases at the trans-Golgi network (TGN) are well 
understood. However, elucidation of the mechanism by which secretory cargoes are segregated for their release into the 
extracellular space remains a challenge. We have previously demonstrated that, in a reaction that requires Ca2+, the 
soluble TGN-resident protein Cab45 is necessary for the sorting of secretory cargoes at the TGN. Here, we report that 
Cab45 reversibly assembles into oligomers in the presence of Ca2+. These Cab45 oligomers specifically bind secretory 
proteins, such as COMP and LyzC, in a Ca2+-dependent manner in vitro. In intact cells, mutation of the Ca2+-binding sites 
in Cab45 impairs oligomerization, as well as COMP and LyzC sorting. Superresolution microscopy revealed that Cab45 
colocalizes with secretory proteins and the TGN Ca2+ pump (SPCA1) in specific TGN microdomains. These findings  
reveal that Ca2+-dependent changes in Cab45 mediate sorting of specific cargo molecules at the TGN.
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To visualize the effects of Ca2+ on Cab45 in cells, untreated or 
ionomycin-treated HeLa cells were fixed and stained with a 
Cab45 antibody and imaged by direct stochastic optical recon-
struction microscopy (dSTO RM; Heilemann et al., 2008). In 
control cells, Cab45 was detected in dense clusters (Fig. 1 B). 
In contrast, in cells treated with ionomycin (a Ca2+ ionophore) 
Cab45 appeared in much smaller and more diffuse punctae 
(Fig.  1  B) without an apparent effect on TGN morphology 
(Fig. S1 A). These findings suggest the existence of large, Ca2+- 
dependent Cab45 protein complexes in cells.

To gain further insights into the change in Cab45 organiza-
tion by Ca2+, we switched to a reconstituted system. Recombinant 
Cab45 was incubated with Ca2+ or Ca2+/EGTA or left untreated. 
Subsequent analysis by NativePAGE and WB of Cab45 incubated 
with Ca2+ alone revealed the presence of both high and low mo-
lecular mass fractions, whereas the former was much less promi-
nent in both untreated and Ca2+/EGTA-treated samples (Fig. 1 C). 
Next, we visualized ATTO488-labeled recombinant Cab45 with 
confocal microscopy. In the absence of Ca2+, we did not ob-
serve Cab45 oligomers. The addition of 1 mM Ca2+ promoted  

the formation of fluorescent Cab45 oligomers (Fig. 1 D), and 
excess EGTA reversed this change (Fig. 1 D). Oligomerization 
was Ca2+ specific and was not affected by similar or higher con-
centration of Mg2+ (Fig. 1 E). Furthermore, in a double titration 
experiment, we observed that oligomerization depends more 
strongly on the Ca2+ concentration than on the Cab45 concen-
tration (Fig. 1 F). In addition, measurements of the circular di-
chroism (CD) revealed a change in the secondary structure of 
Cab45 upon addition of Ca2+ (Fig. 1 G), with the largest shift in 
secondary structure content occurring between 100 and 200 µM 
Ca2+ (Fig. 1 G, inset). Analysis of the CD spectrum using CON 
TIN (Wiech et al., 1996) showed that the change reflected a de-
crease in β-sheet (from 0.31 to 0.23) with a concomitant increase 
in α-helicity (from 0.18 to 0.27) but no significant alteration in 
random coil content. Given that the concentration of Ca2+ at the 
TGN is believed to be ∼130 µM (Missiaen et al., 2004; Pizzo et 
al., 2011), the oligomer we observe likely represents the form of 
Cab45 physiologically found in the TGN of cells.

Cab45 is known to coprecipitate with secretory proteins 
from HeLa cell lysates such as COMP or LyzC (von Blume et 

Figure 1. Cab45 self-assembles in the presence of 
Ca2+. (A) Purified Golgi membranes from HeLa cells 
were incubated with DMSO (control) or 25 µM BAP 
TA-AM for 15 min at 37°C. Subsequently, membranes 
were lysed in NativePAGE buffer containing 1% DDM, 
subjected to NativePAGE (3–12%, top) or denaturing 
SDS-PAGE and analyzed by WB with TGN46 (mid-
dle) or anti-Cab45 (bottom) antibodies. (B) Top: HeLa 
cells were fixed and stained with a Cab45 and an 
Alexa Fluor 488–labeled antibody and analyzed 
by laser scanning confocal microscopy (LSCM). Bot-
tom two panels: HeLa cells were incubated with a 
Ca2+-containing buffer supplemented with DMSO 
(control) or a Ca2+-free Hanks’ buffer containing 2 µM 
ionomycin and 5 mM EGTA (Palmer and Tsien, 2006) 
for 10 min. Then, cells were fixed and stained with the 
Cab45 antibody and a secondary, Cy5-labeled anti-
body. dSTO RM imaging was performed using wide-
field illumination and single fluorescent emitters were 
localized using a Gaussian least-squares fit. Bars, 10 
µm. (C) Recombinant Cab45 was incubated in calci-
um-free buffer, with 1 mM Ca2+ or with 1 mM Ca2+ 
and 2 mM EGTA. Samples were subjected to Native-
PAGE (top) or SDS-PAGE (bottom) and analyzed by 
WB with an anti-Cab45 antibody. (D) Recombinant 
ATTO-488–labeled Cab45 was incubated as in (C) 
and analyzed by confocal microscopy. (E) Recombi-
nant ATTO-488-labeled Cab45 was treated with 10 
or 100 mM Mg2+ and analyzed by confocal micros-
copy. Bars, 20 µm (F) Oligomerization of Cab45 was 
assessed by fluorescence microscopy as a function 
of Ca2+ and protein concentration. (G) Far-UV CD 
analysis of recombinant Cab45 in the presence and  
absence of Ca2+. (Inset) Ellipticity of Cab45 at 222 
nm plotted as a function of Ca2+ concentration.
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al., 2012). To determine whether the interaction is direct, we 
incubated recombinant His-tagged Cab45 attached to nickel 
nitrilotriacetic acid beads with recombinant LyzC, COMP or 
CathepsinD (a lysosomal hydrolase) in the presence of Ca2+ and 
performed pull-down experiments. SDS-PAGE analysis showed 
that both LyzC and COMP, but not CathepsinD, bound directly 
to Cab45 in the presence of Ca2+ (Fig. 2, A–C). Next, we wanted 
to explore whether cargo molecules are recruited specifically 
by Cab45 oligomers. To this end, we incubated recombinant 
ATTO488-labeled Cab45 with LyzC-Cy5, COMP–Alexa Fluor 
647, or CathepsinD-Cy5 in the presence of Ca2+ or Ca2+/EGTA, 
or under Ca2+-free conditions, and analyzed the samples by 
confocal microscopy. Both LyzC and COMP were found to co-
localize with Cab45 in the presence of Ca2+, which suggested 
cargo recruitment to the oligomeric form (Fig. 2, D, E, and G; 

and Fig. S1, B and C). Colocalization was also reversible upon 
addition of EGTA (Fig. 2, D and E). Neither of the secretory 
proteins showed any detectable oligomerization in the absence 
of Cab45 (Fig. S1, B and C). CathepsinD did not interact with 
Cab45 at all (Fig. 2, F and G). Recruitment of cargo to Cab45 
clusters appears to be stable, as there was no protein exchange 
within 10 min as assessed by FRAP (Fig. 2, H and I). Because 
Cab45 exists in at least two forms in the presence of Ca2+, we 
wanted to know which form binds cargo. Hence, we incubated 
Cab45-ATTO488 with fluorescently labeled LyzC or COMP 
and performed fluorescence cross-correlation spectroscopy 
in the absence and presence of Ca2+. We observed no cross- 
correlation between nonoligomerized Cab45 and either secre-
tory protein in the absence or presence of 1 mM Ca2+ (Fig. S1, 
D and E). Thus, only the oligomer seems capable of recruiting 

Figure 2. Cargo recruitment by Cab45 oligomers. 
(A–C) Pull-down experiments performed with His-
tagged Cab45 and the potential cargo molecules 
LyzC (A), COMP (B), and CathepsinD (C), analyzed 
by SDS-PAGE and Coomassie staining. (D–F) In vitro 
oligomerization assay. Cab45 and LyzC (D), COMP 
(E) or CathepsinD (F), labeled as indicated, were 
incubated in Ca2+-free buffer, with Ca2+ or Ca2+/
EGTA. Bars, 20 µm. (G) Pearson coefficient of colo-
calization between Cab45-ATTO488 and potential 
cargo molecules. Error bars represent SD from three 
independent experiments (n = 3). Two images were 
quantified per experiment. (H and I) FRAP analysis 
of LyzC-Cy5 (H) and COMP–Alexa Fluor 647 (I) re-
cruited to individual unlabeled Cab45 oligomers. The 
black line is the mean signal, whereas the light blue 
trace represents one SD on either side (n = 13 for 
LyzC and 15 for COMP). The insets show examples 
of a Cab45 oligomer before bleaching (prebleach), 
immediately after bleaching (bleach), and ∼10 min 
after bleaching (590 s). Bar, 2 µm.
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secretory proteins (Fig. 2, D and E; and Fig. S1, D and E). Col-
lectively, the data suggest that oligomeric Cab45 forms stable 
complexes with specific molecules, which can be released when 
reducing the Ca2+ concentration.

To further investigate the role of Cab45 during cargo 
sorting in living cells, we generated a Cab45 knockout 
HeLa cell line (Cab45− /− ) using CRI SPR/Cas9 technology 
(Cong et al., 2013; Fig. 3 A and Fig. S2 A). To test for the 
effects on protein secretion, we transfected these cells with 
Flag-LyzC for 24 h or detected endogenous COMP directly. 
After 4-h incubation in serum-free medium, samples were 
collected, processed and analyzed by WB with specific anti-
bodies and quantified (Fig. S2, B–E). Cab45− /−  cells showed 
a significant reduction in secretion of COMP and LyzC 
(Fig. S2, B–E), similar to that seen in Cab45 siRNA lines 
(von Blume et al., 2012).

Cab45 has three consecutive EF hand (EFh) domains. A 
structural model of Cab45 was generated to visualize the arrange-
ment of the three EFh domains in space (Fig. 3 B). Next, to inves-
tigate the role of its Ca2+ binding sites on Cab45-mediated sorting 
and secretion, we transduced Cab45− /−  cells with Cab45-HA 
wild-type (WT) or Cab45-HA 6EQ-mut in which all Ca2+ bind-
ing sites have been mutated (Fig. 3 B). Although both proteins 
localized to the TGN as well as to SPCA1, Cab45 6EQ-mut was 
also observed in vesicles around the TGN, suggesting export 
of the normally TGN-resident protein (Fig. 3 C). To check this, 
Cab45 WT and Cab45 6EQ-mut cells were treated with cyclo-
heximide and incubated at 20°C for 2 h to inhibit export from the 
TGN (von Blume et al., 2009). Cells were then shifted to 37°C to 
release the TGN-accumulated proteins, and cells and culture su-
pernatant were analyzed by WB. Cab45 WT was predominantly 
found in the cell pellet (83%, n = 3), whereas a large proportion 

Figure 3. Cab45 Ca2+ binding is required 
oligomerization in living cells. (A) Cab45− /− 
cells were generated using CRI SPR/Cas9 with 
2 gRNAs targeting the SDF4 (Cab45) locus 
as described in Materials and methods. Sin-
gle clones were picked and analyzed by WB 
with a Cab45 antibody. (B) Structural model 
of human Cab45. The three EFh pairs are 
highlighted in blue, and the glutamates (E) in 
contact with the ligand are shown in orange 
(EFh 1), red (EFh 2), and green (EFh 3). The 
Ca2+-binding–deficient mutant (Cab45-HA 
6EQ-mut), in which all six Glu residues have 
been replaced by Gln, was described previ-
ously (von Blume et al., 2012). (C) Cells of 
the Cab45− /− knockout line, and its stable 
transfectants Cab45− /− Cab45-HA WT or 
Cab45− /− Cab45-HA 6EQ-mut, were fixed 
and stained with Cab45 (green), SPCA1 (red), 
and TGN46 (blue) antibodies and analyzed 
by fluorescence microscopy. Bars, 5 µm. (D) 
Cab45− /− cells expressing either Cab45-HA 
WT or Cab45-HA 6EQ-mut were incubated 
at 20°C in the presence of cycloheximide 
to allow proteins to accumulate in the TGN. 
After 2  h, cells were shifted to 37°C for an 
additional 2 h, and cells and media were col-
lected and analyzed by Western blotting with 
the Cab45 antibody. (E) Golgi membranes ex-
tracted from Cab45− /−, Cab45− /− Cab45-HA 
WT, or Cab45− /− Cab45-HA 6EQ-mut lines 
were lysed in NativePAGE buffer containing 
1% DDM, subjected to NativePAGE (3–12%) 
or SDS-PAGE, and analyzed by WB with a 
Cab45 or anti-TGN46 antibody.
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of the Cab45 6EQ-mut was detected in the culture supernatant 
(94%, n = 3; Fig. 3 D). To test whether Ca2+-dependent oligom-
erization was responsible for Cab45 secretion, Golgi membranes 
purified from Cab45− /− , Cab45− /−  Cab45-HA WT, or Cab45− /−  
Cab45-HA 6EQ-mut cells were analyzed by NativePAGE and 
WB. Like the endogenous protein (Fig. 1 A), Cab45-HA WT was 
detectable in low and high molecular mass forms, but the latter 
was missing from cells expressing Cab45 6EQ-mut (Fig. 3 E).

Finally, we assessed the role of these mutations in TGN 
sorting (Fig.  4). The expression level of Cab45 in control, 
Cab45− /− , Cab45− /−  WT, or 6EQ-mut HeLa cells was analyzed 
by WB (Fig. 4 A). In addition, supernatants from these cell cul-
tures expressing Flag-LyzC were analyzed by WB (Fig. 4, B 
and D) and quantified (Fig. 4, C and E). Cab45 WT, but not 
the Cab45 6EQ-mut protein, rescued secretion of both LyzC 
and COMP (Fig. 4, B–E). These results thus demonstrate that 
Cab45 oligomerization in cells requires its Ca2+-binding sites 
and that Ca2+-dependent Cab45 oligomerization is necessary 
for sorting in living cells.

Given that Cab45 oligomerization is Ca2+ dependent, 
these oligomers might form in the vicinity of SPCA1. To in-
vestigate the distribution of Cab45, SPCA1, and cargo (LyzC) 
in intact cells, we used 3D structural illumination microscopy 
(SIM; Schermelleh et al., 2010; Cardoso et al., 2012). HeLa 
cells stably expressing HA-SPCA1 were fixed and stained with 
antibodies specific for Cab45 and HA (SPCA1: Fig. 5 A and 
Fig. S3, A–C; Flag LyzC: Fig. 5 B and Fig. S3, D–F; p230 [a 
TGN resident]: Fig. 5 C and Fig. S3, G–I; or TGN46: Fig. 5 D 
and Fig. S3, J–L, antibodies, respectively). The analysis re-
vealed that ∼60% and 30% Cab45 colocalized, in small clus-
ters with SPCA1 and LyzC, respectively (Fig. 5 E). In contrast, 
only 10% of p230 and 18% of TGN46 colocalized with Cab45 
(Fig. 5 E). These results suggest that oligomerized Cab45 may 
preferentially accumulate near SPCA1 to segregate cargo. The 
close proximity between these components may suggest the for-
mation of a functional sorting module regulated by Ca2+. The 
inhomogeneous distribution of Cab45 observed at the TGN may 
be related to two recently postulated TGN sub-compartments, 
trans-Golgi compartment1 (tGo1) and tGo2 (Aulestia et al., 
2015). In particular, Cab45 may be present only at the tGo1, the 
compartment in which SPCA1 is active (Aulestia et al., 2015).

In summary, our results suggest the following mechanism 
for Cab45-mediated sorting at the TGN. Upon SPCA1-mediated 
Ca2+ influx into the lumen, Cab45 binds Ca2+, triggering a con-
formational change and allowing oligomerization. Cab45 oligo-
mers then bind specific proteins, thereby sorting cargo from 
noncargo (Fig. 5 F). We propose to refer to this Cab45 sorting 
oligomer as a cernosome, from the Latin cernere, which means 
to choose, sift, separate, decide, or distinguish. The required 
dissociation of the Cab45 cargo complex (because Cab45 is not 
packed into transport carriers) may then occur either by reduc-
tion of free calcium levels or via a signal such as phosphor-
ylation by a Golgi kinase (e.g., Golgi casein kinase Fam20C; 
Tagliabracci et al., 2012). The cernosome represents an elegant 
means of segregating different cargoes by recognition of the 
Cab45 oligomer. This is therefore a unique way to export cargo 
independent of a bona fide cargo receptor.

Materials and methods

Antibodies, plasmids, and cell culture
The commercial antibodies used in this study, and their sources, are as 
follows: Anti-COMP (rabbit polyclonal, ab74524; Abcam), anti-FLAG 
(mouse monoclonal, F3165; Sigma-Aldrich), and anti-TGN46 (sheep 
polyclonal, AHP500G; AbD Serotec) were used for WB, together with 
the secondary antibodies sheep (sc-2770, sc-2303, rabbit sc-2301 and 
mouse sc-2314) obtained from Santa Cruz Biotechnology, Inc. Anti-HA 
(rat monoclonal, 11867423001; Roche), anti-FLAG (mouse monoclo-
nal; F3165; Sigma-Aldrich), anti-GM130 (mouse monoclonal, 610822; 
BD Biosciences), and anti-ATP2C1 (mouse monoclonal, HPA035116; 
Sigma-Aldrich) were used for immunofluorescence microscopy. The 
secondary antibodies Alexa Fluor 488 rabbit (A21206), Alexa Fluor 594 
mouse (A21203), and Alexa Fluor 488 rat (A21208) were purchased from 
Thermo Fisher Scientific. For STO RM measurements Cy5-conjugated  
AffiniPure (rabbit, 711–175-152; Jackson ImmunoResearch Laborato-
ries, Inc.) was used for Cab45 as a secondary antibody and Alexa Fluor 
488 sheep (A11015) for TGN46 (Thermo Fisher Scientific). The re-
combinant proteins COMP-FLAG (COMP-3659H; Creative BioMart), 
COMP (ab104358; Abcam), LysozymeC (Sigma-Aldrich), and Lyso-
zymeC-Cy5 (LS1-S5-1; Nanocs) were used for in vitro analysis.

