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Abstract

Peptidylglycine a-amidating monooxygenase (PAM) is highly expressed in neurons and endocrine
cells, where it catalyzes one of the final steps in the biosynthesis of bioactive peptides. PAM is
also expressed in unicellular organisms such as Chlamydomonas reinhardtii, which do not store
peptides in secretory granules. As for other granule membrane proteins, PAM is retrieved from the
cell surface and returned to the trans-Golgi network. This pathway involves regulated entry of
PAM into multivesicular body intralumenal vesicles (ILVs). The aim of this study was defining the
endocytic pathways utilized by PAM in cells that do not store secretory products in granules.
Using stably transfected HEK293 cells, endocytic trafficking of PAM was compared to that of the
mannose 6-phosphate (MPR) and EGF (EGFR) receptors, established markers for the endosome to
trans-Golgi network and degradative pathways, respectively. As in neuroendocrine cells, PAM
internalized by HEK293 cells accumulated in the trans-Golgi network. Based on surface
biotinylation, >70% of the PAM on the cell surface was recovered intact after a 4 h chase and
soluble, bifunctional PAM was produced. Endosomes containing PAM generally contained both
EGFR and MPR and ultrastructural analysis confirmed that all three cargos accumulated in ILVs.
PAM containing multivesicular bodies made frequent dynamic tubular contacts with younger and
older multivesicular bodies. Frequent dynamic contacts were observed between lysosomes and
PAM containing early endosomes and multivesicular bodies. The ancient ability of PAM to
localize to ciliary membranes, which release bioactive ectosomes, may be related to its ability to
accumulate in ILVs and exosomes.
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Introduction

Peptidylglycine a-amidating monooxygenase (PAM), a cuproenzyme, is best known for its
essential role in the biosynthesis of the many a-amidated peptides stored in secretory
granules and released by neurons and endocrine cells in response to specific signals. A
bifunctional integral membrane enzyme, intact PAM protein is deposited on the cell surface
during the process of granule exocytosis. Governed by trafficking determinants in its
cytosolic domain, PAM is retrieved from the cell surface by clathrin-mediated endocytosis
and can be returned to the trans-Golgi network or degraded. Endoproteolytic cleavages in the
linker regions connecting the catalytic cores of PAM can occur in secretory granules,
generating catalytically active soluble fragments that are released along with the product
peptides (reviewed in Kumar et al., 2016a).

It is now clear that expression of PAM is not limited to neurons and endocrine cells.
Expression of various preprohormones and monoclonal antibodies in cell lines that do not
form secretory granules consistently demonstrates that the low levels of PAM activity
detected in these cells are sufficient to amidate peptidylglycine substrates as they pass
through the secretory pathway. In addition, it is now known that PAM is expressed in
Chlamydomonas reinhardtii, a unicellular green alga. The localization of CrPAM
(Chlamydomonas reinhardtii PAM) to the Golgi complex and to the ciliary membrane led to
the identification of PAM in both motile and primary cilia in mammals (Kumar et al.,
2016bh).

Protein trafficking through the endocytic pathway in HEK293 cells, which engage in
constitutive secretion but do not produce secretory granules, has been studied in great detail.
Stable expression of rat PAM-1 in HEK293 cells demonstrated production of active enzyme
that cycled onto and off of the plasma membrane (Tausk et al, 1992; Milgram et al.1993).
These well characterized cells provide an ideal system for focusing on the endocytic
trafficking of PAM.

In AtT-20 cells, PAM protein internalized from the plasma membrane rapidly appears in the
intralumenal vesicles (ILVs) of multivesicular bodies (Béck et al, 2010 ). Protein entry into
ILVs generally leads to lysosomal degradation, as best shown for EGF and the EGF receptor
(Gruenberg and Stenmark, 2004; Piper and Katzmann, 2007; Tomas et al., 2014). The
mechanism for delivery of ILVs to lysosomes remains a question of debate (Bright et al,
2005; Gan et al., 2009; Pryor and Luzio, 2009). PAM routed to ILVs largely escapes
lysosomal degradation (Béck et al., 2010), as has been observed for tetraspanins (Gruenberg
and Stenmark, 2004), MHC class Il proteins (Klejmeer et al., 2001) and the cation
independent mannose-6-phosphate receptor (Kobayashi et al., 1998).