Figure 4. Cab45 Ca2+ binding is required for sorting in living cells. (A) Cell 
lysates of Cab45− /−, Cab45− /− Cab45-HA WT or Cab45− /− Cab45-HA 
6EQ-mut HeLa cells were analyzed by WB with a Cab45 antibody. (B 
and D) Cell culture supernatants of the same cells were incubated in se-
rum-free medium for 4 h at 37°C. Media and cell extracts were blotted 
and probed with antibodies against COMP (B) or Flag (LyzC; D). Western 
blots from three independent experiments were quantified by densitometry 
using the ImageJ software. Bar graphs represent the densitometry values of 
external COMP (C) and LyzC (E) normalized to internal protein contents, 
respectively. Error bars represent SD calculated of three independent ex-
periments of secreted COMP (C) or LyzC (E), respectively (n = 3). **, P < 
0.01 (compared datasets).
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Plasmids
The pLPCX-based plasmids used for production of full-length WT and 
mutant Cab45 were generated by RT-PCR from HeLa cells total RNA. 
The cDNA was then amplified using the primers HA-Cab45-F 5′-CGT 
GGA TCC ATG GTC TGG CCC TGG GTG-3′ and HA-Cab45-R 5′-GCA 
GAA TTC TTA AGC GTA GTC TGG GAC GTC GTA TGG GTA AAA CTC 
CTC GTG CAC GCT GCG-3′ and ligated into the pLPCX backbone 
using BglII and EcoRI restriction sites. The Cab45 mutant was gener-
ated by inserting point mutations in EFh 1 (E122Q), EFh 2 (E161Q), 
EFh 3 (E220Q), EFh 4 (E257Q), EFh 5 (E302Q), and EFh 6 (E338Q).

The cDNA of SPCA1-HA was amplified with 5′-CTG GTC GAC 
ATG AAG GTT GCA CGT TTT CAA AAA ATA CCT AATG-3′ and 5′- 
GCA GAA TTC TTA AGC GTA GTC TGG GAC GTC GTA TGG GTA TAC  
TTC AAG AAA AGA TGA TGA TGT CGA ACT AAC ATG-3′ and ligated 
into the pLPCX backbone using SalI and EcoRI restriction sites.

For the expression of a HIS-SUMO-tagged version of Cab45 
in SF9 cells, the cDNA was amplified from the pLPCX-Cab45 (WT) 
plasmid with the primers 5′-CAG CGT CTC AAG GTC GGC CTG CCA 
ACC ACT CGTC-3′ (forward) and 5′-CAG TCT AGA TTA AAA CTC 
CTC GTG CAC GCT GCG-3′ (reverse) and inserted into a pI-Insect 
Secretory SUMOstar Vector (3106; Life Sensors). The guide RNA 
oligos and their complementary sequences used for CRI SPR/Cas9 tar-
geting of Cab45 were phosphorylated and annealed by a temperature  

gradient. Afterward, oligos were inserted into the PX459 mamma-
lian expression vector (48139; Addgene) with BbsI restriction sites 
(Ran et al., 2013). Flag-LyzC in a pcDNA3.1 backbone was a gift 
from V. Malhotra (Centre for Genomic Regulation, Barcelona, Spain; 
von Blume et al., 2012).

Cell culture and stable transfection
WT HeLa cells and HeLa cells stably expressing Cab45-HA WT 
and Cab45-HA-6EQ-mut or SPCA1-HA, and Cab45 CRI SPR KO 
cells (see CRI SPR/Cas9 knockout cell lines section for details) were 
grown in DMEM (PAA) medium containing 10% FCS at 37°C with 
5% CO2. To generate cell lines stably expressing Cab45-HA WT or 
Cab45-HA-6EQ-mut, VSV-G pseudotyped retroviral vectors were 
produced by transient transfection of HEK293T cells. Viral particles 
were concentrated from cell culture supernatant and used for infection 
(Pfeifer et al., 2000).

Transient transfections
For secretion experiments, 107 HeLa cells were transfected with 20 µg 
Flag-LyzC using a TransIT-HeLaMON STER transfection kit (Mirus) 
and incubated for 24  h before the secretion experiment. For Cab45 
knockout, 7 × 105 HeLa cells were transfected with 4 µg of the PX459 
vector encoding the sgRNA and Cas9 with the aid of the same reagent.

Figure 5. SPCA1, Cab45 and cargo cluster in the 
TGN. To obtain higher resolution, 3D SIM was ap-
plied. HeLa cells expressing HA-SPCA1 were fixed 
and stained with anti-HA and anti-Cab45 antibodies 
and phalloidin and analyzed by 3D SIM. (A) Repre-
sentative cross section showing the locally overlap-
ping distributions of SPCA1 and Cab45 in the TGN. 
Bar, 5 µm. (B) HeLa cells expressing Flag-LyzC were 
fixed and stained with Flag (LyzC) and Cab45 an-
tibodies. Bar, 5 µm. (C) HeLa cells were fixed and 
stained with p230 and Cab45 antibodies. Bar, 5 µm. 
(D) HeLa cells were fixed and stained with TGN46 
and Cab45 antibodies. (E) Probability (i.e., normal-
ized frequency) of Cab45 colocalization with SPCA1, 
LyzC, p230, and TGN46. Depiction of the image 
quantification is shown in Fig. S3 (C, F, I, and L).  
(F) Schematic depiction of the putative Cab45-based 
sorting mechanism. Cab45 undergoes a conforma-
tional change upon the SPCA1-mediated local in-
crease in Ca2+ concentration in the TGN lumen. As a 
consequence, Cab45 binds cargo proteins and sepa-
rates them from other soluble proteins in the TGN by 
sequestering them in putative subdomains. This sorting 
mechanism might enable cells to pack soluble cargos 
into vesicles and recycle Cab45 for a new cycle of 
sorting by extrusion of internal Ca2+.
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CRI SPR/Cas9 knockout cell lines
The guide sequence of 20 nt targeting human Cab45 (also known as 
SDF4) was designed using the CRI SPR design tool at www .genome 
-engineering .org /crispr (Hsu et al., 2013) and cloned into a mammalian 
expression vector (pX459) bearing the Cas9 coding sequence, the 
sequences encoding the RNA components and a puromycin selection 
cassette (plasmid 48139; Addgene; Ran et al., 2013). The guide 
sequences used to target exon 2 of human Cab45 were 5′-TTC TGA 
TGG ACG CGT CTG CA-3′ (guide 1) and 5′-TTG ATG AGG ACG CGG 
AGC CG-3′ (guide 2). A total of 4 µg of the pX459 vector containing 
the sequence of the sgRNA was transfected into HeLa cells. 24 h after 
transfection, cells were selected for 48 h in 2 µg/ml puromycin. Then, 
100 cells were seeded in 15-cm culture dishes and cultured until single-
cell colonies were large enough to be manually scraped off the dish and 
transferred to 96-well plates. Single clones were then expanded and 
screened for Cab45 by WB.

Generation of an anti-Cab45 antibody
For antibody generation, full-length recombinant Cab45 protein 
(tagged with His-Sumo; see Purification of recombinant proteins sec-
tion for details) was prepared with TiterMax Gold Adjuvant liquid (Sig-
ma-Aldrich) according to the manufacturer’s protocol. Rabbits were 
injected and boosted three times before serum collection. Sera were 
incubated (while stirring) at room temperature for 1 h and then at 4°C 
overnight. After centrifugation for 30 min at 5,000 g, supernatants were 
collected and stored at − 20°C.

Purification of recombinant proteins
His-Sumo-tagged Cab45 was expressed from the pI-secSUMOstar plas-
mid in SF9 cells and purified from cell supernatants by nickel-based af-
finity chromatography using an NaP, pH 8.0, buffer containing 500 mM 
NaCl and cOmplete His-tag Purification Resin (Roche). After elution 
with 250 mM imidazole, proteins were dialyzed against 20 mM Pipes, 
pH 6.8, containing 500 mM NaCl and 10% glycerol vol/vol for storage.

Protein labeling
Recombinant Cab45 and the putative cargoes COMP and CathepsinD 
were labeled with NHS-ATTO488 (Sigma-Aldrich) or maleimide 
Alexa Fluor 647 (Thermo Fisher Scientific) according to the manu-
facturers’ instructions.

CD spectroscopy
CD measurements were performed in a 1-mm (path length) cu-
vette at 10°C on a JAS CO J-715 spectrometer. Protein samples (0.2 
mg/ml) were dissolved in 1.3 mM Pipes, pH 6.8, 33 mM NaCl, and 
0.7% glycerol, and the indicated amounts of Ca2+ were added before 
spectra were recorded. A mean of 10 (±Ca2+ analysis) or 4 (titration 
assay) independent spectra (from 195 to 250 nm with 0.1 nm spac-
ing) were recorded. CON TIN analysis was done using CDPro. CON 
TIN decomposes the CD signal into six secondary structure elements: 
regular α-helical, distorted α-helical, regular β sheet, distorted β sheet, 
turn, and unordered. Reported values in the main text for the α-helical 
and β sheet content were the sum of regular and distorted fractions for 
each secondary element.

Purification of Golgi membranes
HeLa or HeLa S3 cells stably expressing Cab45-HA WT or Cab45-HA-
6EQ-mut were harvested and pelleted. Pellets were then washed once 
in breaking buffer (BB; 10 mM Tris, pH 7.4, and 250 mM sucrose), 
diluted 1:5 in BB supplemented with complete Tablets Mini EDTA-free 
(Roche), and homogenized with a European Molecular Biology 
Laboratory cell cracker. After addition of 1  mM EDTA, the sucrose  

concentration of the homogenate was adjusted to 37% (wt/vol) and 
overlaid with 35% and 29% sucrose in 10  mM Tris, pH 7.4.  Cellu-
lar components were separated by ultracentrifugation for 3  h at 
133,000 g. The Golgi membrane fraction was isolated, adjusted to BB 
conditions, and snap-frozen in liquid nitrogen for storage at − 80°C.

Analysis of the size distribution of native Cab45
Golgi membranes extracted from HeLa cells were diluted in BB and 
pelleted by centrifugation at 100,000  g for 1  h.  The pellet was re-
suspended in 50  µl BB and incubated with DMSO or BAP TA-AM 
(25 µM) for 15 min at 37°C. Membranes were subsequently lysed in  
NativePAGE sample buffer (Thermo Fisher Scientific) supplemented 
with 1% DDM for 15 min and centrifuged at 20,000 g for 30 min at 
4°C. The same protocol was followed for membranes extracted from the 
cell lines Cab45− /− , Cab45− /−  Cab45-HA WT, and Cab45− /−  Cab45-HA 
6EQ-mut. Supernatants were aliquoted into microcentrifuge tubes and 
stored at − 80°C. Recombinant His-Sumo–tagged Cab45 was either left 
untreated or incubated with 1 mM Ca2+ or 1 mM Ca2+/1 mM EGTA for 
15 min on ice before electrophoresis.

NativePAGE
Golgi membranes or recombinant Cab45 were supplemented with 5% 
G-250 sample additive (Thermo Fisher Scientific) and loaded on a 
NativePAGE Novex Bis-Tris Gel (3–12%; Thermo Fisher Scientific). 
After transfer of the proteins onto a polyvinylidene fluoride membrane 
for 90 min, the membrane was immersed in 6% acetic acid for 15 min, 
then air-dried and washed with 100% methanol. Finally, membranes 
were blocked with 4% BSA in TBS for 30 min and incubated with the 
primary antibody overnight at 4°C.

Immunofluorescence microscopy
For immunostaining, HeLa cells were cultured on glass slides, fixed 
for 10 min with 4% paraformaldehyde, washed with PBS, and subse-
quently permeabilized for 5 min in 0.2% Triton X-100 and 0.5% SDS 
in 4% BSA solution. After washing again in PBS and blocking of slides 
for 1 h in 4% BSA, cells were incubated with the primary antibody 
followed with the secondary antibody, each for 1 h at room tempera-
ture. Slides were then mounted with Prolong gold antifade reagent 
(Thermo Fisher Scientific) and viewed at 22°C on a ZEI SS confocal 
laser-scanning LSM 780 microscope equipped with a 40× (NA 1.4 oil) 
Plan-Apochromat or 100× (NA 1.46 oil) objective. For detection of 
Alexa Fluor, the 488-nm laser line was used. Pictures were acquired 
using Leica software (ZEN 2010) and processed, merged, and gamma 
adjusted in ImageJ (version 1.37).

Generation of a structural model of Cab45
The Cab45 structure was predicted using the Phyre2 server (Kelley 
and Sternberg, 2009) using the intensive mode. Six templates were 
chosen by the server to model human Cab45: 3q5i(A), 2f33(A), 
3ek7(A), 4p5w(A), 3lij(A), and 4p60(B). The model was displayed 
using MacPyMOL (PyMOL Molecular Graphics System, version 
1.7.4; Schrödinger, LLC). EFh (as defined in CDD entry cd00051) 
were assigned and predicted using SMA RT (Letunic et al., 2015) and 
CD search (Marchler-Bauer et al., 2015), and the more divergent EFh 
2 was confirmed using HHPred (Söding, 2005). All EFhs were high-
lighted in the structure.

LyzC and COMP sorting assays
HeLa control cells and Cab45 knockout cells or cells stably expressing 
pLCPX-Cab45-HA WT or pLPCX-Cab45-HA 6EQ-mut, respectively, 
were transfected with Flag-LyzC. Cells were washed five times with se-
rum-free medium and then grown in serum-free medium for 4 h. Cells 
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were then counted and lysed in PBS supplemented with 1% CHA PS. 
Media from each cell line were collected, clarified by passage through 
a 0.45-µm filter (EMD Millipore) and centrifuged at 5,000 g for 15 min. 
Samples were then concentrated using a 3 kD molecular mass cutoff 
spin column (EMD Millipore). Cell lysates and concentrated media 
were subsequently analyzed by WB using an anti-COMP or anti-Flag 
antibody (to detect LyzC).

Fluorescence fluctuation spectroscopy and fluorescence correlation 
spectroscopy
Fluorescence fluctuation spectroscopy and fluorescence correlation 
spectroscopy with pulsed interleaved excitation (Müller et al., 
2005) were performed on a home-built confocal multiparameter 
fluorescence detection setup (Müller et al., 2005), which uses spectral 
and polarization separation in addition to fluorescence-lifetime 
information. The system is built around a Nikon TE2000 microscope. 
As picosecond excitation sources, we used an amplified frequency-
doubled diode laser (PicoTA; PicoQuant) at 480 nm and a diode laser 
at 636 nm (LDH-P-C-635b; PicoQuant) for fluorophore excitation. 
Each laser is coupled into a single-mode fiber (AMS Technologies), 
collimated (Schäfter & Kirchhoff) and focused on the sample by a 60× 
1.27 NA water-immersion objective (Plan Apo VC 60× WI; Nikon). 
A mean excitation power of 10 µW was used, measured at the rear 
aperture of the objective. A dichroic mirror (DualLine z532/635; 
AHF Analysentechnik) separates excitation and emission beam 
paths. The collected fluorescence is focused on an 80-µm pinhole 
(Thorlabs) via the microscope tube lens, and is passed through an 
emission filter (BrightLine HC 582/75; AHF Analysetechnik). 
Fluorescence is collected by one or more single-photon–counting 
avalanche photodiodes (SPQR-16; PerkinElmer) and registered by 
independent time-correlated single photon counting data collection 
cards (SPC-154; Becker & Hickl). The lasers and data collection 
cards are synchronized by the laser controller (Sepia; PicoQuant). 
For the fluorescence correlation spectroscopy measurements, labeled 
Cab45 was diluted to a concentration of ∼10 nM in 20 mM Pipes, 
pH 6.8, and 500  mM NaCl. The solutions were preincubated for  
5 min before measurements were started to allow for equilibration of 
the sample. To calculate diffusion coefficients for Cab45 and Cab45 
cargo complexes, the focus size was fixed by assuming a diffusion 
coefficient of 400 µm2/s for carboxylic acid-free ATTO488 (taken 
from http ://www .picoquant .com /appnotes .htm). Cab45 and Cab45 
cargo complexes were measured at least three times for 150  s.  All 
experiments were performed at 22°C.

FRAP and colocalization
FRAP experiments were conducted on a spinning-disk confocal micro-
scope system (Revolution system; Andor Technology) consisting of a 
base (TE2000E; Nikon) and a spinning-disk unit (CSU10; Yokogawa 
Electric Corporation) with a 100× oil immersion objective (NA 1.49; 
Nikon) at 20°C. The detection path was equipped with an Optosplit II 
(Cairn Research Ltd.) for dual-color detection, a filter set for EGFP 
and Cy5 (BS562, HC525/50, and ET605/70; AHF Analysentechnik 
AG), and a DU-897 Ixon EMC CD camera (Andor Technology). In ad-
dition, a triple-band dichroic beam splitter was used to separate laser 
excitation from fluorescence emission (Di01-T405/488/568/647; Sem-
rock). The excitation was controlled with a tunable acousto-optic filter 
(Gooch & Housego). FRAP experiment were done by first acquiring 
five frames, then applying a bleaching pulse for 5 s and finally acquir-
ing 300 frames. The chosen time interval between consecutive frames 
was between 2 s. ZEN 2010 software (ZEI SS) was used for image ac-
quisition, whereas image analysis was done with ImageM.

3D SIM
Superresolution imaging with 3D SIM was performed with a 
DeltaVision OMX v3 (GE Healthcare) equipped with a 100×/1.40 NA 
PlanApo oil immersion objective (Olympus), Cascade II :512 EMC 
CD cameras (Photometrics), and 405-, 488-, and 593-nm diode lasers. 
Samples were mounted with VEC TAS HIE LD Mounting Medium 
(Vector Laboratories) and illuminated with coherent scrambled laser 
light directed through a movable optical grating. Image stacks with 
15 images per plane (five phases, three angles) and a z-distance of 
125 nm were acquired at ∼23°C and subjected to a computational 
reconstruction (softWoRX; Applied Precision).

3D SIM image analysis
3D SIM raw data were first reconstructed with the software softWoRx 
6.0 Beta 19 (unreleased) and corrected for color shifts. A custom-made 
macro in Fiji (Schindelin et al., 2012) was used to establish compos-
ite TIFF stacks that are subsequently loaded as RGB into the voloc-
ity calculation software (Volocity 6.1.2; PerkinElmer). Structures 
were obtained, segmented, and measured in all channels by using the 
threshold commands “threshold using intensity” and “exclude objects 
by size.” Reconstruction artifacts and background were also removed. 
Colocalizing structures were recognized by the “intersect and com-
partmentalize” command and quantified according to volume and 
number. Several small volumes belonging to one compartment were 
combined. Cab45 was set as 100%. Overlapping volumes were used to 
calculate the degree of overlap in percentage. Finally, a histogram was 
calculated using 10% bins.

dSTO RM microscopy
To visualize Cab45 in the TGN with dSTO RM, HeLa cells were in-
cubated with Ca2+/Mg2+-containing HBSS (Invitrogen) supplemented 
with 2 g/l glucose, 490 µM MgCl2, and 450 µM MgSO4; 300 mOsmol/l, 
pH 7.4, and DMSO or the same buffer without Ca2+ containing 2 µM 
ionomycin and 5 mM EGTA (Palmer and Tsien, 2006) and incubated 
for 10 min. Then, cells were fixed as described in the Immunofluo-
rescence microscopy section and stained with an anti-Cab45 primary 
and a Cy5-labeled secondary antibody. Before performing dSTO RM 
imaging, a glucose oxidase-based oxygen scavenging buffer was added 
according to a slightly modified version of the protocol described in 
(Dempsey et al., 2011). Imaging buffer contained 100  mM mercap-
toethylamine (Fluka) as a reducing agent, 2.5% (wt/vol) glucose  
(Sigma-Aldrich), 0.5 mg/ml glucose oxidase (Sigma-Aldrich), and 
3  µl/ml catalase suspension (concentration ∼20–50 mg/ml; Sigma- 
Aldrich). dSTO RM imaging (Heilemann et al., 2008) was performed 
at room temperature (22°C) on a combined wide-field/total internal re-
flection fluorescence microscope described previously (Prescher et al., 
2015) using a home-built microscope stage in combination with a SR 
Apo total internal reflection fluorescence 100× oil objective (Nikon) 
with a numerical aperture of 1.49. Images were detected by an EMC CD 
camera (DU860D-CS0-BV; Andor Technology) using Solis software 
(version 4.19.3; Andor Technology).

For each dSTO RM image, a movie stack comprising 10,000 
frames at a frame rate of 20 Hz was acquired using wide-field illumi-
nation. Cy5 fluorophores were excited at a wavelength of λexc = 642 nm  
and a laser power of 50 mW, which was measured at the output of 
the objective. In some cases, additional activation was required, which 
was realized by changing the imaging mode to activation cycles, where 
each cycle consisted of one activation frame (λexc = 488 nm), followed 
by nine imaging frames (λexc = 642 nm). Laser power for imaging was 
kept at 50 mW, whereas the power of the activating laser was gradually 
increased from 0 to ∼2 mW over the course of data acquisition.
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dSTO RM image analysis
Rendering and analysis of the acquired dSTO RM images was per-
formed using a home-written software created with MAT LAB 
R2014b (The MathWorks) as described elsewhere (Prescher et al., 
2015). In brief, a 2D Gaussian function was fitted to the detected 
point-spread functions using Levenberg-Marquard’s nonlinear 
least squares algorithm. Sample drift was corrected by pixel-wise 
cross-correlation of each frame of the image stack with the first frame 
of this stack. As demonstrated previously (Bates et al., 2007), image 
drift can then be obtained by tracking of the centroid position of the 
correlation function. A polynomial fit was applied to the obtained 
drift function to reduce fluctuations caused by fluorophore blinking. 
For rendering of the final high-resolution image, each localized mol-
ecule was displayed by a 2D Gaussian function with a fixed ampli-
tude of 1,000 counts and a standard deviation corresponding to the 
respective image resolution, which was derived from the localization 
accuracy and was on average 39 ± 8 nm. Events that appeared in two 
or more consecutive frames within a distance <1 px (120 nm) were 
considered as originating from the same fluorescent molecule. Local-
ized molecules with <300 detected photons were discarded. Further, 
all molecules with an ellipticity E = |(σx −  σy)/(σx + σy)| >15% were 
discarded for the control cells as well as all events with E > 50% for 
the ionomycin-treated cells.

Statistical analysis
Statistical significance was analyzed in an unpaired Student’s t test 
using GraphPad Prism software. Compared datasets were statistically 
significant when p-values were <0.01 (**).

Online supplemental material
Fig. S1 shows by STR OM microscopy that the TGN remains intact in 
ionomycin treated cells. In addition, cargo clustering by Cab45 and 
Ca2+ and fluorescence cross-correlation spectroscopy experiments 
show that only the Ca2+ bound form of Cab45 binds cargo. In Fig. S2, 
we show control experiments for the Cab45 CRS IPR/Cas9 cell lines 
(immunofluorescence and secretion assays). Fig. S3 visualizes different 
quantification images from 3D SIM images depicted in Fig. 5. Online 
supplemental material is available at http ://www .jcb .org /cgi /content  
/full /jcb .201601089 /DC1.
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Figure S1. Cargo recruitment by Cab45 oligomers. (A) HeLa cells were fixed and incubated with media containing DMSO (control) or Ca2+-free Hanks 
buffer containing 2 µM ionomycin and 5 mM EGTA for 10 min. Subsequently, cells were fixed and stained with a Cab45 and TGN46 antibodies and 
Cy5- (Cab45) or Alexa Fluor 488–labeled (TGN46) secondary antibodies. Wide-field illumination imaging was performed (red/green merge, first image, 
third image) and dSTO RM single fluorescent emitters were localized using a Gaussian least-squares fit. Bars, 10 µm. For the in vitro clustering assay, Cy5- 
labeled LyzC (B) or Alexa Fluor 647–labeled COMP (C) was left untreated (left), incubated with Ca2+ (middle), or incubated with unlabeled Cab45 (right). 
Cluster formation was assessed by fluorescence microscopy. Bars, 20 µm. (D) Fluorescence cross-correlation spectroscopy of ATTO488-labeled Cab45 
and LyzC-Cy5 in the absence (top) or presence of 1 mM Ca2+ (bottom). (E) Fluorescence cross-correlation spectroscopy of ATTO488-labeled Cab45 and 
Alexa Fluor 647–labeled COMP in the absence (top) or presence of 1 mM Ca2+ (bottom). In the presence of 1 mM Ca2+, clusters of Cab45 form that can 
be observed as “spikes” or large fluorescence fluctuations in the raw data of both channels (E, right panel, bottom). To calculate the cross-correlation curve 
shown these spikes (marked with an arrow) were excluded for analysis.
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Figure S2. Cab45 Ca2+ binding is required for cargo sorting in living cells. (A) Control. Cab45−/− (gRNA1) or Cab45−/− (gRNA2) HeLa cells were stained 
with a Cab45 and GM130 antibodies and analyzed by fluorescence microcopy. Bars, 5 µM. (B–E) Control, Cab45−/− (gRNA1), or Cab45−/− (gRNA2) 
HeLa cells were transfected with LyzC and incubated in serum-free medium for 4 h. Cells and media were collected and analyzed by SDS-PAGE and WB 
with anti-COMP (B) or anti-Flag (LyzC) antibodies (D), respectively. Three Western blots from independent experiments shown in B or D were quantified. 
Bars graphs represent the densitometry values of external COMP (C) or LyzC (E) normalized to internal COMP or LyzC values, respectively. Error bars show 
mean of three independent experiments ± SD (n = 3). **, P < 0.01 (compared datasets).
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Figure S3. SPCA1, Cab45, and cargo cluster in the TGN. 3D SIM images shown in Fig. 5 depicted as maximum intensity projection (A, D, G, and J; bar, 
5 µm, top) or overlay and cross section of colocalized SPCA1/Cab45 (B) or LyzC/Cab45 (E), p230/Cab45 (H), or TGN46/Cab45 (K) structures (inset 
boxes are shown below at 2×  magnification; bar, 1 µm). Segmentation masks of colocalized SPCA/Cab45 (C), LyzC/Cab45 (F), p230/Cab45 (I), or 
TGN46/Cab45 (L) used for measurements shown in the graph in Fig. 4 D.
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SUMMARY

How the principal functions of the Golgi apparatus—
protein processing, lipid synthesis, and sorting
of macromolecules—are integrated to constitute
cargo-specific trafficking pathways originating from
the trans-Golgi network (TGN) is unknown. Here,
we show that the activity of the Golgi localized
SPCA1 calcium pump couples sorting and export
of secreted proteins to synthesis of new lipid in the
TGN membrane. A secreted Ca2+-binding protein,
Cab45, constitutes the core component of a Ca2+-
dependent, oligomerization-driven sorting mecha-
nism whereby secreted proteins bound to Cab45
are packaged into a TGN-derived vesicular carrier
whose membrane is enriched in sphingomyelin, a
lipid implicated in TGN-to-cell surface transport.
SPCA1 activity is controlled by the sphingomyelin
content of the TGNmembrane, such that local sphin-
gomyelin synthesis promotes Ca2+ flux into the
lumen of the TGN, which drives secretory protein
sorting and export, thereby establishing a protein-
and lipid-specific secretion pathway.

INTRODUCTION

After protein and lipid secretory cargo traverses the Golgi
cisternae, it is sorted into distinct vesicular transport carriers
that bud from the trans-Golgi network (TGN) and mediate inter-
organelle transport and secretion. Elucidating the mechanisms
by which proteins and lipids are selected to be incorporated
into Golgi-derived carriers is fundamental for understanding
organelle biogenesis pathways. At present, these sorting mech-
anisms are poorly understood (Anitei and Hoflack, 2011; De
Matteis and Luini, 2008; Kienzle and von Blume, 2014).

Many integral membrane proteins, such as recycling sorting
receptors, present sorting signals to the cytoplasm that are
recognized by cytosolic coat proteins that concentrate cargo
and elicit budding of a transport carrier (Ang and Fölsch,

2012; Bonifacino, 2014; Fölsch et al., 2003). However, most
Golgi-derived transport vesicles, such as those that mediate
secretion, lack cytoplasmic coats, and the mechanisms that
coordinate cargo selection, carrier budding, and fission are
poorly understood (Kienzle and von Blume, 2014; Pakdel and
von Blume, 2018). An especially vexing question regards how
soluble secreted proteins for which no integral membrane sort-
ing receptors have been identified are packaged into Golgi-
derived secretory carriers. Existing models posit that such pro-
teins are captured non-selectively as components of the
aqueous bulk (Pfeffer and Rothman, 1987), yet some proteins,
such as insulin and other peptide hormones, are concentrated
in an essentially pure form in secretory vesicles (Huttner and
Tooze, 1989; Molinete et al., 2000; Tooze et al., 1991; Tooze
and Huttner, 1990). A secreted Ca2+ binding protein, Cab45,
binds to soluble secreted proteins and is proposed to concen-
trate bound proteins from the bulk milieu prior to export from
the TGN (von Blume et al., 2011; Crevenna et al., 2016; Scherer
et al., 1996).
In addition to its role in protein sorting, the Golgi apparatus is

also considered a ‘‘lipid-based sorting station’’ (van Meer et al.,
2008). How the lipid content of Golgi-derived carriers is deter-
mined and if the membranes of different carriers contain the
same or different proportions of lipids are unknown. Synthesis
of complex sphingolipids, such as sphingomyelin (SM) and gan-
gliosides, occurs in the Golgi apparatus, from where they are
trafficked to other organelles, principally the plasma membrane
(PM), which contains a high proportion of cellular sphingolipid
(van Meer et al., 2008). Interfering with sphingolipid synthesis
in the Golgi apparatus impairs glycosylation of secretory cargo
and slows the rate of secretion from the cell (Duran et al.,
2012; Subathra et al., 2011; Tafesse et al., 2013; van Galen
et al., 2014; Wakana et al., 2015), suggesting that glycoprotein
processing, sphingolipid synthesis, and anterograde trafficking
are coupled (Campelo et al., 2017; Capasso et al., 2017). A po-
tential mechanism to couple sphingolipid synthesis and vesicle
formation is suggested by the finding that production of diacyl-
glycerol (DAG), a lipid that is produced during SM synthesis
and that promotes negative membrane curvature, is necessary
for fission of at least one class of transport vesicle from the
TGN membrane (Baron and Malhotra, 2002; Campelo and Mal-
hotra, 2012; Litvak et al., 2005; Sarri et al., 2011).
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Figure 1. Comparative Proteomics of Golgi-Derived Vesicles Identifies Cab45 as a Cargo of the Sphingomyelin Secretion Pathway
(A) Preparation of Golgi-derived vesicles. Cell lines expressing EQ-SM-APEX2 or EQ-sol-APEX2 were permeabilized and then incubated with rat liver cytosol,

ATP generating reaction components, at 32!C or on ice for 45 min, as indicated. Released vesicular material was collected by centrifugation, and the relative

proportions of EQ-SM-APEX2 or EQ-sol-APEX2, b1,4-galactosyltransferase (GalT; a resident of late Golgi compartments), calnexin (CNX; an ER resident), and

Cab45, in each fraction were determined by immunoblotting. Note that EQ-SM-APEX2, EQ-sol-APEX2, and Cab45 are detected in the budded vesicle fractions,

but GalT (a Golgi resident) and CNX (an ER resident) are not. An example experiment for EQ-SM-APEX2 and EQ-sol-APEX2 is shown. Proteomic analyses were

performed for two independent vesicle preparations. See also Table S1.

(B) Proportions of EQ-SM-APEX2 and EQ-sol-APEX2 in vesicle fractions. The fold increases in the amounts of EQ-SM-APEX2 and EQ-sol-APEX2 in the vesicle

fractions (mean ± SD; 3 independent experiments) are plotted.

(C) Purification of biotinylated proteins from vesicle fractions. Vesicle fractions from EQ-SM-APEX2- or EQ-sol-APEX2-expressing or control (no EQ probe) cells

were incubated with APEX-mediated biotinylation reagents unless otherwise noted. Detergent (1% TritonX-100 and 0.1% SDS) was added to solubilize

(legend continued on next page)
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The most abundant sphingolipid, SM, is synthesized in the
lumenal leaflets of Golgi membranes (Barenholz and Thompson,
1980) and then transported to the PM. To visualize SM trafficking
in cells, we engineered a natural SM-binding protein, equina-
toxin II, produced by the marine organism, Actinia equina, into
a non-toxic SM reporter protein, termed ‘‘EQ-SM’’ (Deng et al.,
2016). When addressed to the secretory pathway as a fusion
to a fluorescent protein, EQ-SM is observed to be exported
from the TGN in pleiomorphic carriers and to be released from
the cell via exocytosis, where it remains bound to SM in the
PM (Deng et al., 2016). The population of putative secretory car-
riers observed to bud from the TGN containing EQ-SM is also
enriched with a secreted glycosylphosphatidylinositol (GPI)-
anchored fluorescent reporter protein, to a similar extent as
EQ-SM containing exocytic carriers observed to fuse with the
PM (Deng et al., 2016). These observations suggest that SM
and GPI-anchored proteins are sorted in the Golgi into a distinct
arm of the secretory pathway that we refer to as the ‘‘sphingo-
myelin secretion (SMS) pathway’’ to suggest its role in trafficking
SM from the TGN to the PM. To date, no native proteins have
been identified that rely on the SMS pathway for secretion.

Here, we identify native protein cargo of the SMS pathway us-
ing unbiased proteomics analyses of Golgi-derived vesicles that
contain EQ-SM. One identified protein, Cab45, was previously
implicated in calcium-dependent sorting of a subset of secreted
proteins, hereafter referred to as Cab45 ‘‘clients’’ (von Blume
et al., 2012; Crevenna et al., 2016). We show that Cab45 and
its clients are secreted via the SMS pathway and that sorting
into the SMS pathway requires active SPCA1, a TGN-localized
calcium pump. Cab45- and Ca2+-dependent sorting of soluble
secretory cargo in the TGN fails when SM synthesis in the TGN
is disrupted due to deficient Ca2+ pumping activity by SPCA1,
which resides in sphingolipid-rich membrane. Our findings
reveal an unanticipated functional coupling between SM synthe-
sis in the TGNmembrane and Ca2+-dependent sorting of soluble
secretory cargo within the lumen of the TGN.