The aim of this study was to determine the endocytic pathway taken by PAM-1 internalized
from the surface of stably transfected HEK?293 cells and to compare PAM trafficking to the
routes taken by EGF/EGF receptor complexes and by cation independent mannose-6-
phosphate receptors, markers for degradative and endosome to trans-Golgi network
trafficking, respectively.
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Materials and Methods

Cells

HEK?293 cells stably transfected with vector encoding rat PAM-1 (Tausk et al., 1992;
Milgram et al., 1993 ) were maintained in a 5% CO-, atmosphere in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 supplemented with 25 mM HEPES, 100 units/ml penicillin,
100 pg/ml streptomycin, 10% fetal calf serum and 0.5 mg/ml G418 and passed weekly.
Complete serum-free medium (CSFM) is the same medium without serum but with insulin-
transferrin-selenium (Life Sciences).

Surface biotinylation

Antibodies

HEK293 cells stably expressing rat PAM-1 (Tausk et al., 1992; Milgram et al., 1993) were
incubated for 30 min at 37°C in CSFM. Before labeling with cell impermeant sulfo-NHS-
LC-biotin, cells were rinsed with 15 mM HEPES, 120 mM NacCl, 2 mM CaCl,, 4 mM KClI,
25 mM glucose, pH 7.5 (HSG). For assessing steady state plasma membrane localization,
surface biotinylation was carried out on ice and all solutions used were pre-chilled. For
assessment of endocytic trafficking, surface biotinylation was carried out for 10 min at 37°C.
Sulfo-NHS-LC-biotin (1.25 mM dissolved in HSG) (Pierce) was applied on ice or at 37°C.
The reaction was quenched by replacing the biotin-containing HSG with 2 mg/ml BSA in
CSFM (quenching medium); after 5 min, the quenching medium was replaced with CSFM.
Cells were either extracted immediately (Pulse) or incubated in CSFM containing 1 mg/ml
BSA for up to 4 h (Chase). Cells were extracted into 20 mM Na TES, 10 mM mannitol, 1%
TX-100, pH 7.4 (TMT) supplemented with protease inhibitors (30 pg/ml
phenylmethylsulfonyl fluoride, 2 pg/ml leupeptin, 2 pg/ml pepstatin and 16 pg/ml
benzamidine) and particulate material was removed by centrifugation at 14,000 rpm for 20
min. After centrifugation of chase media, protease inhibitors were added. Clarified lysates
and media were incubated with neutravidin beads (40 pl slurry) (Pierce) for 1 h at 4°C.
Beads were rinsed twice with TMT containing protease inhibitors and once with buffer
lacking detergent before elution into Laemmli sample buffer by heating for 5 min at 95°C.
Eluates and the corresponding inputs were analyzed on 4-15% gradient gels and non-
saturated images were quantified using SynGene software.

The following antibodies were used: rabbit polyclonal JH629 [rPAM-1(394-498, exon A
(Yun et al., 1995)], mouse monoclonal anti-syntaxin 6 (ab 610635, BD Transduction
Laboratories), mouse monoclonal anti-mannose-6-phosphate receptor (cation independent)
(2G11, Abcam), mouse monoclonal anti-EGFR antibody (ab30, Abcam). Alexa Fluor 555 or
488 labeled JH629 antibody was prepared using affinity purified antibody and APEX
antibody labeling kits (Molecular Probes) according to the protocol provided by the
manufacturer. For uptake studies EGF, biotinylated, complexed to Alexa Fluor 555 or 488
streptavidin (Molecular Probes; E35350, E13345) or dextran, Alexa Fluor 488 or 568,
10.000 MW, final concentration 50 pg/ml (Molecular Probes; D22910, D22912) were used.
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Immunofluorescence and live cell imaging

For uptake studies, cells were kept in DMEM-HEPES containing 1% BSA, incubated with
antibody to the Exon 16 region of PAM, JH629 1:2000, antibody to MPR (used at 2ug/ml)
or EGF Alexa Fluor 488 or 555 8 pg/ml at 37°C for 5 min, then chased in culture medium.
The cells were fixed with 4% paraformaldehyde, initially on ice, and permeabilized with
0.2% Triton-X100. Cells were either first incubated with primary antibody (syntaxin 6
antibody) for 1 h, then Alexa Fluor conjugated secondary antibody for 1 h, or only Alexa
Fluor conjugated secondary antibodies for 1 h. The cells were photographed with a Leica
TCS SP8 confocal microscope with a 65x oil immersion lens.