RESULTS

Identification of Native Protein Cargos of the SMS
Pathway
We have previously shown that EQ-SM is exported from
the Golgi in a distinct secretory transport carrier (Deng et al.,
2016). A comparative proximity biotinylation proteomics
approach was implemented to identify candidate native proteins
that are secreted with EQ-SM via the SMS pathway. The general

strategy entailed collecting vesicle-enriched fractions produced
by permeabilized HeLa cells that express EQ-SM, or a control
protein that does not bind SM, termed ‘‘EQ-sol,’’ as fusions
to engineered ascorbate peroxidase 2 (APEX2) (Hung et al.,
2016), followed by APEX2-mediated biotinylation and compara-
tive proteomic analyses of proteins purified on streptavidin
matrix. HeLa cell lines stably expressing EQ-SM-APEX2 or
EQ-sol-APEX2 were constructed and confirmed to elicit bio-
tinylation of Golgi-localized proteins by in situ fluorescein iso-
thiocyanate (FITC)-streptavidin detection (data not shown), con-
firming that they localize similarly to previously characterized
GFP-tagged forms of EQ-SM and EQ-sol (Deng et al., 2016).
As a source of Golgi-derived vesicles, we applied a previously
published protocol to generate a crude vesicle fraction from
permeabilized cells (Wakana et al., 2012). The PMs of cells
expressing EQ-SM-APEX2 or control EQ-sol-APEX2 were per-
meabilized, the cytosol was washed out, and conditions were
established to generate Golgi-derived vesicles containing EQ-
SM-APEX2 or EQ-sol-APEX2, but not galactose transferase T1
(GalT), a resident of the trans-Golgi, or calnexin, a resident of
the endoplasmic reticulum (ER) (Figures 1A and 1B). The appear-
ance of EQ-SM-APEX2 or EQ-sol-APEX2 in vesicle fractions was
promoted approximately 3-fold by incubation of permeabilized
cells at a physiological temperature (32!C) with exogenous
cytosol and an ATP regeneration system.
To identify native proteins that are specifically co-packaged

with EQ-SM-APEX2 or EQ-sol-APEX2 into budded vesicles,
vesicle fractions from permeabilized cells were incubated with
APEX biotinylation reagents to elicit labeling of vicinal proteins.
Lysis buffer containing detergent was then used to solubilize
vesicle content, biotin-labeled proteins were purified on a solid
streptavidin matrix (Figure 1C), and mass spectrometry was
applied to identify proteins in each vesicle fraction. We defined
candidate cargo proteins of the SMS pathway as those proteins
containing a signal sequence, a transmembrane domain, or a
GPI anchor, that were identified in EQ-SM-APEX2 vesicle frac-
tions, but not in EQ-sol-APEX2 vesicle fractions, in each of two
independent vesicle preparations.
One protein that met these criteria is Cab45 (Table S1), a sol-

uble Ca2+-binding protein that has been previously character-
ized as a Golgi-localized protein that facilitates sorting and
secretion of certain proteins, including lysozyme C (LyzC) and
cartilage oligomeric matrix protein (COMP) (von Blume et al.,
2012; Crevenna et al., 2016). The presence of Cab45 in
the EQ-SM-APEX2 budded vesicle fraction was also validated
by immunoblotting of permeabilized cell vesicle fractions

vesicle-associated proteins, and biotinylated proteins were purified using immobilized streptavidin. An aliquot of each purified fraction was separated by SDS-

PAGE, and proteins were visualized by silver stain. Biotinylated proteins in each fraction were identified by blotting with fluorescent streptavidin. The migration of

protein molecular mass standards is indicated to the right of each gel.

(D) Examplemicrographs of cells expressing eGFP-Cab45 andEQ-SM-mKate2. Eachmicrograph shows theGolgi and surrounding cytoplasmof cells expressing

the indicated fluorescent proteins. Cab45-6EQ is an engineered variant of Cab45 that does not bind Ca2+. To quantify the proportion of Golgi-derived vesicles

containing both proteins, time-lapse movies were acquired and examined to identify vesicular and tubular profiles that underwent budding and fission from the

Golgi apparatus. The arrowheads indicate a budding vesicle. Data were collected from 3 independent experiments. Merge bars, 10 mm. Zoom bars, 2 mm.

(E) LyzC is exported from the Golgi in vesicles marked by EQ-SM, but not EQ-sol. Images of the Golgi region of cells expressing mCherry-tagged LyzC and

EQ-SM-oxGFP or EQ-sol-oxGFP are shown. Arrowheads point to post-Golgi cytoplasmic vesicles. Merge bars, 10 mm. Zoom bars, 2 mm.

(F) Themean (± SD) proportion of 26 budding events from 4 cells expressing eGFP-Cab45 and EQ-SMaswell as 32 budding events from 9 cells expressing eGFP-

Cab45-6EQ and EQ-SM are plotted. Data were collected from 2 independent experiments. (G) The mean (± SD) proportion of detected post-Golgi LyzC vesicles

that were either EQ-SM (n = 185 vesicles from 6 cells) or EQ-sol (n = 146 vesicles from 5 cells) positive was quantified. Data were collected from 2 independent

experiments.
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(Figure 1A). These data suggest that Cab45 exits the Golgi in
vesicles enriched in SM.
Next, we investigated if Cab45 and EQ-SM exit the Golgi in the

same or distinct carriers using time-lapse imaging of fluores-
cently tagged Cab45 (eGFP-Cab45) and EQ-SM (EQ-SM-
mKate2) in live cells (Figure 1D). Tubular and vesicular structures
containing Cab45 were observed to bud and fission from the
TGN, and the proportion of these putative secretory carriers
that also contained EQ-SM was determined. This analysis
showed that nearly all Cab45 containing vesicles (23/26 budding
events) also contained EQ-SM (Figure 1F). Importantly, a Ca2+

binding-defective mutant form of Cab45 (‘‘Cab45-6EQ’’) and
EQ-SM are exported from the TGN via a different carrier(s)
(2/32 budding events), indicating a physiologic requirement for
Ca2+ binding for co-sorting of Cab45 and EQ-SM upon exit
from the Golgi.

Ca2+-Dependent Sorting of a Cab45 Client into the SMS
Pathway
Ca2+ binding by Cab45 drives its oligomerization, recognition of
secretory clients, and efficient client secretion (von Blume et al.,
2012; Crevenna et al., 2016). Therefore, we tested whether EQ-
SM is also enriched in cytoplasmic vesicles that contain a
Cab45-dependent cargo, LyzC, using live-cell fluorescence mi-
croscopy of cells expressing LyzC-mCherry and either EQ-SM
or EQ-sol expressed with a C-terminal fusion to oxGFP, a form
of GFP optimized for use within the secretory pathway (Costan-
tini et al., 2015) (Figure 1E). We observed that 83% ± 10% LyzC-
mCherry puncta are also labeled by EQ-SM-oxGFP, but EQ-sol,
which does not recognize SM,was detected in only 26%± 9%of
the Lyz-mCherry puncta (Figure 1G). These data indicate that a
Cab45 client, LyzC, is sorted into TGN-derived vesicles that
contain EQ-SM.
We next addressed Cab45 structural requirements for LyzC

sorting. Structural modeling of Cab45 (Blank and von Blume,
2017; Crevenna et al., 2016) suggests that pairs of contiguous
EF hand domains form three structurally independent modules
that we term EFh1 (consisting of EF hands 1 and 2), EFh2 (EF
hands 3 and 4), and EFh3 (EF hands 5 and 6) (Figure 2A). To
determine which EF hand modules are required for Cab45 oligo-
merization, we first visualized Ca2+-dependent oligomerization
by using confocal microscopy of ATTO488-labeled recombinant
Cab45 compared to Cab45-EFhmutants in which the Ca2+ bind-
ing sites of each functional EFh pair wasmutated (Figure 2B). The
addition of 1 mM Ca2+ promoted the formation of fluorescent
Cab45 oligomers of wild-type (WT) and EFh2-mut, but not
EFh1-mut, EFh3-mut, and EFh1+3-mut (Figures 2B and 2C). In
line with this observation, circular dichroism (CD) measurements
showed a change in the secondary structure upon addition of
Ca2+ of Cab45-WT and EFh2-mut, but not EFh1-mut, EFh3-
mut, and EFh1+3-mut (Figure S1A). Confocal microscopy of
HeLa cells expressing Cab45-EFh mutants showed that EFh1-
mut, EFh3-mut, and EFh1+3-mut co-localize with p230, a TGN
marker, and also to cytoplasmic vesicles, similar to Cab45-
6EQ, while EFh2-mut showed reduced cytoplasmic vesicular
localization (Figures S1B and S1C). These results indicate that
EFh1 and EFh3 are critical for Ca2+-induced change in second-
ary structure, oligomerization of Cab45, and correct localization
in the TGN.

To correlate these results to the sorting of a Cab45 client into
the SMSpathway, we first monitored transit of GFP-tagged LyzC
through the secretory pathway in cells expressing mutant forms
of Cab45. A gene replacement strategy was employed where
native Cab45 was depleted by Cab45 small interfering RNAs
(siRNAs) and then siRNA-resistant WT or mutant forms of
Cab45 were expressed. To monitor trafficking of a single cohort
of LyzC, the ‘‘retention using selective hooks’’ (RUSH) system
(Boncompain et al., 2012) was used to synchronously release
LyzC-eGFP from the ER by addition of biotin to the culture
medium. Accordingly, the streptavidin binding peptide (SBP)
sequence was appended to the C terminus of LyzC, followed
by enhanced GFP (LyzC-SBP-eGFP). Whereas in the absence
of added biotin, LyzC-SBP-eGFP is restricted to the ER (Fig-
ure 3A), 20 min after biotin addition to the culture medium, nearly
all LyzC-SBP-eGFP localized to the Golgi apparatus. At 40 and
60 min after biotin addition, vesicles containing LyzC-SBP-
eGFP are observed in the cytoplasm (mean number of vesi-
cles/cell: 26 ± 11 and 36 ± 15, respectively) (Figures 3A and
3B). In contrast, in cells depleted of Cab45, LyzC-SBP-eGFP is
largely retained within the Golgi apparatus, with just 6 ± 5 and
14 ± 10 vesicles per cell observed 40 and 60min after ER release,
respectively (Figures 3A, 3B, S2A, and S2B). Expression of
siRNA-resistant, hemagglutinin (HA) epitope-tagged Cab45-
WT restored export of LyzC-SBP-eGFP from the Golgi (27 ± 12
vesicles per cell and 33 ± 14 vesicles per cell, respectively), how-
ever, a Ca2+ binding defective mutant protein form of Cab45
(Cab45-6EQ-HA) did not (5 ± 5 vesicles per cell and 10 ± 8 ves-
icles per cell, respectively) (Figures 3A and 3B), even though both
proteins were expressed at similar levels (data not shown).
Importantly, Cathepsin D, which is not a Cab45 client (Crevenna
et al., 2016), does not co-localize within the same post-Golgi
vesicles and showed no export defect in Cab45-depleted cells,
indicating that it is exported from the Golgi by a distinct carrier
(Figures 3C and 3D). Next, we examined requirements for the
EFh Ca2+ binding modules of Cab45 in promoting export of
LyzC-SBP-eGFP from the Golgi apparatus. Expression of
siRNA-resistant Cab45-EFh2-mut rescued LyzC-SBP-eGFP to
WT levels (26 ± 14 and 37 ± 18 at 40 and 60 min post release,
respectively) (Figure 3E). Importantly, expression of Cab45-
EFh1+3-mut (11 ± 6 and 17 ± 11, respectively) failed to rescue
export of LyzC-SBP-eGFP from the Golgi (Figure 3E). These re-
sults demonstrate that Ca2+ binding by Cab45 EFh1 and EFh3 is
required for efficient export of LyzC from the Golgi apparatus.

EQ-SM, Cab45, and LyzC Are Exocytosed via the Same
Carrier
The results establish that EQ-SM, Cab45, and LyzC exit the
Golgi in the same carrier, and we next sought to determine if
these proteins are also secreted from the cell via the same car-
rier. Secretion of endogenous Cab45 and the requirement for
Cab45 for efficient secretion of LyzC were confirmed by probing
the cell medium of cycloheximide (CHX)-treated HeLa cells with
anti-Cab45 antiserum (Figures 4A, S2A, and S2B). To determine
if Cab45 and LyzC are exocytosed in vesicles of the SMS
pathway, we used time-lapse total internal reflection fluores-
cence microscopy (TIRFM) of live cells co-expressing EQ-SM-
mKate2 or EQ-sol-mKate2 and pHluorin-Cab45 or LyzC-
pHluorin (Figure 4). Exocytic events were identified in movies
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by the flash of fluorescence emitted by pHluorin upon encoun-
tering the neutral pH of the culture medium, and then the pres-
ence of EQ-SM-mKate2 or EQ-sol-mKate2 was scored (Fig-
ure 4B). We observed that 98% ± 5% (40/42 exocytic events
in 8 cells) of the pHlourin-Cab45 containing vesicles also con-
tained EQ-SM-mKate2, but just 46% ± 37% of pHlourin-
Cab45 containing vesicles contained EQ-sol-mKate2 (14/30
exocytic events in 8 cells). We next examined exocytosis of
EQ reporters with LyzC and observed that 81% ± 15% (n =
15 cells) of LyzC-pHluorin exocytosed vesicles also contained
EQ-SM-mKate2, but just 43 ± 22 (n = 12 cells) of LyzC-pHluorin
vesicles contained EQ-sol-mKate2 (Figure 4C). These data,
considered together with the results of the Golgi export assays,
confirm that Cab45 and the Cab45 client, LyzC, are sorted into
the SMS pathway. We note that substantially fewer Cab45 exo-
cytic events were observed compared to LyzC events, possibly

indicating that Cab45 is retrieved from a post-Golgi compart-
ment while the Cab45 client continues on the anterograde
pathway.
To address Cab45 structural requirements for the co-sorting

of LyzC and EQ-SM, we conducted TIRFM-based exocytosis
assays in genome-edited Cab45 null cells (Crevenna et al.,
2016) that re-express Cab45 or the Cab45-EFh1+3 mutant by
transfection (Figure 4D). In control cells that re-express Cab45-
WT, 76% ± 14% (n = 14 cells) of exocytic vesicles contained
both LyzC-pHluorin and EQ-SM-mKate2, a value that is similar
to that of LyzC-pHluorin and EQ-SM-mKate2 in unmodified cells
(Figure 4D). In contrast, in cells expressing EFh1+3-mut, only
53% ± 14% (n = 20 cells) of LyzC-pHluorin containing exocytic
vesicles also contained EQ-SM-mKate2 (Figure 4D). Importantly,
disruption of TGN Ca2+ homeostasis by deletion of SPCA1
reduced the number of exocytic vesicles containing both

Figure 2. Cab45 Oligomerization and Client Binding Requires EF Hand Modules 1 and 3
(A) Model of Cab45 EF hand modules. Structural modeling predicts that contiguous pairs of EF hands function as independent Ca2+-binding modules (Crevenna

et al., 2016); EF hand module 1 (consisting of EF hands 1 and 2) is orange, EF hand module 2 (consisting of EF hands 3 and 4) is blue, and EF hand module 3

(consisting of EF hands 5 and 6) is green. The positions and amino acid side chains of calcium binding glutamic acid residues from each module are indicated.

These residues were replaced by glutamine in Cab45 EFh mutants to disable Ca2+ binding.

(B) In vitro oligomerization assay analyzed by confocal microscopy. Recombinant Cab45-WT and the Cab45-EFh1, Cab45-EFh2, Cab45-EFh3, and Cab45-

EFh1+3 mutants labeled with ATTO488, were incubated in Ca2+-free buffer or with 1 mM CaCl2. Bars, 10 mm. Arrowheads indicate fluorescent puncta of Cab45

oligomers.

(C) Quantification of in vitro oligomerization assay. Data are presented as mean number of Cab45 puncta per 10"3 mm2 area from 12 regions of interest (± SD)

from 2 independent experiments.

See also Figure S1.
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Figure 3. Ca2+ Binding by Cab45 Is Required for the Sorting of a Cab45 Client, Lysozyme C (LyzC), into Golgi-Derived Vesicles
(A and B) (A) HeLa cells were transfected with Cab45 siRNA and a plasmid that directs expression of siRNA-insensitive HA-epitope tagged Cab45-WT or the Ca2+

binding defective Cab45-6EQmutant variant. All cells were co-transfected with plasmids that direct expression of a LyzC—streptavidin binding peptide (SBP)—

eGFP fusion protein (LyzC-SBP-eGFP) and streptavidin-KDEL ‘‘anchor’’ that confers ER retention of SBP-containing proteins. Biotin was added to the culture

medium to elicit release of LyzC-SBP-eGFP from the ER (0 min). Micrographs were captured after fixing cells 20, 40, and 60 min after biotin addition, and the

number of cytoplasmic vesicles was determined at each time point. Arrowheads point to cytoplasmic vesicles. Note that Golgi-derived vesicles containing LyzC-

SBP-eGFP are abundant in the cytoplasm of cells that express native, but not Ca2+ binding defective, Cab45. Magenta arrowheads point to Cab45-6EQ

cytoplasmic vesicles that localize to distinct vesicles from LyzC-SBP-eGFP. See also Figure S1. Vesicle counts from at least 22 cells per condition are plotted in

(B). The means of 3 independent experiments (± SD) are plotted.

(C) Cathepsin D and LyzC fusion proteins are exported from the Golgi in different vesicles. HeLa cells were transfected with plasmids that direct expression of

LyzC-SBP-eGFP or SS-SBP-tagRFP-Cathepsin D fusion proteins. Proteins were released from the ER by the addition of biotin, and the cargo loads of Golgi

derived cytoplasmic vesicleswere determined as described in the legend for (A). Micrographs show representative cells 40min after release of cargo from the ER.

Bars, 5 mm.

(legend continued on next page)
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LyzC-pHluorin and EQ-SM-mKate2 to only 51% ± 24% (n = 10
cells) (Figure 4D), and this effect was rescued to 82% ± 12%
(n = 10 cells) by re-expression of SPCA1-WT (Figure 4D). Further-
more, by using RUSH assays, we observed that cytoplasmic
LyzC vesicle counts were significantly reduced after 40 and
60 min of biotin addition in SPCA1 null cells, while this effect
was rescued by re-expression of SPCA1-WT (Figure S2C). In
addition, SPCA1 depletion slowed the rate of LyzC secretion
into the culture medium (Figures S2A and S2B) (von Blume
et al., 2012). These data demonstrate that Ca2+ binding by
Cab45 promotes the sorting of LyzC into secretory vesicles of
the SMS pathway in an SPCA1-dependent manner.

Depletion of SM Synthases Causes Mis-sorting of LyzC
Having established roles for Cab45 and SPCA1 in Ca2+-depen-
dent sorting of LyzC into Golgi-derived exocytic vesicles of the
SMS pathway, we next sought to determine if SM synthesis is
required for Cab45-dependent sorting. Using RUSH-based sort-
ing assays, we examined export of LyzC and Cathepsin D from
the Golgi of cells depleted of SM synthases by siRNA (Fig-
ure S3A). Both SMS1, which localizes to the Golgi apparatus,
and SMS2, which localizes to the PM, were depleted because
published work shows that toxicity of exogenously added short
chain ceramide is ameliorated only when both enzymes are
depleted (Duran et al., 2012; van Galen et al., 2014). Whereas
40 min after release of LyzC-SBP-eGFP from the ER, control
siRNA cells contained 29 ± 10 vesicles per cell, SMS1/2-
depleted cells contained 9 ± 7 vesicles per cell (Figure 4E).
Notably, SMS1 and SMS2 depletion did not affect the number
of post-Golgi vesicles containing SS-SBP-eGFP-Cathepsin D
(25 ± 16 versus 21 ± 13 vesicles per cell cytoplasm) (Figure 4F).
These data indicate that depletion of SMS1/2 selectively de-
creases the rate of export of LyzC, but not Cathepsin D, from
the Golgi.

TIRFM-based exocytosis assays revealed that SM synthesis is
required for the co-sorting of LyzC-pHluorin and EQ-SM into
exocytic vesicles (Figure 4G). For these experiments, we used
a fortuitously obtained genome-edited HeLa cell line that ex-
presses reduced amounts of SMS1 and SMS2 (‘‘SMS1/2-edi-
ted’’). Quantitative mass spectrometry analysis of sphingolipids
in this cell line shows that the sum total of all SM species is
reduced by 31% ± 6.4% (SEM) (Figure S3B), a level that is below
the detection limit for EQ-SM (Figures S3B–S3E). Upon fusion of
EQ-SM containing vesicles with the PM of SMS1/2-edited cells,
EQ-SM rapidly diffuses from the site of exocytosis, in contrast to
parental cells where EQ-SM remains at the site of fusion (Figures
S3C and S3D), indicating that these secretory vesicles are
depleted of SM. Whereas in unmodified parental cells 81% ±
15% (n = 15 cells) of LyzC-pHluorin containing exocytic vesicles
contained EQ-SM-mKate2, in SMS1/2-depleted cells only
55% ± 10% (n = 15 cells) contained both of these proteins (Fig-

ure 4G). Depletion of SMS1/2 was also observed to slow the
secretion of LyzC into themedium (Figures S2A andS2B). Impor-
tantly, re-expression solely of SMS1 in SMS1/2-edited cells
restored co-sorting of LyzC-pHluorin and EQ-SM-mKate2 to
control levels (Figure 4G). We note that the magnitude of the ef-
fect of SMS1/2 depletion on co-sorting of LyzC and EQ-SM is
similar to that observed for the co-sorting of these proteins in
Cab45-EFh1+3 mutant cells (53%; Figure 4D) and that of LyzC
and EQ-sol in unmodified parental cells (43%; Figure 4C). The re-
sults establish that Cab45 mediates Ca2+-dependent sorting of
LyzC into the SMS pathway and that SM synthesis is necessary
for sorting.

SPCA1 Associates with Sphingolipid in TGN Membrane
The Ca2+ pump activity of SPCA1 maintains Ca2+ in the lumen of
the TGN (Lissandron et al., 2010). Curiously, SPCA1 is reported
to purify with detergent-resistant membrane (Baron et al., 2010)
and its optimal activity in reconstituted liposomes requires the
presence of SM (Chen et al., 2017), leading us to hypothesize
that SPCA1 may provide a mechanistic link between the SM
biosynthetic pathway and Cab45-mediated sorting and secre-
tion. Accordingly, we asked if SPCA1 resides in a Golgi compart-
ment where SM is produced. Two observations indicate that
this is the case. First, endogenous SMS1 and SPCA1 partially
co-localize in the TGN (Figure 5A). This was determined by
comparing the localization of an endogenously expressed
SNAP-tagged SMS1 fusion protein generated by genome edit-
ing to that of endogenous SPCA1, which was detected by indi-
rect immunofluorescence. Quantitation of co-localization with
an endogenous TGN protein, p230, indicates that both SMS1
localizes predominantly to the TGN, while SPCA1 localizes to
multiple Golgi compartments (Figure 5A; Table S2).
Co-localization of SMS1 and SPCA1 implies that SPCA1 re-

sides in SM-rich membrane. We tested this first by directly visu-
alizing SPCA1 and sphingolipids (Figure 5A). To visualize sphin-
golipids in situ, we utilized a modified sphingolipid metabolic
precursor, pac-sphingosine (pacSph), that contains a ‘‘click-
able’’ chemical bond that can be derivatized with a fluorescent
moiety (Haberkant et al., 2016). A gene-edited HeLa cell line
lacking sphingosine 1-phosphate lyase (encoded by SGPL1)
was used for these experiments to restrict metabolism of
pacSph to the sphingolipid pathway (Gerl et al., 2016; Haberkant
et al., 2016). In pilot experiments, a pulse-chase protocol was es-
tablished, which resulted in prominent localization of pacSph to
the Golgi apparatus (Figure S4A). In the time frame of these ex-
periments (30 min pulse, 60 min chase), pacSph is incorporated
into ceramide and SM, but not other sphingolipids (Gerl et al.,
2016; Haberkant et al., 2016). Importantly, Golgi localization is
prevented by inhibition of ceramide synthase with fumonisin
B1, indicating that incorporation of pacSph into Golgi membrane
requires its conversion to ceramide (Figure S4B). These results

(D) Export of Cathepsin D from the Golgi is unaffected by Cab45 gene silencing. The SS-SBP-eGFP-Cathepsin D fusion protein was released from the ER of

Cab45 siRNA-silenced or control cells by addition of biotin. The mean number of post-Golgi vesicles per cell (>39 cells per condition, ± SD) are plotted from 3

independent experiments as a function of time. Vesicle counts for Cab45 siRNA and control siRNA cell populations are not statistically significant.

(E) Ca2+ binding by EFh modules 1 and 3 is required for efficient export of LyzC from the Golgi apparatus. Cells were depleted of endogenous Cab45 by siRNA,

and siRNA-insensitive Cab45 cDNAs with mutations in each of the EF handmodules were expressed. The number of cytoplasmic vesicles containing LyzC-SBP-

eGFP per cell was determined after release of LyzC-SBP-eGFP from the ER. Only the data for EFh2 and EFh1+3 are shown in this figure; additional data are

shown in Figure S1. The mean vesicle counts from at least 38 cells per condition (± SD) are plotted.
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demonstrate that SPCA1 and pacSph-labeled sphingolipids co-
localize at the TGN (Figure 5A).

To directly examine if SPCA1 and sphingolipids are associated
in the Golgi, we took advantage of a diazirine ring incorporated
into the fatty acyl chain of pacSph that can mediate lipid-protein
crosslinking upon exposure to ultraviolet (UV) light (Gerl et al.,
2016; Haberkant et al., 2016). After pulse labeling the Golgi
of oxGFP-SPCA1-expressing cells with pacSph, the cells
were exposed to UV light and solubilized with detergent, and
oxGFP-SPCA1 was immunopurified (Figures 5B and 5C). To
determine if pacSph crosslinked to SPCA1, the purified material
was subjected to click-mediated biotinylation of pacSph and
crosslinked lipid was detected using streptavidin. The results
show that UV exposure elicits crosslinking of pacSph to
SPCA1. Importantly, inhibition of ceramide synthase with
fumonisin B1 substantially eliminates crosslinking (Figure 5D),
indicating that SPCA1 is intimately associated with a complex
sphingolipid, likely SM.

Golgi Ca2+ Homeostasis Is Perturbed by SM Depletion
Published results indicate that optimal activity of recombinant
SPCA1 requires SM in its resident membrane (Chen et al.,
2017). To determine if in vivo SPCA1 activity is influenced by a
reduction in SM in the TGNmembrane, wemonitored Ca2+ influx
into Golgi compartments of control and SM-depleted (i.e.,
SMS1/2 siRNA) cells using an established TGN-localized fluo-
rescence resonance energy transfer (FRET)-based Ca2+ sensor
(Go-D1cpv) (von Blume et al., 2011; Kienzle et al., 2014; Lissan-
dron et al., 2010). Cells were depleted of Ca2+ using ionomycin,
and then Ca2+ was added and Go-D1cpv FRET signals were
recorded. Fluorescence signals reflecting TGN [Ca2+] were
normalized to DR/R0, where DR is the change in the ratio of
YFP/CFP emission intensity at any time, and R0 is the value ob-
tained before the addition of 2.2 mM Ca2+ at the first frame (Fig-
ures 6A and 6B). Upon addition of Ca2+ (2.2mMCaCl2) to the cul-
turemedium, control cells showed a 47.19%± 7.34% increase in
FRET signal. Depletion of SPCA1 by siRNA resulted in a reduced
rate of calcium influx and a reduction of the maximal FRET value

to 31.93% ± 5.38% (Figures 6B and 6C). In SMS1/2 siRNA-
depleted cells, the rate of Ca2+ influx and maximal FRET value
was reduced to 36.99% ± 5.44%. Re-expression of Golgi local-
ized SM synthase 1 in SMS1/2-depleted cells not only restored
the rate of Ca2+ influx but also resulted in a modest (7.74%
FRET signal), reproducible increase in maximal FRET value to
54.93% ± 10.62%. In addition, ectopic overexpression of
SPCA1 in SMS1/2-depleted cells restored Ca2+ influx to control
levels (Figures 6B and 6C), though it did not alter Ca2+ influx in
control cells (Figures S5A and S5B). The results show that deple-
tion of SM impairs the TGN Ca2+ uptake mediated by SPCA1.
Rescue of Ca2+ influx in the Golgi of SMS1/2-depleted cells by

overexpression of SPCA1 led us to determine if overexpression
of SPCA1 impacts the deficiencies in cargo sorting and secretion
of SM-depleted cells. We first monitored the number of Golgi-
derived LyzC-containing vesicles in SMS1/2-depleted cells ex-
pressing either SPCA1 or as control, SMS1, using RUSH assays
(Figure 6D). Whereas 40 and 60 min after release of LyzC-SBP-
eGFP from the ER, cytoplasmic vesicle counts were significantly
decreased in SMS1/2-depleted compared to control siRNA
cells, they were rescued to the control level by overexpression
of SPCA1 (Figure 6D). Importantly, expression of siRNA-resistant
SMS1 also rescues Golgi export of LyzC in these cells, demon-
strating that synthesis of SM in the TGN sustains secretory cargo
export from the TGN. TIRFM-based exocytosis assays (Fig-
ure 6E) to evaluate co-sorting of LyzC-pHluorin and EQ-SM-
mKate2 into exocytic vesicles in SMS1/2-edited cells showed
that overexpression of SPCA1, but not SPCA1-D350A, a mutant
defective in Ca2+ transport (Dode et al., 2005; Sorin et al., 1997),
rescued cargo sorting into secretory vesicles. These results
demonstrate that depletion of SM selectively impairs LyzC cargo
sorting through reduced activity of SPCA1, impacting TGN Ca2+

homeostasis.

DISCUSSION

Mechanisms for sorting and packaging soluble cargo proteins
into transport vesicles within the secretory pathway typically

Figure 4. Cab45, LyzC, and EQ-SM Are Exocytosed via the Same Vesicles in a Sphingomyelin Synthesis-Dependent Manner
(A) Cell culture supernatants and whole cell lysates of HeLa cells were collected after 0, 30, 60, and 120 min incubation with cycloheximide (CHX) and probed for

Cab45 by immunoblotting.

(B) Time-lapse gallery of Cab45, LyzC, and EQ-SM exocytosis. Galleries show example exocytic events of pHluorin-Cab45 or LyzC, and EQ-SM-mKate2

captured by TIRFM. The corresponding graphs show the summed fluorescence intensities for each frame in each channel over time.

(C) LyzC is co-sorted with EQ-SM, but not EQ-sol, into exocytic vesicles. Themean proportions of exocytic events observed in 3 independent experiments (± SD)

where LyzC-pHluorin containing vesicles also released mKate2-tagged EQ-SM or EQ-sol are indicated (362 events/15 cells for LyzC+EQ-SM and 268 events/12

cells for LyzC+EQ-sol).

(D) Cab45 EFh1 and EFh3 and SPCA1 are required for the co-sorting of LyzC and EQ-SM. Genome-edited Cab45 null cells expressed Cab45-WT or Cab45-

EFh1+3-mut by transfection or genome-edited SPCA1 null cells that expressed or did not express SPCA1-WT by transfection. The cargo loads of exocytic

vesicles were determined as described for (B). Themeans (± SD) are shown for n = 239 events/14 cells for Cab45-WT, n = 128 events/10 cells for Cab45-EFh1+3,

n = 163 events/10 cells for SPCA1-KO, and n = 157 events/10 cells for SPCA1-WT.

(E) Depletion of sphingomyelin synthases (SMS1 and SMS2) delays export of LyzC-SBP-eGFP from theGolgi apparatus. HeLa cells were transfectedwith siRNAs

targeting SMS1 and SMS2 or non-targeted control for 2 days prior to transfection with a plasmid that directs expression of LyzC-SBP-eGFP and the streptavidin-

KDEL ‘‘anchor.’’ The number of cytoplasmic vesicles per cell was determined at the indicated time points after release of LyzC-SBP-eGFP from the ER by addition

of biotin. Arrowheads point to cytoplasmic vesicles. Bars, 10 mm. Vesicle counts (mean ± SD) from at least 18 cells per condition in 3 independent experiments are

plotted in the graph on the right.

(F) Depletion of SMS1 and SMS2 does not delay export of SS-SBP-eGFP-Cathepsin D vesicles from the Golgi apparatus. Arrowheads point to cytoplasmic

vesicles. Assays were conducted as in (A). Bars, 10 mm. Vesicle counts from at least 18 cells per condition in 3 independent experiments are plotted (mean ± SD).

(G) TIRF microscopy-based sorting assays were used to determine the proportion of LyzC-pHluorin exocytic vesicles that also contained EQ-SM-mKate2

(mean ± SD) in genome-edited HeLa cells (SMS1/2-edited) that express SMS1 and SMS2 at reduced levels.

See also Figure S3.
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involve transmembrane sorting receptors that contain a luminal
domain that recognizes the cargo protein and a cytoplasmic
domain capable of eliciting the recruitment of coat proteins
that effect vesicle budding. At the TGN, this is best exemplified
by the cation-independent mannose phosphate receptor
that recognizes soluble lysosomal pro-enzymes decorated
with mannose 6-phosphate and elicits their packaging into
clathrin-coated vesicles that mediate TGN-to-endosome traf-
ficking (Kornfeld and Mellman, 1989). Sorting of soluble
secreted proteins, however, is far less well understood, espe-
cially in recognition of their structural diversity and lack of iden-

Figure 5. SPCA1 Associates with Sphingoli-
pid in Golgi Membrane
(A) SMS1, SPCA1, and pacSph localize to the TGN.

Antisera to SPCA1, p230 (TGN), or GM130 (cis

Golgi) were used to detect each protein by immu-

nofluorescence microscopy in gene-edited HeLa

cells. To detect endogenous SMS1, an SMS1-

SNAP tag fusion protein (constructed by genome

editing) was labeled with SNAP-Cell 647-SiR. To

visualize sphingolipids in situ, sphingosine-1-

phosphate lyase deficient (SGPL1-) HeLa cells

were pulse labeled with 0.6 mM pacSph for 30 min,

followed by a chase period of 1 hr. Fixed, per-

meabilized cells were incubated with click chem-

istry reagents to covalently attach an Alexa647

fluorophore to pacSph. Cells were visualized by

deconvolution fluorescence microscopy. Quanti-

tative evaluation of co-localization was accom-

plished by determining Pearson’s correlation co-

efficients (Table S2). Scale bars, 10 mm. Insets in

the merged images show a higher magnification

view of the Golgi region.

(B) Schematic diagram of protocol used to test for

UV-induced crosslinking of SPCA1 and pacSph.

(C) SPCA1 and pacSph can be crosslinked. The left

panel is an anti-GFP immunoblot showing GFP-

SPCA1 that was immunopurified from the UV

treated and untreated samples. In the right-hand

blot, the same samples were probed with strepta-

vidin-HRP to detect pacSph crosslinked to SPCA1.

(D) An inhibitor of ceramide synthase, fumonisin

B1, prevents crosslinking of SPCA1 and pacSph.

Cells were incubated with fumonisin B1 (50 mM) for

24 hr prior to initiating the pulse labeling with

pacSph. The left- and right-hand blots were pro-

cessed as in (C).

See also Figure S4 and Table S2.

tified sorting motifs that might be recog-
nized by an integral membrane sorting
receptor.