Confocal live cell imaging was performed on a Leica TCS SP8 attached to a DMI 6000
inverted microscope equipped with a full enclosure temperature controlled environmental
chamber was used. The cells were grown in glass-bottom dishes (LabTek, Nunc) incubated
in DMEM-HEPES + 1% BSA with directly Alexa 488 or 555 labeled JH629 PAM antibody
and Alexa 488 or 555 conjugated EGF 8 pg/ml for 10 min, then chased in DMEM-HEPES
+ 1% BSA. Images were recorded with a 63x water immersion lens and data acquired with
LAS AF 3 (Leica). Time-lapse images were obtained every 735 ms for 66 s (90 frames).
Images were deconvoluted with Huygens Professional (SV1) and renderings made with
Imaris 7.2 (Bitplane). For analysis of Pearson’s and Mander’s coefficients, the JACoP plugin
of ImageJ (National Institutes of Health) was used. Colocalization analysis on individual
endosomes was performed manually on the deconvoluted images. For analysis of contacts,
randomly chosen PAM containing endosomes were traced manually frame by frame; the
number of contacts during the period the endosome could be traced and the duration of
contacts were quantified by recording the number of frames in which each contact was
visible.

Electron microscopy

For colloidal gold labeling at the ultrastructural level, cells were incubated for 20 min at 4°C
with PAM antibody JH 629 (1:500) or MPR antibody (16 pug/ml) or EGFR antibody (8
pg/ml) and Alexa Fluor 555 EGF (0.2 ug/ml) in DMEM-HEPES-0.2 % BSA. They were
rinsed in DMEM-HEPES-BSA at 4°C and then incubated for 20 min at 4°C with 10 nm
colloidal gold conjugated goat anti-mouse 1gG (H+L) or 5 nm colloidal gold conjugated goat
anti-rabbit 1gG (H+L) (BBI Solutions) diluted 1:50 in DMEM-HEPES. They were again
rinsed in DMEM-HEPES at 4°C and then chased in culture medium at 37°C. The cells were
then fixed with 2.5% glutaraldehyde (Electron Microscopical Sciences) in 0.1 M sodium
cacodylate buffer and osmicated, dehydrated and embedded in Epon. Sections were
poststained with uranyl acetate and lead citrate.

High pressure freezing and freeze substitution

High pressure freezing and freeze substitution were performed as described in Biazik et al.,
2015, except that cells were cultured on 6 mm sapphire discs and the substitution medium
included 0.1% urany! acetate, 1% osmium tetroxide and 5% distilled water in acetone.
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Results

PAM is internalized to the TGN area in cells that do not produce secretory granules

In mouse AtT-20 corticotropic tumor cells, newly synthesized PAM enters the TGN
(Milgram et al., 1997), where it is incorporated into nascent secretory granules and subject
to endoproteolytic cleavage by the same enzymes that cleave proopiomelanocortin. During
secretory granule exocytosis, soluble PHM and soluble PAL are secreted, along with the
products of POMC cleavage and intact membrane PAM is deposited on the cell membrane.
PAM that appears on the cell surface is quickly internalized and routed to the intralumenal
vesicles of multivesicular bodies in a process regulated by phosphorylation of the PAM
cytoplasmic domain (Béack et al., 2010).

HEK?293 cells lack the prohormone convertases characteristic of neuroendocrine cells and do
not produce secretory granules, making it possible to focus on steps in the endocytic
trafficking of PAM that are shared by all cells. At steady state, most of the PAM-1 in
HEK?293 cells is localized to the TGN, overlapping the distribution of syntaxin 6, a TGN
marker (Fig. 1A) (Tausk et al, 1992). When PAM at the cell membrane was labeled with
antibody and the antibody was internalized for 10-40 min, we saw a progressive
accumulation of internalized PAM/Ab complex in the area occupied by the TGN (Fig. 1B).

Better resolution is required to resolve the endocytic compartments traversed by PAM/Ab
complexes internalized from the cell surface. For electron microscopy, we tagged PAM at
the cell surface with PAM ectodomain antibody/protein A-gold complexes; after 20 min, we
detected internalized PAM/Ab complexes on the limiting membrane on multivesicular
bodies and on intralumenal vesicles contained within multivesicular bodies (Fig. 1C).