One class of soluble secreted proteins
relies on Cab45 for efficient secretion
(von Blume et al., 2012; Kienzle et al.,
2014), and data presented here indicate
that secretion of Cab45 and Cab45 cli-
ents is mediated by a Golgi-derived car-
rier whose membrane is enriched in SM.
In support of this conclusion, a subset of
vesicles that emerge from the TGN
contain Cab45 and the SM-binding pro-

tein, EQ-SM. Importantly, a similar proportion of vesicles
contain LyzC and EQ-SM, confirming that these proteins are
co-sorted in the Golgi into a common secretory carrier of
the SMS pathway. Depletion or deletion of Cab45, SPCA1,
or SMS1/2 all result in an accumulation of LyzC in the Golgi,
though it is eventually exported from the TGN and secreted
via vesicles that are not enriched with EQ-SM. Under these
conditions, LyzC is secreted via vesicles that also contain a
bulk secretion marker, EQ-sol, leading us to speculate that
secretion by this alternative pathway is via non-specific, bulk
flow secretion. Under control of SPCA1, Cab45 mediates a
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concentrative sorting step that increases the rate of secretion
of its clients above that of bulk flow.
Prior work has shown that SPCA1-mediated influx of Ca2+ into

the TGN is stimulated by recruitment of F-actin via cofilin1 to the
P-domain of SPCA1 (Kienzle et al., 2014), and this study demon-
strates that SM potentiates SPCA1-mediated Ca2+ influx (Fig-
ure 6). Binding of calcium causes Cab45 to undergo Ca2+-
dependent oligomerization and secretory client recognition
(Crevenna et al., 2016). We find that SPCA1, SMS1, and sphin-
golipids populate the TGN and that SPCA1 Ca2+ pumping activ-
ity is promoted bymaintenance of a physiologic level of SM in the
TGN. At present, the mechanism by which SM-rich membrane
facilitates SPCA1-mediated calcium pumping is unknown.
Specific interactions between SM and the paddle domain of
PM voltage-gated K+ channels are critical for voltage sensing
(Combs et al., 2013; Milescu et al., 2009; Ramu et al., 2006; Xu
et al., 2008), and it may be that SM acts as an agonist by binding
to a site(s) on SPCA1 to activate Ca2+ pumping. Consistent with
this, a systematic survey of SPCA1 activity in reconstituted pro-
teoliposomes of differing lipid composition showed that SPCA1

activity is highest in vesicles containing SM (Chen et al., 2017).
Local hotspots of SPCA1 activity, linked to synthesis and local
enrichment of SM within the TGN membrane, will define TGN
sorting domains and cargo exit sites.
How is Cab45-mediated client sorting linked to the formation

of a secretory carrier? Our findings suggest that a local increase
in Ca2+ concentration within the lumen of the TGN drives
Cab45 oligomerization and client capture through Cab45-client
condensation from the bulk milieu (Figure 7). Within the lumen of
the TGN, Cab45 is concentrated within discrete regions that we
speculate are sites of Cab45-mediated sorting and carrier for-
mation (Crevenna et al., 2016). Surprisingly, we observed that
sorting of LyzC into the SMS pathway is largely ablated by a
modest (31%) decrease in cellular SM. This leads us to suggest
that carrier formation is coupled to local SM synthesis by SMS1,
which maintains a supply of membrane to sustain carrier forma-
tion at and budding from the TGN. Synthesis of SM produces an
equivalent amount of DAG, a lipid that promotes negative mem-
brane curvature of a bilayer, shown to be necessary for the for-
mation and fission of a subset of secretory carriers from the

Figure 6. SM Depletion Inhibits Ca2+ Influx into the TGN
(A) Example time-lapse images of Golgi Ca2+ influx assays in control, siRNA SMS1/2, or SPCA1-depleted HeLa cells expressing the Go-D1-cpv Golgi Ca2+

sensor. Fluorescence micrographs of the FRET sensor in the TGN are shown in the left column. Cells were incubated with ionomycin to deplete Ca2+ from the

lumen of the TGN, and then live-cell ratiometric FRET microscopy was used to monitor Ca2+ influx by measuring the DR/R0 FRET ratio of YFP/CFP channels over

time after addition of 2.2 mM CaCl2 to the cell medium, where R0 is the FRET ratio value obtained before addition of 2.2 mM CaCl2 (20 s time point). The color-

coded DR/R0 heatmap scale is shown on the right. Images are shown for representative cells 160 and 300 s after addition of CaCl2 at 80 s. Scale bars, 5 mm.

(B) Quantification of FRET images shown in (A), as well as that of siRNA-treated cells expressing siRNA-insensitive SMS1 or SPCA1 cDNAs. Fluorescence signals

reflecting TGN [Ca2+] are presented as DR/R0. Data are plotted as the mean Ca2+ influx over time. Data were acquired for at least 12 cells per condition in 2

independent experiments.

(C) Data shown in (B) are plotted as themean ± SDCa2+ influx before Ca2+ addition (at 80 s) or after Ca2+ addition (at 300 s). Data were acquired for at least 12 cells

per condition in 2 independent experiments.

(D) The number of LyzC vesicles was quantified in HeLa control or SMS1/2 siRNA-depleted cells expressing either LyzC-SBP-eGFP alone or co-transfected with

SMS1-WT or SPCA1-WT. Mean vesicle counts ± SD from at least 18 cells per condition in 3 independent experiments are plotted.

(E) TIRF microscopy-based sorting assays were used to determine the proportion of LyzC-pHluorin exocytic vesicles that also contained EQ-SM-mKate2 in

SMS1/2-edited cells that express either SPCA1-WT or SPCA1-D350A, a mutant that has no Ca2+ influx activity (means ± SD in 3 independent experiments; total

of 201 events/13 cells for SPCA1-WT; total of 144 events/11 cells for SPCA1-D350A).

See also Figure S5.

Figure 7. SPCA1 Links Sphingomyelin Syn-
thesis to Ca2+-Dependent Secretory Protein
and Lipid Sorting in the TGN
The model depicts the events leading to the sorting

and export of secretory cargo from the TGN, where

the convergence of sphingomyelin synthesis and

Ca2+ import into the lumen of the TGN drives the

formation of a secretory carrier enriched in Cab45-

client complexes. Secretory cargo sorting is initi-

ated by SPCA1-mediated Ca2+ influx, which is

triggered by binding of ADF/cofilin1 to SPCA1 in

the cytoplasm, where F-actin is associated with the

TGN membrane. Synthesis of sphingomyelin in

the TGN membrane potentiates SPCA1-mediated

Ca2+ pumping in a region of the TGN membrane

enriched in sphingomyelin. The local elevation of

lumenal Ca2+ drives oligomerization of Cab45,

which binds to soluble secretory protein clients,

condensing them from the bulk milieu. The second

product of SM synthesis, diacylglycerol (DAG),

promotes engulfment of Cab45-client complexes

by generating negative membrane curvature,

leading to the formation of a secretory carrier en-

riched in oligomeric Cab45-client complexes.
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TGN (Baron and Malhotra, 2002; Campelo and Malhotra, 2012;
Litvak et al., 2005; Sarri et al., 2011). We speculate that chem-
ical and physical coupling of SM synthesis, DAG production,
Ca2+ influx, and capture of secretory cargo by Cab45 promotes
engulfment of oligomeric Cab45-client complexes by TGN
membrane, leading to vesicle budding (Figure 7). As no integral
membrane receptor(s) for Cab45 clients has been identified, we
suggest the formation of secretory carriers of the SMS pathway
carrying Cab45-client complexes resembles that of zymogen
granule formation in pancreatic acinar cells, where the enzymes
are proposed to form a ‘‘submembrane matrix’’ that deforms
the membrane to induce budding of a secretory granule from
the TGN (Dartsch et al., 1998; Schmidt et al., 2000). Thus, a
common mechanism may be employed for the formation of
secretory carriers containing different pools of proteins destined
for secretion.

New questions regarding spatiotemporal coupling of the
events that lead to cargo capture and sorting in the SMS
pathway are raised by the findings presented here. A critical
issue regards how secretory load is sensed and coupled to
SPCA1-mediated Ca2+ influx, which is stimulated by ADF/Cofilin
and F-actin in the cytoplasm. Related to this is the synthesis of
SM in the Golgi, which is promoted by non-vesicular transport
of ceramide and cholesterol (Ngo and Ridgway, 2009; Parmar
and Duncan, 2016; Wakana et al., 2015) at ER-TGN contact
sites, so it is of interest to determine if the formation of carriers
of the SMS pathway are chemically and physically coupled to
the non-vesicular ceramide transport machinery. Intriguingly,
siRNA-mediated depletion of components of the non-vesicular
ER-to-TGN transport machinery perturbs glycosylation of secre-
tory cargo in the Golgi and slows the rate of secretion (Wakana
et al., 2015). Finally, the mechanism by which, and location
where, Cab45-client complexes are dissociated, and if Cab45
is then retrieved to the TGN for re-use will be essential to eluci-
date. The conceptual framework that emerges from our findings,
along with new methods developed, present new opportunities
for understanding the core function of the Golgi apparatus as a
macromolecular trafficking hub within the cell.
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Ang, S.F., and Fölsch, H. (2012). The role of secretory and endocytic pathways

in the maintenance of cell polarity. Essays Biochem. 53, 29–39.

Anitei, M., and Hoflack, B. (2011). Exit from the trans-Golgi network: from mol-

ecules to mechanisms. Curr. Opin. Cell Biol. 23, 443–451.

Barenholz, Y., and Thompson, T.E. (1980). Sphingomyelins in bilayers and bio-

logical membranes. Biochim. Biophys. Acta 604, 129–158.

Baron, C.L., and Malhotra, V. (2002). Role of diacylglycerol in PKD recruitment

to the TGN and protein transport to the plasma membrane. Science 295,

325–328.

476 Developmental Cell 47, 464–478, November 19, 2018
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Streptavidin-HRP Thermo Fisher Scientific Cat# PI-21130

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044

Rat monoclonal anti-HA Roche Cat# 11867423001; RRID: AB_390918

Rabbit monoclonal anti-GalT Abcam Cat# ab178406

Mouse monoclonal anti-Calnexin Millipore Cat# MAB3126; RRID: AB_2069152

Mouse monoclonal anti-SPCA1 Abnova Cat# H00027032-M01; RRID: AB_464127

Mouse monoclonal anti-p230 BD Biosciences Cat# 611281; RRID: AB_398809

Sheep polyclonal anti-TGN46 AbD Serotec Cat# AHP500G; RRID: AB_323104

Mouse monoclonal anti-b-actin Sigma-Aldrich Cat# A5441; RRID: AB_476744

Rabbit polyclonal anti-SPCA1 Gift from Peter Vangheluwe, Department

of Cellular and Molecular Medicine,

University of Leuven, Belgium

N/A

Rabbit polyclonal anti-TGN46 AbD Serotec Cat# AHP1586; RRID: AB_2303333

Mouse monoclonal anti-GM130 BD Biosciences Cat# 610823; RRID: AB_398142

Mouse Monoclonal ANTI-FLAG!
M2-Peroxidase (HRP)

Sigma-Aldrich Cat# A8592;

RRID: AB_439702

Goat anti-Rabbit IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 546

Thermo Fisher Scientific Cat# A-11035; RRID: AB_2534093

Goat anti-Mouse IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11029; RRID: AB_2534088

Goat anti-Mouse IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 546

Thermo Fisher Scientific Cat# A-11030; RRID: AB_2534089

Donkey anti-Rat IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Thermo Fisher Scientific Cat# A-21209;

RRID: AB_2535795

Donkey anti-Rat IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 488

Thermo Fisher Scientific Cat# A-21208;

RRID: AB_141709

Donkey anti-Mouse IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Thermo Fisher Scientific Cat# A-21203;

RRID: AB_141633

Goat anti-Rabbit IgG (H+L) Poly-HRP

Secondary Antibody, HRP

Thermo Fisher Scientific Cat# 32260; RRID: AB_1965959

m-IgGk BP-HRP Antibody Santa Cruz Biotechnology Cat# sc-516102; RRID: AB_2687626

Bacterial and Virus Strains

OmniMAX" 2 T1R E. coli Thermo Fisher Scientific Cat# C854003

Chemicals, Peptides, and Recombinant Proteins

PhotoClick Sphingosine Avanti Cat# 900600P

Alexa Fluor" 647 Azide Thermo Fisher Scientific Cat# A10277

Fetal Bovine Serum, charcoal stripped Thermo Fisher Scientific Cat# A3382101

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal Bovine Serum, qualified,

E.U.-approved, South America origin

Gibco",Thermo Fisher Scientific Cat# 10270106

FUMONISIN B1 Sigma-Aldrich Cat# F1147

d-Biotin SUPELCO Cat# 47868

FuGENE! HD Transfection Reagent Promega Cat# E2311

Lipofectamine LTX Reagent with PLUS Reagent ThermoFisher Scientific Cat# 15338100

Lipofectamine" 2000 Transfection Reagent ThermoFisher Scientific Cat# 11668027

Polyethyleneimine, linear, M.W. 25,000 Alfa Aesar Cat# 43896.01

HiPerFect Transfection Reagent Qiagen Cat# 301705

ProLong" Gold Antifade Mountant ThermoFisher Scientific Cat# P36934

Live Cell Imaging Solution Molecular Probes Cat# A14291DJ

HBSS, no calcium, no magnesium Gibco Cat# 14170088

Opti-MEM" Reduced Serum Medium Thermo Fisher Scientific Cat# 31985070

Critical Commercial Assays

Click-iT" Cell Reaction Buffer Kit Thermo Fisher Scientific Cat# C10269

Pierce" Silver Stain Kit Thermo Fisher Scientific Cat# 24612

RNeasy Mini Kit Qiagen Cat# 74106

iScript cDNA Synthesis kit Bio-Rad Cat# 1708890

iQ SYBR green Supermix Bio-Rad Cat# 1708880

4–20% Mini-PROTEAN! TGX" Precast

Protein Gels

Bio-Rad Cat# 4561096

Atto 488 NHS ester Sigma-Aldrich Cat# 41698

Experimental Models: Cell Lines

Human: T-REx"-HeLa Cell Line Invitrogen Cat# R71407;

RRID: CVCL_D587

Human: HeLa Cell Line CSL cell line service Cat# 300194/p772_HeLa;

RRID: CVCL_0030

Oligonucleotides

siRNA targeting sequences, see Table S3 This paper N/A

Primers for cloning, see Table S3 This paper N/A

Primers for genomic validation, see Table S3 This paper N/A

Recombinant DNA

pcDNA3 APEX2-NES Lam et al. (2014) Addgene Plasmid #49386

N1-EQ-SM-mKate2 Deng et al. (2016) N/A

N1-EQ-sol-mKate2 Deng et al. (2016) N/A

pcDNA"5/FRT/TO Invitrogen V652020

pcDNA5-EQ-SM-APEX2 This paper N/A

pcDNA5-EQ-sol-APEX2 This paper N/A

N1-LyzC-phluorin This paper N/A

Phluorin-Cab45 This paper N/A

pBluescript-SMS1-SNAP-tag This paper N/A

pLPCX-Cab45-WT/mut von Blume et al. (2012) N/A

pLPCX-SPCA1-HA/mut von Blume et al. (2012) N/A

pI-SUMOstar Insect Crevenna et al. (2016) Life Sensors 3106

pI-SUMOstar-Cab45 Crevenna et al. (2016) N/A

pIRESneo3 Str-KDEL_ST-SBP-eGFP Boncompain et al. (2012) Addgene Plasmid #65264

pIRESneo3 Str-KDEL_LyzC-SBP-eGFP This paper N/A

pIRESneo3 Str-KDEL_ SS-SBP-eGFP-

CathepsinD

This paper N/A

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Julia von
Blume (vonblume@biochem.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa cells were maintained in 5% CO2 at 37!C in DMEM supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY,
United States). T-REx"-HeLa Cells (Thermo Fisher Scientific) were grown in 15 ug/ml blasticidin and 200 ug/ml zeocin. After trans-
fecting with pcDNA5-EQ-SM/sol-APEX2, zeocin was replaced with 200 ug/ml hygromycin.

METHOD DETAILS

DNA Manipulations
APEX2 plasmid was acquired from Addgene (pcDNA3 APEX2-NES). APEX2 was PCR amplified and linked with EQ-SM/sol-Flag and
inserted into pcDNA"5/FRT Vector (Invitrogen").
LyzC-pHluorin was cloned by inserting LyzC into N1-pHluorin. SMS1-SNAP-tag repair template was generated by PCR amplified

SMS1 left arm and right arm (around stop codon) from HeLa genomic DNA, linked with Flag-SNAP-tag and inserted into vector
pBluescript II SK (+). LyzC-mCherry was cloned by amplifying LyzC-3xFlag and inserted N-terminally by EcoRI and BamHI sites
into a pLPCX-mCherry vector.
Generation of plasmids that direct expression of WT and mutant Cab45 proteins and SPCA1-HA in pLPCX is described in (von

Blume et al., 2012).
For expression of His-SUMO-tagged Cab45 in SF9 cells, Cab45 cDNA was amplified from pLPCX-Cab45-WT or EFh mutant

plasmid and inserted into pI-Insect Secretory SUMOstar Vector (3106; Life Sensors) as described previously (Crevenna et al., 2016).
The RUSH vector pIRESneo3 Str-KDEL_ST-SBP-eGFP was a gift from Franck Perez (Addgene plasmid # 65264). The ST region

was replaced by amplifying LyzC-Flag (von Blume et al., 2011) and insertion into the pIRESneo3 backbone by AscI and EcoRI cutting
sites. To generate the SS-SBP-eGFP-Cathepsin D construct, first the Str-KDEL_SS-SBP-eGFP construct was generated by ampli-
fying human Growth Hormone (hGH) signal peptide to insert it into the pIRESneo3 backbone by AscI and EcoRI cutting sites. In the
second step, HA-Cathepsin D was C-terminally fused to SS-SBP-eGFP by overlap and extension PCR and inserted by AscI and XhoI

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pIRESneo3 Str-KDEL_SS-SBP-tagRFP-

CathepsinD

This paper N/A

pCDNA3.1-Go-D1cpv Lissandron et al. (2010) N/A

pLPCX-Go-D1cpv This paper N/A

pLPCX-SS-EGFP-Cab45 This paper N/A

pLPCX-SS-EGFP-Cab45-6EQ This paper N/A

pLPCX-LyzC-mCherry This paper N/A

pLPCX-SMS1-HA This paper N/A

pLPCX-SMS1-HA-siResistant This paper N/A

pSpCas9(BB)-2A-Puro (PX459) V2.0 Ran et al. (2013) Addgene Plasmid #62988

oxGFP-SPCA1 This paper N/A

Software and Algorithms

ImageJ 1.52c NIH https://imagej.nih.gov/ij/

Prism 7.0b for Mac OS X Graphpad https://www.graphpad.com/scientific-

software/prism/

Image Lab Software Version 5.2.1 build 11 Bio-Rad http://www.bio-rad.com/en-de/product/

image-lab-software

Other

m-Dish 35 mm, high Glass Bottom ibidi Cat# 81158

Nunc Lab-Tek Chambered Coverglass,

1.0 borosilicate glass

Thermo Fisher Scientific Cat# 15 5 411

Amicon Ultra-0.5 Centrifugal Filter Unit Merck Cat# UFC501096

GFP-Trap! beads ChromoTek GmbH Cat# gtma-20
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into the pIRESneo3 vector. The SS-SBP-tagRFP-Cathepsin D construct was cloned by amplifying SS-SBP, tagRFP, Cathepsin D
and the fragments were inserted by Gibson Assembly (Gibson, 2009) into the pIRESneo3 RUSH vector that was linearized with
AscI and XhoI. The Go-D1cpv (Lissandron et al., 2010) construct was cloned into pLPCX by restriction digestion with HindIII and
EcoRI. eGFP-Cab45 and eGFP-Cab45-6EQ were cloned by amplifying eGFP and inserted after the signal sequence by using HindIII
and EcoRI sites into either pLPCX-SS-Cab45 or pLPCX-SS-Cab45-6EQ mutant vector.

A siRNA resistant SMS1-HA variant was generated by mutating the siRNA binding site 5’ – gacggcagcttcagcatcaagatta - 3’ to
5’ –gaTggAagTttTagTatAaaAatCa - 3’. For CRISPR/Cas9 targeting guide RNA oligos and their complementary sequences were
cloned with suitable overhangs into a pX459 2.0 mammalian expression vector (Addgene plasmid # 62988) as described in
(Ran et al., 2013). DNA oligonucleotides encoding CRISPR/Cas9 gRNA sequences were synthesized by Yale Keck Oligonucleotide
Synthesis facility or by metabion international AG (Planegg, Germany). Oligonucleotides were annealed and cloned into pX459 2.0.
The sequences of plasmids were confirmed by DNA sequencing.

Cab45-gRNA1: TTCTGATGGACGCGTCTGCA
Cab45-gRNA2: TTGATGAGGACGCGGAGCCG
SMS1-gRNA1: GAGGAGACTCGGCACAAGGG
SMS1-gRNA2: GGACTTGATCAACCTAACCC
SMS2-gRNA1: CGTCTTGACAACCGTCATGA
SMS2-gRNA2: AAAAGTACCCGGACTATATC
SMS1-tagging-gRNA: CATAACAGCTGTACAAAGTG
SGPL1-gRNA1: TGTGAAAGCTTTACCCTCCC
SGPL1-gRNA2: CTTAAGGAGTACAGCTCTAT

Antisera
Anti-FLAG (Sigma, F1804), anti-HA (rat monoclonal, 11867423001, Roche), anti-GalT (Abcam, ab178406), anti-Calnexin (Millipore,
clone C8.B6), anti-SPCA1 (mousemonoclonal, H00027032-M01, Abnova), anti-p230 (mousemonoclonal, 611281, BD Biosciences),
anti-TGN46 (sheep polyclonal, AHP500G, AbD Serotec), anti-b-actin (mouse monoclonal, A5441, Sigma-Aldrich), anti-FLAG
M2-Peroxidase (mouse monoclonal, A8592, Sigma-Aldrich). The anti-SPCA1 (rabbit polyclonal) antibody was a gift from Peter
Vangheluwe, Department of Cellular andMolecular Medicine, University of Leuven, Belgium. Alexa Fluor Cross-Adsorbed secondary
antibodies for immunofluorescence were purchased from Thermo Fisher Scientific (A-11034, A-11035, A-11029, A-11030, A-21209,
A-21208, A-21203). Secondary anti-rabbit HRP conjugated antibodies were purchased from Thermo Fisher Scientific (32260),
m-IgGk BP-HRP Antibody was from Santa Cruz Biotechnology (sc-516102).

For Cab45 antibody generation was performed by the immunization service by the animal facility of the Max Planck Institute of
Biochemistry. Recombinant Cab45 full length protein (His Sumo tagged) was prepared in TiterMax Gold Adjuvant liquid (Sigma-
Aldrich) according to the manufacturer’s protocol. Rabbits were injected and boosted three times before collecting serums Sera
were stirred while incubated at room temperature for one hour and then at 4!C overnight. After centrifugation for 30 min at
5000 x g, collected supernatants were stored at – 20!C.

Cell Culture and Engineering
HeLa cells weremaintained in 5%CO2 at 37!C in DMEMsupplementedwith 10% fetal bovine serum (Gbco, Grand Island, NY, United
States). Cells were transfected with FuGENE HD (Promega), Lipofectamine 2000 (Thermo Fisher Scientific), 1.25 mg/ml Polyethyle-
nimine (PEI) linear (Alfa Aesar) or Lipofectamine LTX PLUS (Thermo Fisher Scientific). To generate cell lines stably expressing Cab45-
WT and Cab45-6EQ mutant VSV-G pseudotyped retroviral vectors were produced by transient transfection of HEK293T (human
embryonic kidney) cells. To harvest virus particles, cell culture supernatants were filtered through 0.45-mm filters. The virus particles
were then concentrated from cell culture supernatants by spinning at 68.000 x g for 2h, followed by a second spin at 59.000 x g for
2.5h at RT. The pellet was resuspended in 200 ml of HBSS (Pfeifer et al., 2000) and used for infection.

Stable cell lines expressing EQ-SM-APEX2 or EQ-sol-APEX2 were engineered as follows: HeLa T-Rex (Thermo Fisher Scientific)
cells were transfected with pcDNA5/FRT-EQ-SM/sol-Flag-APEX2 and the recombinase pOG44. After two days, 200 ug/ml hygrom-
ycin and 15 ug/ml blasticidin was added to the medium and the cells were cultured for an additional for 10 days and then expanded.

For gene editing cell lines using CRISPR/Cas9, HeLa cells were transfected with two gRNA against the same gene. For SMS1-
SNAP-tag CRISPR cells, HeLa cells were transfected with one gRNA and a repair template that has Flag and SNAP-tag. For selec-
tion, 24 h post-transfection cells were selected for 48 h in 2 mg/ml puromycin. 100 cells were then seeded in 15 cm culture dishes and
cultured until single cell colonies were big enough to manually scrap them off the dish and transfer them to 96-well plates. Single
clones were expanded and screened by PCR and Western Blotting. PCR amplification from the genomic DNA and gel electropho-
resis were used to assess proper cleavage or tagging of the target sequences. The PCR products were confirmed by sequencing. For
Cab45 KO and SMS1-SNAP-tag, protein levels were confirmed by Western Blotting.

siRNA Silencing
For siRNA gene silencing following oligos were used: Cab45: 5’ – GAGCCAGGACCUCACUUCCUCCUCU - 3’; SMS1: 5’ – GACGG
CAGCUUCAGCAUCAAGAUUA - 3’; SMS2: 5’- UCAAUAGUGGGACGCAGAUUCUGUU - 3’; SPCA1: 5’– CAUCGAGAAGUAAC
AUUGCCUUUAU - 3’ and a scrambled negative control from Invitrogen. The siRNA transfection mix was prepared by adding
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20 nM siRNA and 12 ml HiPerFect Transfection Reagent (Qiagen) to 100 ml Opti-MEM reduced serum medium (Gibco by Life Tech-
nologies) and incubated 15 min at RT. The transfection mix was added to HeLa cells seeded on glass slides in either 6-wells or live
cell m-dishes (m-Dish 35 mm, high Glass Bottom from ibidi). Cells were processed for further analysis after 48h for Cab45 and 72h for
SMS1/2 silencing.

Vesicle Budding and APEX2-Mediated Biotinylation
Tomonitor budding of vesicles containing EQ-SM-APEX2 or EQ-sol-APEX2 in permeabilized cells, cells lines that stably express two
10-cm dishes of cell lines that stably express EQ-SM-APEX2 or EQ-sol-APEX2 were treated with 2 ug/ml tetracycline overnight to
induce expression of EQ-SM/sol-APEX2 proteins. The next day, cells were trypsinized and harvested by centrifugation at 1000 g
for 3 min. The cell pellet was washed with buffer A (20 mM Hepes, pH 7.4, 250 mM D-sorbitol, and150 mM potassium acetate)
and digitonin (40 mg/ml) was added and incubated for 5 minutes on ice. Cells were washed one time with buffer A, resuspended
in buffer A, and the mixture was then aliquoted into four tubes. The cells were incubated either with or without ATP regenerating sys-
tem (1 mM ATP, 40 mM creatine phosphate, 0.2 mg/ml creatine phosphokinase and 0.1 mM GTP), with or without rat liver cytosol
(1 mg/ml; Thermo Fisher Scientific), or incubated at 4!C or 32!C for 45min. The reactions were centrifuged at 10,000 g for 10minutes
and the supernatant was collected and centrifuged at 100,000 g for 1 hour to collect vesicular material. The pelleted material was
dissolved in SDS-PAGE loading dye and analyzed by SDS-PAGE. Streptavidin-HRP (Thermo Scientific Pierce, PI-21130) was
used to detect biotinylated proteins.
For proteomic analyses of vesicle fractions, EQ-SM/sol-APEX2 stable cells from ten 15 cm dishes were processed as described

above, except that biotinylation reations were carried on S10 fractions. To do so, biotin-phenol (500 mM) was added to the reactions
and incubated for 20 min at 32!C. Next, H2O2 (1 mM) was added and the reactions were tumbled for 1 minute at room temperature.
The reaction was stopped by adding Trolox (1 mM) and sodium ascorbate (10 mM). The reactions were centrifuged at 10,000 g for
5 min and the supernatant was removed and then centrifuged at 100,000 g for 1 hour to collect vesicular material. The vesicle pellets
were washed once with buffer A containing Trolox (1 mM) and sodium ascorbate (10 mM) to remove the biotin and recentrifuged at
100,000 for 30 min.
Purification of biotinylated proteins was accomplished by affinity selection using NeutrAvidin beads. Pelleted vesicular material

was solubilized in 1 ml RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Triton X-100 PH 7.5, 0.5% sodium deoxycholate,
10 mM sodium ascorbate, 1 mM Trolox, 2Xprotease inhibitor) and sonicated at 40W for 2 min. The solution was centrifuged at
13,000 g for 15 min and the supernatant was recovered and then incubated with 100 ml NeutrAvidin beads for 6 hours at 4!C. The
beads were washed with RIPA lysis buffer twice, once with 0.5 mL of 1 M KCl, once with 0.5 mL of 0.1 M Na2CO3, once with
0.5 mL of 2 M urea in 10 mM Tris-HCl pH 8.0, and three times with RIPA buffer. Purified proteins were eluted by boiling the beads
in 100 ml 23 protein loading buffer for 5 min. Purified material was separated by SDS-PAGE on a 4–20% Mini-PROTEAN! TGX"
Precast Protein Gel (Bio-Rad). After staining with silver (Pierce"Silver Stain Kit (24612), each lanewas cut into five equal sized pieces
and mass spectrometry was used to identify proteins in each gel piece. Mass spectrometry was done by the Yale Keck Biotech-
nology Resources Laboratory.

Protein Detection by Immunoblotting, Silver Staining, or Immunofluorescence
For immunoblotting, proteins were transferred to nitrocellulose membrane and then blocked in PBS-T with 5%milk or in TBS-T with
5%BSA. After immunoblotting, proteins were detected by chemiluminescence. Images of immunoblots were acquired by ChemiDoc
Imaging System (Bio-Rad).
For immunostaining, cells were cultured on glass slides, fixed for 10 min with 4% paraformaldehyde, washed with PBS and sub-

sequently permeabilized for 5 min in 0.2% Triton-X 100 and 0.5% SDS in 4% BSA solution. After washing with PBS and blocking of
slides for 1 h in 4% BSA, cells were incubated with primary and secondary antibody for 1 h at room temperature in blocking buffer in
the dark. Glass slides were mounted with ProLong Gold (Thermo Scientific). For immunofluorescence after pac-sphingosine labeled
cells, saponin was used to permeabilize cells.

Lipidomics
One day after plating, cells from one 10 cm dish were collected by scraping, and washed twice with PBS. An aliquot was removed for
protein quantification and the remainder was sent to the Virginia Commonwealth University Lipidomics/Metabolomics Core for mass
spectrometry based sphingolipid analysis. Lipid levels were normalized to protein content.

Fluorescence Microscopy and Image Analysis
For live cell deconvolution fluorescence microscopy, cells were washed twice with PBS, and the medium was replaced with live cell
imaging solution (Molecular Probes) supplemented with 10mMglucose. 3D image stacks were collected at 0.3 mmz increments on a
DeltaVision Elite workstation (Applied Precision) based on an inverted microscope (IX-70; Olympus) using a 603, 1.4 NA oil immer-
sion lens. Images were captured with a sCMOS camera (CoolSnap HQ; Photometrics) and deconvolved with softWoRx (v.6.0) soft-
ware using the iterative-constrained algorithm and the measured point spread function. Golgi budding experiments of living cells
were performed at the widefield of the Imaging Facility of the Max Planck Institute of Biochemistry (MPIB-IF) on a GE Healthcare
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DeltaVision Elite system based on an OLYMPUS IX-71 inverted microscope, an OLYMPUS 60x/1.42 PLAPON oil objective and a
PCO sCMOS 5.5 camera. Budding events were scored manually from time lapse series. Quantitative co-localization analyses
were done using softWoRx (v.6.0) software.

Analysis of vesicle numbers was carried out by a custom-made ImageJ macro. The macro uses ImageJ’s rolling ball background
subtraction algorithm, the enhance contrast function and a maximum z-projection of the RUSH reporter channel to cover all vesicles
of the cell volume in a 2D image. After using a median filter, suitable cells were selected by drawing a polygon selection. A binary
image was generated by the Threshold function. The threshold algorithm ‘‘Yen’’ was used by default while for low intensity images
the threshold required manual correction. The vesicle objects in the binary images were compared and controlled by visual inspec-
tion with the original image. In the binary image, vesicle objects with sizes ranging from 4-20 pixels were then quantified by Analyze
Particles function.

Confocal fluorescencemicroscopy of fixed cells was performed using a confocal laser-scanningmicroscope (LSM 780; Carl Zeiss)
with a 40x/1.4 Plan-Apochromat oil or 100x/1.46 oil a-Plan-Apochromat oil objective lens. For detection of Alexa Fluor, the 488 nm
laser line was used. Pictures were acquired using Leica software (ZEN, 2010) and adjusted in ImageJ (version 1.51u).

Total internal reflection microscopy was done using a microscope (IX-70; Olympus) equipped with argon (488 nm) and argon/
krypton (568 nm) laser lines, a TIRFM condenser (Olympus or custom condenser), a 603 1.45 NA oil immersion objective lens
(Olympus), and an EMCCD camera (iXon887; 0.18 mm per pixel, 16 bits; Andor Technology). The TIRFM system was controlled by
iQ software (Andor Technology). HeLa cells were grown in MatTek dishes and imaged 16–20 h after transfection. All experiments
were done at 37!C in live cell imaging solution (Molecular Probes) containing 10mM glucose, pH 7.4. Cells were imaged in one chan-
nel at 5 Hz or two channels by sequential excitation at 2 Hz.

Analysis of TIRF images was done as described in Deng et al (Deng et al., 2016). Briefly, each image stack was manually reviewed
to identify putative vesicle fusion events that released pHluorin. The coordinates of the fusion events were labeled and a small region
of interest around each exocytic event in each channel was used for further analysis. Circular regions with diameters of 4 pixels were
used to calculate the intensity of a single vesicle. Colocalization of proteins in the same vesicle was determined manually based on
the coincident appearance and release of fluorescence signals by each fusion protein. No nonlinear adjustments were made to alter
fluorescent signals.

RUSH Cargo Sorting Assay Using Confocal Microscopy
HeLa cells were cultured on sterile glass slides in 6-wells and gene silenced as described above. Cells were transfected using either
pIRESneo3-LyzC-SBP-eGFP or pIRESneo3-SS-SBP-eGFP-Cathepsin D for 16h. Cells were incubated with 40 mM d-Biotin
(SUPELCO) in DMEM for 20, 40 and 60 min and as a control without d-Biotin to confirm the retention of the reporter. Cells were
then washed once in 1x PBS and fixed in 4% PFA in PBS for 10 min and further processed for immunofluorescence microscopy
as described above. Samples were acquired using a confocal laser-scanning microscope (LSM 780; Carl Zeiss). Only cells were pro-
cessed that showed proper transport of the reporter to the Golgi after Biotin addition while cells showing ER signal after Biotin addi-
tion were discarded from the analysis. To cover the whole volume of the cells, typically 8-16 z-stacks with a step-size of 0.35 mmwere
acquired of each field of view.