PAM routed to multivesicular bodies is not degraded

In order to interpret the results of the PAM/Ab uptake experiments, we sought a quantitative
means of evaluating the amount of PAM on the cell surface and the time course over which
internalized PAM was degraded in HEK293 cells. Surface biotinylation was previously used
to study this process in AtT-20 cells expressing PAM-1 (Béck et al., 2010). As in HEK293
cells, PAM/Ab complexes internalized from the surface of AtT-20 mouse corticotrope tumor
cells appear in the intralumenal vesicles of multivesicular bodies. Although ILV entry can
lead to degradation, over half of the PAM biotinylated on the cell surface remained intact in
AtT-20 cells expressing PAM-1 after a 1 h chase; after a 4 h chase, more than a third of the
internalized PAM remained intact (Béck et al., 2010); Milgram et al.,1993).

By carrying out the surface biotinylation reaction at low temperature, to block membrane
trafficking, we determined the percentage of the total PAM-1 in HEK293 cells on the cell
surface at steady state (Fig. 2A). Consistent with our immunofluorescence images, only 3.5
+ 0.8 % of the total PAM-1 could be tagged with biotin under these conditions; thus about
3% of the PAM-1 is on the surface of HEK293 cells at steady state.

We next incubated PAM-1 HEK?293 cells with cell impermeant biotin for 10 min at 37C;
after quenching the reaction, cells were harvested immediately or after a 20, 40, 90 or 240
min chase (Fig. 2B). PAM-1 internalized into HEK293 cells was not rapidly degraded; more
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than two thirds of the PAM-1 biotinylated on the cell surface was recovered intact after a 4 h
chase (Fig. 2B). Earlier studies using immunoprecipitation to quantify PAM-1 after pulse
labeling with [3>S]Methionine (Tausk et al, 1992) also indicated that PAM-1 turns over
slowly in HEK293 cells.

In AtT-20 cells, the endosomal processing of internalized PAM-1 involves a proteolytic
cleavage that separates soluble PAM (sPAM) from the transmembrane domain/cytoplasmic
domain of PAM (Fig. 2B). Analysis of the chase media from surface biotinylated PAM-1
HEK?293 cells revealed the presence of a similar PAM protein (Fig. 2B); after a 4 h chase,
biotinylated SPAM accounted for 13% of the pulse-labeled PAM-1.

PAM containing endosomes make frequent tubular contacts

We next followed the internalization of PAM/Ab complexes with live cell video imaging.
PAM/Ab containing endosomes displayed rapid saltatory movements and frequent, often
prolonged contacts with each other (Movie 1). PAM/Ab containing tubules connecting
endosomes were also frequently observed. In addition, apparent movement of detached
tubules between endosomes could be detected (Fig. 3).

Similar images were not seen by conventional electron microscopy. We therefore utilized
high pressure freezing, which allows instant preservation of membrane structures. With this
method we could detect tubular contacts between endosomes and direct apposition of
multivesicular body membranes (Fig. 4A-E). This method also revealed close contacts
between multivesicular bodies and lysosomes, which in these preparations appear as larger
and more electron lucent structures than in conventional transmission electron microscopy
(Murk et al, 2003). We did not detect tubular contacts between lysosomes; direct fusion
connecting lysosomes could sometimes be seen Fig. 4F-I).

PAM containing endosomes of different age make frequent contacts and exchange

material

We next asked whether the presence of tubular contacts between PAM/Ab containing
endosomes allowed the exchange of material. PAM-1 HEK293 cells were first incubated
with Alexa 555 conjugated PAM antibody (older endosomes); after a 20 min chase, the same
cells were incubated with Alexa 488 conjugated PAM antibody (younger endosomes). This
methodology was made possible by the marked stability of the internalized PAM/Ab
complexes. We observed frequent contacts and material exchange between younger and
older endosomes whether examined immediately after labeling the young endosomes or
after an additional 10 min of chase (Movie 2 and Fig. 5).

PAM and Mannose-6-phosphate receptor are internalized by the same population of

endosomes

The mannose-6-phosphate receptor (MPR) transports lysosomal enzymes from the TGN to
late endosomes. Some of the cation-independent MPR is also routed to the cell membrane,
where it acts as an insulin-like growth factor-11 receptor (MacDonald et al., 1988; Morganet
al., 1987; Oshimaet al., 1988). From the cell membrane, MPR is internalized and returned to
the TGN via several distinct routes from early and late endosomes (Bonifacino & Rojas,
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2006; Johannes & Popoff, 2008). By again using antibody labeling, we simultaneously
followed the uptake of PAM/Ab complexes and MPR/Ab complexes. During the initial 10
min of uptake, a proportion of the internalized MPR was rapidly collected in the TGN. At
later time points, both PAM/Ab complexes and MPR/Ab complexes continually
accumulated in the TGN (Fig. 6A-B). We quantified co-localization and found that over
90% of the labeled endosomes contained both PAM and MPR Ab complexes after 10 and 20
min of uptake (Fig. 6C).

For electron microscopy, we labeled MPR and PAM at the cell membrane with antibodies
linked to a species specific secondary antibody and conjugated to 5 or 10 nm gold particles.
Using this approach, we detected PAM and MPR Ab complexes in the same multivesicular
bodies, even on the same intralumenal vesicles (Fig. 6D).

PAM and EGF are internalized by the same population of endosomes

EGF signaling at the plasma membrane is terminated by the carefully regulated
internalization of EGF/EGF receptor complexes followed by their incorporation into the
ILVs of MVBs and subsequent degradation (Tomas et al., 2014). Alexa 488 linked to EGF
and Alexa 555 linked to PAM antibody were simultaneously internalized by PAM-1
HEK?293 cells. Pearson coefficients for the co-localization of fluorophores were calculated
after chase times of 10, 20 and 40 min; at each time, they demonstrated almost 100 %
overlap (Fig. 7A).

Given the very different fates of these cargos, this result was unexpected. As these
observations were obtained from fixed cells, we repeated the experiment on video images
obtained from live cells. Analyzed in this manner, we found a less than 50% overlap of the
fluorophores detecting PAM and EGF. There was a slight decrease in co-localization at 40
min; analysis of Mander’s coefficients (showing the intensity of PAM/Ab complex
fluorescence overlapping EGF fluorescence in relation to total PAM fluorescence) showed
that this was due to a significant decrease in the proportion of PAM overlapping EGF, in
agreement with degradation of EGF (Fig. 7B).

When individual endosomes in live video images were analyzed, we found that 80%
contained both PAM/Ab complexes and fluorescently tagged EGF (Fig. 7C). Together, these
results suggest that most endosomes contain both cargos but largely in different domains; the
formaldehyde fixation protocol used apparently allowed mixing of these domains.

We next studied the dynamics of PAM/Ab and fluorescently tagged EGF containing
endosomal domains in live cell videos. Especially at 10 min of uptake, these domains were
highly mobile. At 20 min after uptake, we also saw frequent contacts, exchange of material
and transient co-localization of PAM/Ab complexes and fluorescently tagged EGF (Movies
3, 4 Fig. 8A-B). Multivesicular bodies made two types of contact: about half of the contacts
lasted for a second or less while the other half lasted substantially longer (2-21 seconds)
(Fig. 8C). Endosomes containing PAM/Ab complexes internalized for 20 min made an
average of 5.2 + 0.4 contacts /minute with other endosomes of the same age, with a mean
duration of 2.9 + 0.4 seconds. This means that a PAM/Ab complex containing endosome
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(identified as multivesicular bodies at the ultrastructural level) was connected to another
endosome of the same age for approximately 15 sec/min, or 25% of the time.

Electron microscopy confirmed the co-localization of PAM/Ab complexes and EGF in most
multivesicular bodies (Fig. 9). The PAM/Ab complexes and EGF were separated, but were
also associated with the same intralumenal vesicles. Degradation of EGF, evident as
aggregation of EGF-derived gold particles, started in organelles that still contained
intralumenal vesicles (Fig. 9E and F).

PAM containing endosomes make frequent prolonged contacts with lysosomes

The dynamics of contact between PAM/Ab complex containing endosomes and lysosomes
were studied with the same approach. Lysosomes were loaded by incubating the cells with
fluorescently tagged dextran for 4 h followed by a 1 h chase in medium lacking any
fluorophore; the cells were then incubated with fluorescently tagged PAM antibody (Movie
5, Fig. 10A). Endosomes representing 20 min of PAM/Ab uptake made frequent contacts
with lysosomes; on average, endosomes made 5.8 £0.4 contacts per minute, with a mean
duration of 2.3 + 0.2 seconds (Fig. 10C). The frequency and duration of contacts did not
differ significantly from endosome-endosome contacts analyzed at the same chase time. An
endosome representing 20 min of PAM/Ab uptake was thus in contact with a lysosome for
an average of 13 sec/min. Remarkably, endosomes representing 10 min of PAM/Ab uptake
displayed contacts with lysosomes with similar frequency (Movie 6, Fig. 10B).
Nevertheless, surface biotinylation demonstrated that internalized PAM had a half-life
substantially longer than 4 h.