RUSH Cargo Sorting Assay Using Western Blot Analysis
HeLa cells were cultured in 6-wells and gene silenced as described above. Cells were transfected with pIRESneo3-LyzC-SBP-eGFP
for 16h. Cells were washed 3x in PBS followed by 3x with DMEMw/o FCS. Cells were incubated with or without 1 mL 40 mMd-Biotin
for 60 min in DMEM w/o FCS. Cell culture supernatants were collected and centrifuged for 5 min at 1,000 x g to pellet residual cells.
Supernatants were concentrated by centrifugation at 16,000 x g for 8 min using Centrifugal Filters (Amicon Ultra, Ultracel 10K). Cell
pellets were washed 3 times with PBS, trypsinized and transferred to tubes. Cells were then washed PBS and lysed with 1% TritonX-
100 in 1 time with PBS. Concentrated supernatants and lysed cell pellets were further processed for SDS-PAGE and Western Blot
analysis. Western Blot quantification from three independent experiments was performed by using Image Lab Version 5.2.1 build 11
(Bio-Rad) software. Supernatant signals were normalized to each corresponding actin signal of the cell pellet to correct for protein
levels. Rates of secretion for each condition were determined by calculating the ratio of 60min to 0min LyzC-SBP-eGFP supernatant
signals and were normalized to 100% of control cells and plotted as a bar graph.

In Vivo Golgi Vesicle Budding Assays
HeLa cells seeded in live cell m-dishes were transfected with EQ-SM-mKate2 together with either eGFP-Cab45 or eGFP-Cab45-6EQ
for 16h. Cells were acquired by live-cell widefieldmicroscopy and focused at the Golgi region. Dual-channel acquisition for eGFP and
mCherry was performed at 1 sec intervals for 100 frames. The time-lapse movies were analyzed by identifying each eGFP-Cab45 or
GFP-Cab45-6EQ budding event from the Golgi. Cab45 budding events were then scored whether or not EQ-SM-mKate2 was also
present. At least 26 budding events from 4 cells for eGFP-Cab45 and 32 budding events from 13 cells for eGFP-Cab45-6EQ were
analyzed. The ratios of Cab45 budding with or without EQ-SM were calculated to total budding events. The average and SD of the
ratios were plotted as a bar graph.
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Pac-Sphingosine Labeling
SGPL1 null HeLa cells were incubated with 0.5 mM pacSph (Avanti, 900600) in DMEM/delipidated FBS (pre-warmed to 37!C) for
30minutes at 37!C. themediumwas then removed and the cells were three times with DMEM/delipidated FBS. Cells were then incu-
bated in DMEM/FBS for 1 hour at 37!C. Cells were washed with PBS three times and the medium was replaced with 4% parafor-
maldehyde in PBS and incubated for 20 minutes. Cells were washed with PBS three times and then incubated with permeabilization
and blocking Buffer (0.1% saponin with 5% serum in PBS) for 1 hour. For immunofluorescence detection of proteins in these cells,
primary and secondary antibodies were added. Cells were then washed with PBS three times. A Click-iT" Cell Reaction Buffer kit
was used to click label pacSph according to the manufacture’s instructions (Thermo Fisher Scientific, C10269). After the reaction,
cells were washed 5 times with PBS and then visualized by fluorescence microscopy.

Pac-Sphingosine Crosslinking
SGPL1 null HeLa cells were transfected with 25 mg oxGFP-SPCA1 and lipofectamine for 18 hours prior to labeling with pacSph
(0.5 mM) for 30min and then chased in DMEM/FBS for 1 hour. Two 10-cm dishes cells were subjected to 365 nm UV (8W) (or kept
in the dark, as control) for 10 min. The cells were collected and washed with PBS. The cell pellets were resuspended in lysis buffer
(20 mM Tris, pH 7.5, 150 mMNaCl, 1% Triton, protein inhibitor) for 1 hour and then sonicated (with tip sonicator) for 30 seconds. The
lysate was centrifuged for 30 min at 13,000 x g. The supernatant was collected and incubated with 15 ml GFP-Trap beads (gtma-20,
ChromoTekGmbH) for 1 hour. The beadswere washed oncewith wash buffer (20mMTris, pH 7.5, 150mMNaCl) and then incubated
with Click reagents and azide-biotin (Thermo Fisher Scientific) for 1 hour. The beadswerewashed twicewith wash buffer (20mMTris,
pH 7.5, 150 mM NaCl, 0.1% Triton). 30 ml SDS loading buffer was used to elute from the beads. 25 mM Fumonisin B1 (Sigma) was
added to the cells when transfected and in the pulse-chase experiments.

Ca2+ Influx Assay
Ca2+ entry into the TGN was measured as described previously (Lissandron et al., 2010). Measurements of [Ca2+] in the TGN were
performed using a fluorescent Ca2+ sensor (Go-D1-cpv) expressed as a fusion to sialyltransferasewhich targets to the TGN. Changes
in Ca2+ concentration are observed as changes in the efficiency of FRET betweenCFP andYFP fluorescent proteins linked by amodi-
fied calmodulin and calmodulin-binding domain. HeLa cells were transfected with control, SPCA1, or SMS1/2 siRNAs for 72 h. Then
Go-D1-cpv was transfected alone, or with siRNA resistant SMS1-HA, or SPCA1-HA. Ca2+ entry into the TGNwas measured in Ca2+-
depleted cells after 1 h of incubation at 4!C in HBSS (20 mM Hepes, Ca2+/Mg2+-free HBSS [Gibco by Life Technologies], 2 gl"1
glucose, 490 mMMgCl2, and 450 mMMgSO4; 300 mOsmol/liter, pH 7.4) with 1 mM ionomycin (Abcam) and 0.5 mM EGTA (von Blume
et al., 2011). Then cells were washed twice in HBSS + 0.5 mM EGTA followed by three washes in HBSS only. Image acquisition was
performed on aGEDeltaVision Elite as described above. To generate the images, the excitation filter (430/24), dual-band Sedat CFP/
YFP beam splitter (Chroma Technology Corp.), and the emission filters (535/25 for FRET and 470/24 for CFP) were rapidly changed
using an external filter wheel controlled by a motorized unit. Fluorescent signals reflecting TGN [Ca2+] were presented as DR/R0,
where R0 is the value obtained before addition of 2.2 mMCaCl2 to the cell’s bathing solution. Images were acquired using softWoRx
5.5 software (GE Healthcare). Image analysis was carried out by a custom-made ImageJ macro and is based on ratiometric FRET
analysis described previously (Kardash et al., 2011; Kienzle et al., 2014). The macro uses ImageJ’s rolling ball background subtrac-
tion algorithm followed by a mean filter to smooth the edges of the objects. A binary image was generated by the Auto Threshold
function using the ‘‘Moments’’ algorithm. The images of the FRET and CFP channel were multiplied by the ‘‘ImageCalculator’’
plug-in with their respective binary images resulting in images that show 0 intensities outside of the threshold Golgi region while re-
taining intensities within the Golgi. Next, a ratio image of FRET/CFP was generated by using the ‘‘Ratio Plus’’ plug-in. The Golgi ob-
jects were detected by using the ‘‘FindMaxima’’ function and added to the ROI manager. Themean intensities of each ROI were then
measured in the ratio image for each frame. The ratio values of each frame were subtracted to the first frame. These values were
normalized to the first frame and presented as percentage DR/R0 to obtain normalized ratio values before the addition of CaCl2.
A pool of#35% of SMS1/2 knock down cells that did not show a Ca2+ influx defect due to knock down variability of two independent
genes, were discarded. Samples that showed over 15%signal reduction of themaximum amplitude value compared to the last frame
were discarded due to high photo bleaching.

Quantitative Real-Time PCR
HeLa cells seeded in 6-wells were transfected with control or with SMS1/2 siRNA as described above. RNA was isolated from cells
using the RNeasy Mini Kit (Qiagen). 1 mg RNA was used for the reverse transcription reaction using the iScript cDNA Synthesis kit
(Bio-Rad). Quantitative PCR reaction were performed with the LightCycler 480 II (Roche) using iQ SYBR green Supermix (Bio-
Rad) with following primers that were described previously (van Galen et al., 2014): SMS1: 5’ – ACTGTGAGCCTCTGGAGCAT - 3’
and 5’ –TGCTCCATTTTCAGGGTTTC - 3’; SMS2: 5’ – CAATTCCTTGCTGCTTCTCC - 3’ and 5’ –CCTTTGTTTTGCTCCTCAG - 3’;
GAPDH: 5’ – TGCACCACCAACTGCTTAGC - 3’ and 5’ – GGCATGGACTGTGGTCATGAG - 3’. The Ct values of control and siRNA
transfected samples of the experimental genes SMS1 and SMS2 were subtracted from the housekeeping gene GAPDH to obtain
theDCt values. TheDCt value of the siRNA transfected sample was then subtracted from the control value to obtain theDDCt values.
Next, by calculating 2-DDCt, the relative expression fold change was determined for each replicate and plotted at as a bar graph.
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Purification of Recombinant Proteins and Labeling
His-SUMO tagged Cab45 was expressed in SF9 cells with pI-secSUMOstar plasmid and purified from cell supernatants with nickel-
based affinity chromatography using a NaP pH 8.0, 500 mMNaCl buffer and cOmplete His-tag Purification Resin (Roche). Following
elution by 250 mM imidazole, proteins were dialyzed to 20 mM PIPES, pH 6.8, 500 mM NaCl, 10% Glycerol for storage.

Recombinant Cab45 labeling with NHS-Atto488 (Sigma Aldrich) was performed according to manufacturer’s instructions.

Cab45 Oligomerization Assay
For oligomerization assays recombinant Cab45 proteins and EFh mutants were thawed on ice and centrifuged 15 min at 13.200 rpm
at 4 !C to remove aggregates. Protein concentrations were adjusted to 2.5 mM in PBS pH 7.4. For measurements proteins were
diluted 1:100 in a total volume of 100 ml in PBS pH 7.4 and analyzed in Lab-Tek 8 Chamber #1.0 borosilicate coverglass system
(Nunc, Rochester, USA) with a LSM780 confocal microscope as described above under the indicated conditions.

Circular Dichroism Spectroscopy
Circular dichroism spectroscopy (CD) measurements were performed in a 1-mm (path length) cuvette at 10 !C on a JASCO J-715
spectrometer. Protein samples (0.2 mg/ml) were dissolved in CD buffer (20 mM PIPES pH 6.8, 50 mM NaCl) and the indicated
amounts of Ca2+ were added before spectra were recorded. An average of 10 (± Ca2+ analysis) independent spectra (from 195 to
250 nm with 0.1 nm spacing) were documented. Data was normalized to molecular elipticity of protein and FFT filter was applied.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical evaluation GraphPad Prism version 7.0b for Mac OS X (GraphPad Software, La Jolla California USA) was used. RUSH
cargo sorting assays were analyzed by using a non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
TIRF exocytosis assays were analyzed using Student’s unpaired t-test. In vitro vesicle budding data were analyzed using a ratio
paired t-test. The following P-value style was used: % 0.05 (*), % 0.01 (**), % 0.001 (***).
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Figure S1. Cab45 EFh mutant expression shows vesicular localization, 

Related to Figure 2. (A) Far-UV CD analysis of recombinant Cab45 and the 

Cab45-EFh1, Cab45-EFh2, Cab45-EFh3 and Cab45-EFh1+3 mutants in the 

presence and absence of 0.25 mM or 1 mM Ca2+. (B) HeLa Cab45-KO cells 

were stably transfected with either Cab45-WT or the mutants Cab45-6EQ, 

Cab45-EFh1, Cab45-EFh2, Cab45-EFh3 and Cab45-EFh1+3. Cells were 

visualized by anti-HA for Cab45 (green) and anti-p230 as a TGN marker (red) 



and analyzed by confocal microscopy. Arrowheads point to cytoplasmic 

vesicles. Bars, 10 µm. (C) The number of Cab45 vesicles per cell was 

quantified for Cab45-KO cells stably expressing Cab45-WT, and the mutants 

Cab45-6EQ, Cab45-EFh1, Cab45-EFh2, Cab45-EFh3 and Cab45-EFh1+3.  

  



 

Figure S2. Depletion of SPCA1 impairs LyzC secretion and cargo 

sorting, Related to Figure 3 and Figure 4.  (A) Depletion of SMS1/2, and 

SPCA1, cause retention of LyzC-SBP-eGFP within cells. HeLa cells 

transfected with control, Cab45, SMS1/2 and SPCA1 siRNA were transfected 

with LyzC-SBP-eGFP. Cell culture supernatants and whole cell lysates of 

cells were collected after 60 min incubation with Biotin and probed for FLAG 

epitope tagged LyzC-SBP-eGFP by immunoblotting. Actin was detected in the 

lysates as a loading control. (B) Semi-quantitative analysis of LyzC secretion 

by normalizing LyzC supernatant signals to their respective actin loading 

control. LyzC secretion was then determined by the ratio of 60 min to 0 min 



samples after Biotin addition and normalized to control siRNA treated cells. 

The means (± s.d.) from 3 independent experiments are plotted. (C) The 

number of LyzC vesicles was quantified in HeLa control or SPCA1 null cells 

expressing either LyzC-SBP-eGFP alone, or co-transfected with SPCA1-WT. 

Vesicle counts (mean ± s.d.) from at least 12 cells per condition in 3 

independent experiments are plotted.   



 

Figure S3. Characterization of SM depleted cells lines, Related to Figure 

4. (A) Quantitative real-time PCR of cells treated with SMS1/2 siRNA 

confirmed a reduction of mRNA expression of SMS1 and SMS2 to 26.8% and 

19% compared to cells treated with control siRNA. Samples were normalized 

to the housekeeping gene GAPDH and the data was presented as relative 

expression fold change normalized to control cells. A representative 

experiment with the means (s.e.m.) of technical triplicates is shown. (B) 

Sphingolipid analysis of SMS1 and SMS2 depleted cells. The relative 

amounts of the indicated sphingolipid species are shown. The values are the 

means (s.e.m.) of three replicate measurements. P<0.05 for SM, P<0.01 for 

HexCer. (C) Time-lapse TIRF micrographs of HeLa control or SMS1/2-edited 

cells expressing either EQ-SM-pHluorin or EQ-sol-pHluorin. Note that EQ-SM-



pHluorin remains bound to the plasma membrane at the site of exocytosis in 

unmodified control cells, but it dissipates from the site of exocytosis in 

SMS1/2-edited HeLa cells. A time-lapse gallery of micrographs showing 

dissipation of EQ-sol-pHluorin after exocytosis is shown for comparison. (D) 

Fluorescence intensity profiles of EQ-SM-pHluorin exocytosis. The normalized 

mean fluorescence intensities  (s.e.m.) of 34 and 57 exocytic events (control 

and SMS1/2-edited, respectively) in TIRF micrographs are plotted. 

Fluorescence values were normalized to the peak intensity observed for each 

series. (E) HeLa control and SMS1/2-edited cells were incubated with 1 µM 

recombinant EQ-SM to probe SM at the plasma membrane. EQ-SM 

containing a FLAG epitope was visualized by immunofluorescence of anti-

FLAG (white) and DAPI to label the nucleus. Bars, 10 µm. 

  



 

 

Figure S4. Pac-sphingosine-labeled sphingolipids are trafficked to the 

Golgi apparatus and then the plasma membrane, Related to Figure 5. (A) 

Time course of pacSph labeling of control (SGPL1+) and SGPL1 null 

(SGPL1-) cells. SGPL1- HeLa cells and control parental cells (SGPL1+) were 

incubated with 0.6 µM pacSph for 30 minutes, followed by a chase period of 1 

or 22 hours in medium lacking pacSph. Fixed, permeabilized cells were 

incubated with click chemistry reagents to covalently attached Alexa647 



fluorophore to pacSph. Cells were visualized by deconvolution fluorescence 

microscopy. Bars, 10 µm. Note that pacSph-labeled sphingolipids are 

trafficked to the Golgi apparatus and then the plasma membrane. (B) An 

inhibitor of ceramide synthase, fumonisin B1 (FB1), prevents targeting of 

pacSph to the Golgi apparatus. SGPL1- HeLa cells were pre-incubated with 

FB1 (50 µM) for 24 hours, followed by labeling of cells with 0.6 µM pacSph. 

Cells were processed to label pacSph with Alexa647 and for 

immunofluorescence detection of TGN46 to identify the Golgi apparatus. 

Scale bars, 10 µm.  

  



 

 

Figure S5. Overexpression of SPCA1 does not alter Ca2+ influx, Related 

to Figure 6. (A) Quantification of FRET images of HeLa control cells and cells 

that overexpress SPCA1-WT. Fluorescence signals reflecting TGN [Ca2+] are 

presented as ΔR/R0. Data are plotted as the mean Ca2+ influx over time. (B) 

Data are plotted as the mean ± s.d. Ca2+ influx at before Ca2+ addition (at 80 

sec) or after Ca2+ addition (at 300 sec). Data was acquired for at least 24 cells 

per condition in two independent experiments. 

 

  



 

 

 

 

 

 

 

 

Table S2. Pearson’s correlation analysis for Golgi residents, Related to 

Figure 5. The mean Pearson’s correlation coefficients (R) (± s.d) were 

determined for the indicated pairs of proteins or pacSph-labeled lipids. The 

number of cells analyzed for each condition is indicated (n). 

object 1 object 2 R = n 
SPCA1 GM130 0.58 ± 0.07 37 

 p230 0.54 ± 0.08 38 
 SMS1 0.76 ± 0.06 75 

SMS1 GM130 0.33 ± 0.06 37 
 p230 0.62 ± 0.09 38 

pacSph GM130 0.49 ± 0.08 32 
 p230 0.76 ± 0.06 22 