Discussion

PAM/Ab complexes, MPR/Ab complexes and EGF travel together

There is evidence for different types of MVBs (White et al., 2006; Babst, 2011) and
subtypes of ILVs (Edgar et al., 2013). For the three cargos studied, we did not see any
indication of their separation into subtypes of MVBs. The extensive overlap of internalized
PAM/Ab complexes and MPR/Ab complexes as well as PAM/Ab complexes and
fluorescently tagged EGF indicated that all three cargos were transported by the same type
of MVBs. We could even detect co-localization of PAM/Ab complexes and MPR/Ab
complexes as well as PAM/Ab complexes and EGF on the same ILVs. The staining intensity
was, however, too low for a reliable classification of individual ILVs and the proportion of
ILVs carrying both cargos could not be determined in this study.

Multivesicular bodies form a dynamic network

The formation of MVBs is a gradual process during which the maturation of early
endosomes terminates the extension of recycling tubules and increases the formation of
ILVs. Extension of tubules mediating MVB-TGN transport continues throughout MVB
maturation (Huotari and Helenius, 2011).

This study shows that live cell imaging with high frequency and high pressure freezing
preparation for electron microscopy enable detection of tubular contacts and material
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exchange between PAM containing MVBs, features not well preserved by conventional
fixation. We found that MVBs labeled 20 min earlier were in contact with MVBs of the
same age approximately 25% of the time. A similar frequency of contacts was observed
when evaluating contacts between younger and older endosomes, suggesting MVBs labeled
20 min earlier are in contact with other endosomes most of the time. To this can be added
the fact that maturing endosomes maintain close contact with ER membranes, as shown for
Cos-7, DKO and U20S cells (Friedman et al 2013; Dong et al., 2016). In addition, MVB-ER
membrane interaction is crucial for EGFR degradation (Eden et al., 2010; Eden et al., 2016).
Instead of individually maturing along microtubule tracks, multivesicular bodies probably
depend on crosstalk with other multivesicular bodies and the ER for their maturation.

Lysosomes interact continuously with endosomes of different ages

The mechanism for delivery of ILVs from MVBs to lysosomes remains obscure: it could
occur through fusion leading to the formation of a hybrid organelle, through maturation of a
MVB into a lysosome, through tubular contacts, through kiss-and-run contacts or through
kiss-and-linger contacts (Bright et al, 2005; Gan et al., 2009; Pryor and Luzio, 2009). The
lysosome has generally been considered the end point of endosomal trafficking and the
special composition of the lysosomal membrane as a shield against the proteolytic enzymes
harbored in this organelle. This study shows contacts between MVBs labeled 20 min earlier
and lysosomes with the same frequency and duration observed for contacts amongst MVBs.
Contacts between 10 min endosomes and lysosomes seem equally frequent. Instead of
simply mediating cargo transfer, the extensive membrane connections between both early
and late endosomes/MVBs and lysosomes observed in this study may serve functions similar
to those attributed to membrane contact sites between other membrane compartments such
as Golgi-ER, lipid droplet-ER, mitochondrion-ER contacts (Gallo et al., 2016).

Endocytic trafficking of PAM through multivesicular bodies is similar in HEK293 and
neuroendocrine cells

Because of its essential role in the production of many neuropeptides, research on PAM
trafficking has focused on neuroendocrine cells. Pulse/chase metabolic labeling studies
demonstrate prohormone convertase mediated cleavage of PAM in neuroendocrine cells,
producing soluble PHM and soluble PAL that are secreted along with their product peptides.
Expression of soluble PHM in neuroendocrine cells leads to its efficient storage in secretory
granules. In contrast, expression of soluble PHM in cells that do not produce secretory
granules results in its rapid secretion, via the constitutive pathway.

Early studies revealed an essential role for trafficking determinants in the cytosolic domain
of PAM. In both neuroendocrine cells and cells lacking secretory granules, PAM-1 is largely
localized to the TGN (HEK, CHO, AtT-20, neurons, pituitary endocrine cells, atrial
cardiomyocytes) and its endocytic trafficking is strikingly similar. Neuroendocrine cells are
known to recycle phogrin and several other secretory granule membrane proteins. The EM
images provided here demonstrate that PAM-1 internalized from the surface of HEK293
cells is rapidly trafficked into intraluminal vesicles, as observed previously for AtT-20
corticotrope tumor cells. Surface biotinylation experiments demonstrate that PAM-1 that
enters the endocytic pathway in HEK293 cells is remarkably stable, despite its presence in

Eur J Cell Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Back et al.

Page 10

ILVs. Consistent with its localization in ILVs, PAM has been detected in exosomes (secreted
ILVs) isolated from saliva, urine and SCC61 tumor cells (Sinha et al., 2016).

As shown earlier in other cell types, internalized PAM (Back et al., 2010) and internalized
MPR (Griffiths et al., 1990; Kobayashi et al., 1998; Arighi et al., 2004) both accumulate in
ILVs in HEK293 MVBs. Both internalized proteins are quite stable and are largely returned
to the TGN. The retrograde transport of both proteins requires that they be sorted away from
proteins destined for degradation; for MPR, many of the steps in this retrograde pathway
have been well characterized (Bonifacino & Rojas, 2006; Johannes & Popoff, 2008). For
both proteins, one key step is poorly understood; in order to return to the TGN, PAM and
MPR must exit from ILVs. Reinsertion probably occurs through back fusion of ILVs (Bissig
& Gruenberg, 2013), a route hijacked by viruses (Uchil & Mothes, 2005; Luyet et al., 2008),
but the mechanism has not yet been explored.

With its recent identification in Chlamydomonas reinhardtii, a unicellular green alga, it is
clear that PAM is an ancient enzyme, perhaps present in the last eukaryotic common
ancestor (Kumar et al., 2016b). Its requirement for copper, ascorbic acid, low pH and
molecular oxygen were presumably part of its ancient role. Characterization of CrPAM led
to the discovery that PAM is present on the surface of its motile cilia (Kumar et al., 2016a)
and is also present in motile and non-motile cilia in mammals. Chlamydomonas release
ectosomes, topologically very similar to ILVs, from the tips of their flagella (Wood et al.,
2013). PAM entry into 1LVs and presumed exit from MVBs appears to reflect an ancient
function of this highly conserved enzyme.
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Fig. 1. Endocytosed PAM/Ab complexes pass through MVBs before arriving in the TGN
A. At steady state, PAM colocalizes with syntaxin 6. B. PAM/Ab complexes (red)

internalized for 10-40 min gradually accumulate in the TGN (syntaxin 6 stain; green). C.
PAM/Ab complexes internalized for 20 min, detected by using PAM antibody/proteinA—
gold complexes, accumulated in the ILVs (arrow) of MVBs. G, Golgi complex. Scale bars:
A single images and merged image = 10 ym; B = 10 ym; C = 200 nm.

Eur J Cell Biol. Author manuscript; available in PMC 2018 August 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 15

A.
BT Total (3.3%) . .
12 3 12 3 E
Eas |
150— 3
——— | — s > @O g 3
100 £
PAM-1 =
75 S5 |
[
[11]
2 o [ |
hEK293 PAM-1
B.
Cell lysate Medium
P 20 40 90 240 20 40 90 240 Mmin §1°°
150— 5
> @ E 5o
too_ WD S S S — oo I
sPAM X
75— -
;g 0

Fig. 2. Internalized biotinylated PAM-1 is stable
A. PAM-1 HEK?293 cells chilled to 4°C were exposed to cell impermeant activated biotin for

10 min; the reaction was quenched and biotinylated proteins isolated from cell lysates (BT)
were fractionated and probed for PAM using affinity purified antibody specific for the C
terminus of PAM; input samples (Total) representing 3.3% as much material were analyzed
simultaneously. The bar graph shows the ratio of biotinylated PAM-1 to total PAM-1 at
steady state. The values represent the average +/- SD of triplicate samples from two
experiments. B. PAM-1 HEK?293 cells kept at 37°C were incubated with cell impermeant
biotin for 10 min; the reaction was quenched and cells were harvested (P; pulse) or chased in
growth medium for the indicated amount of time; biotinylated proteins were isolated from
cell lysates and spent media, fractionated, and probed for PAM using either the CD antibody
(cell extracts) or exon 16 antibody (medium); input samples (not shown) were analyzed
simultaneously. Soluble bifunctional PAM (sPAM) was the major biotinylated product
secreted by PAM-1 hEK293 cells. Biotinylated PAM-1 remaining at the end of chase period
(4 h) was plotted as a percentage of the total present after the pulse.
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Fig. 3. PAM containing endosomes make frequent tubular contacts (stills from Movie 1)
Examples of tubular contacts between endosomes which had internalized PAM/Ab for 40

min (arrows). At arrowheads, tubule detaches and migrates to contact another PAM
containing endosome. Scale bar = 2 um.
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Fig. 4. MVBs are connected by tubular contacts and direct membrane apposition
High pressure freezing preparations showed tubular contacts between MVBs (A-D, arrows),

direct membrane contacts between MVBs (E, gpen arrowhead) and direct membrane
contacts between a MVB and a lysosome (G, gpen arrowhead). Arrowheads in H-1 show
fusion between lysosomes. Scale bar = 500 nm.
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Fig. 5. PAM/ADb containing endosomes of different ages make tubular contacts and exchange
material (stills from Movie 2)

Endosomes representing 40 min of PAM/Ab uptake (green) displayed tubular contacts
(arrows) and intermixing (arrowheads) with endosomes representing 20 min of PAM/Ab
uptake (red). Scale bar = 2.5 pm.
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Fig. 6. PAM/Ab complexes and MPR/Ab complexes are internalized together
After 10 min of uptake, MPR/Ab complexes had begun to collect in the TGN (A) and co-

localized with PAM/ADb complexes in endosomes (A, right panel). After 20 min of PAM/Ab
and MPR/Ab uptake, co-localization was observed in the TGN and in endosomes (B). Scale
bars = 10 um. The overlap in endosomes was partial, but more than 90% of the fluorescently
labeled endosomes contained both cargos after 10 and 20 min (mean + SE for 3 separate
experiments). (C). When examined at the EM level using gold-tagged antibodies,
multivesicular bodies representing 20 min of uptake of PAM and MPR antibodies generally
contained both cargos; arrowheads mark ILVs that contained both cargoes (D). Arrow at left
shows MPR/Ab complex in a tubule directed towards the Golgi complex (G). Scale bars =
200 nm.
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Fig. 7. PAM/Ab complexes and fluorescently tagged EGF are internalized together
A. In fixed cells, most endosomes contained both PAM/Ab complexes and fluorescently

tagged EGF 10, 20 and 40 min after uptake. Calculation of the Pearson coefficient, which
was almost 1 (mean £ SE for 3 separate experiments) confirmed this conclusion. B. In live
cell images, the fluorophores overlapped much less extensively, with a Pearson coefficient of
less than 0.4. A slight decrease in overlap was seen after 40 min, reflecting a significant drop
(p<0.005) in the Mander’s coefficient, which reflects the intensity of the PAM/Ab complex
fluorescence overlapping the EGF/Ab complex fluorescence in relation to the total PAM/Ab
complex fluorescence (mean + SE from 3 separate experiments). C. About 80% of the
fluorescently labeled endosomes contained both PAM/Ab complexes and fluorescently
tagged EGF at 10 and 20 min. Scale bars = 10 pm.
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Fig. 8. PAM/Ab complex and fluorescently tagged EGF containing endosomes make tubular
contacts and display transient intermixing of cargos (stills from Movies 3 and 4)

A. and B. Endosomes representing 20 min of PAM/Ab complex and fluorescently tagged
EGF uptake showed tubular contacts (arrows) and transient intermixing of cargo
(arrowheads). Scale bars = 2.5 um. C. Histograms show the number of contacts/min and the
duration of contacts for 20 min of PAM/Ab complex and fluorescently tagged EGF uptake
(for clarity, two longer durations, 16 and 21 secs, were not included) (30 endosomes, 90
contacts from 3 separate experiments).
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Fig. 9. PAM and EGFR are internalized into different domains
A. - D. Ultrastructural views of PAM/Ab complexes (5 hm gold) and EGF/Ab complexes

(10 nm gold) after uptake for 10-90 min. Arrowheads show PAM containing domains,
arrows show co-localization on the same ILV. E. and F. Degradation of EGF (aggregated
gold particles, gpen arrowheads) began in structures still containing ILVs. Scale bars = 200
nm.
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Fig. 10. Endosomes representing PAM/Ab complex uptake for 10 and 20 min display dynamic
interactions with lysosomes (stills from Movies 5 and 6)

Lysosomes (4 h uptake of dextran-Alexa 488 or —Alexa 555) interacted with PAM/Ab
complex containing endosomes after incubation periods of 20 min (A) and 10 min (B). In A,
arrows indicate a contact which remained stable during the entire 4.7 second sequence;
arrowheads indicate a rare example of contact and transfer of PAM/Ab complex to a
lysosome. Scale bars = 2.5 um. C. Histograms showing the number of contacts/min and the
duration of contacts between an endosome representing 20 min of PAM/Ab complex uptake
and a lysosome (for clarity, three longer durations, 17, 19 and 21 secs, were not included)
(55 endosomes, 323 contacts from 3 separate experiments).
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