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The sorting of acid hydrolase precursors at the trans-Golgi network (TGN) is mediated by binding to mannose
6-phosphate receptors (MPRs) and subsequent capture of the hydrolase-MPR complexes into clathrin-coated vesicles or
transport carriers (TCs) destined for delivery to endosomes. This capture depends on the function of three monomeric
clathrin adaptors named GGAs. The GGAs comprise a C-terminal “ear” domain that binds a specific set of accessory
proteins. Herein we show that one of these accessory proteins, p56, colocalizes and physically interacts with the three
GGAs at the TGN. Moreover, overexpression of the GGAs enhances the association of p56 with the TGN, and RNA
interference (RNAi)-mediated depletion of the GGAs decreases the TGN association and total levels of p56. RNAi-
mediated depletion of p56 or the GGAs causes various degrees of missorting of the precursor of the acid hydrolase,
cathepsin D. In the case of p56 depletion, this missorting correlates with decreased mobility of GGA-containing TCs.
Transfection with an RNAi-resistant p56 construct, but not with a p56 construct lacking the GGA-ear—interacting motif,
restores the mobility of the TCs. We conclude that p56 tightly cooperates with the GGAs in the sorting of cathepsin D to

lysosomes, probably by enabling the movement of GGA-containing TCs.

INTRODUCTION

The biosynthetic transport of acid hydrolases from the Golgi
apparatus to the vacuole in yeast and to lysosomes in meta-
zoans is a multistep process that is carried out by a complex
molecular machinery. Genetic approaches have led to the
identification and characterization of over 70 distinct vacu-
olar protein sorting or Vps proteins in the yeast, Saccharo-
myces cerevisize, most of which are conserved in metazoans
(Bowers and Stevens, 2005). The metazoan machinery is
likely to comprise additional components that are needed to
generate the greater diversity of lysosome structure, dynam-
ics and function in multicellular organisms (Mullins and
Bonifacino, 2001). However, only a few of the Vps homo-
logues and additional components in metazoans have been
directly demonstrated to participate in acid hydrolase sort-
ing to lysosomes in vivo.

Among these are the transmembrane, cation-dependent
(CD) and cation-independent (CI) mannose 6-phosphate re-
ceptors (MPRs) that sort newly synthesized lysosomal hy-
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drolase precursors from the trans-Golgi network (TGN) to
the endosomal-lysosomal system in mammals (Kornfeld,
1992; Ghosh et al., 2003a). This sorting begins with the bind-
ing of the hydrolase precursors, via mannose 6-phosphate
groups on their N-linked oligosaccharide chains, to the lu-
minal domains of the MPRs. The cytosolic tails of the MPRs,
in turn, interact with two types of clathrin adaptor, the
monomeric GGA proteins (Puertollano et al., 2001; Takatsu
et al., 2001; Zhu et al., 2001) and the heterotetrameric AP1
complex (Honing et al., 1997; Doray et al., 2002; Ghosh and
Kornfeld, 2004), leading to the concentration of the hydro-
lase-precursor-MPR complexes within clathrin-coated areas
of the TGN (Klumperman et al., 1993; Le Borgne and
Hoflack, 1997). Clathrin-coated vesicles (CCVs) or pleiomor-
phic transport carriers (TCs) then form and deliver the hy-
drolase-precursor-MPR complexes to endosomes (Waguri et
al., 2002; Puertollano et al., 2003; Polishchuck et al., 2006). The
hydrolase precursors subsequently dissociate from the
MPRs and the former are carried to lysosomes with the fluid
phase, where they become proteolytically processed to ma-
ture, active hydrolases. The unoccupied MPRs, on the other
hand, return to the TGN to mediate further cycles of hydro-
lase precursor sorting.

The GGA proteins (i.e., GGAl, GGA2, and GGA3 in hu-
mans; Bonifacino, 2004; Ghosh and Kornfeld, 2004) are sin-
gle-chain polypeptides comprising folded VHS, GAT, and
GAE domains that are linked by largely unstructured seg-
ments. The link connecting the GAT and GAE domains is
quite long and is referred to as “hinge.” AP1 (Robinson,
2004; Owen et al., 2004), on the other hand, is an oligomer,
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comprising four subunits named B1, yl, ul, and ol, the
latter three of which occur as two or three isoforms. The
N-terminal portions of 81 and vl1, plus the entire ul and ol
subunits, assemble into a folded “core” domain, whereas the
C-terminal portions of 1 and 1 constitute largely unstruc-
tured “hinge” segments that end in globular “ear” domains.
Despite their different quaternary structures, the GGAs and
AP1 share some common structural and functional features.
The VHS-GAT domains of the GGAs and the core domain of
AP1, for example, participate in membrane recruitment and
cargo recognition. The hinge domains of both types of adap-
tor bind clathrin. Finally the GAE domains of the GGAs and
the ear domain of the yl-adaptin subunit of AP1 (herein
commonly referred to as GAE for gamma-adaptin ear) are
structurally related and bind a common set of accessory
proteins.

The GAE domains consist of an eight-stranded immuno-
globulin-like B-sandwich (Nogi ef al., 2002; Collins et al.,
2003; Miller et al., 2003). The surface of these domains share
two shallow hydrophobic depressions that bind sequences
conforming to the WG[PDE][WLM] motif (¥ is an aromatic
residue; pattern denoted according to PROSITE syntax;
Mattera ef al., 2004) or related motifs (Kent et al., 2002; Nogi
et al., 2002; Collins et al., 2003; Miller et al., 2003; Mattera et
al., 2003) on the accessory proteins. Among the proteins that
are known to bind GAE domains through such motifs are
rabaptin-5 (Hirst ef al., 2000; Doray and Kornfeld, 2001;
Shiba et al., 2002; Mattera et al., 2003), y-synergin (Page et al.,
1999; Hirst et al., 2000; Takatsu et al., 2000), NECAP1 and
NECAP2 (Ritter et al., 2003; Mattera ef al., 2004), aftiphilin
(Mattera et al., 2004), y-BAR (Neubrand et al., 2005), a protein
known as Clint, enthoprotin, or epsinR (Kalthoff ef al., 2002;
Wasiak et al., 2002; Hirst et al., 2003; Mills et al., 2003), and
p56 (Collins et al., 2003; Lui et al., 2003). The functions of
these accessory proteins vis-a-vis their interactions with the
GGAs and AP1 remain poorly understood.

Gene ablation and RNA interference (RNAi) approaches
have been used to assess the requirement of the MPRs, the
GGAs, AP1, and clathrin for the sorting of acid hydrolase
precursors. Studies of MPR-deficient mice showed that both
MPRs play partially redundant roles in this process (Koster
et al., 1993; Ludwig et al., 1993; Ludwig et al., 1996). The
GGAs, however, appear to be nonredundant, because con-
current expression of all three human proteins is required
for the sorting of cathepsin D to lysosomes, as shown by
RNAI in HeLa cells (Ghosh et al., 2003b). This nonredun-
dancy has been attributed to the destabilization of the two
remaining GGAs when any one of them is missing. Both
gene deletion in mice and RNAI in cultured human cells
have shown that AP1 is also required for acid hydrolase
sorting (Meyer et al., 2000; Hirst ef al., 2005). Paradoxically,
ablation of the clathrin heavy-chain gene in chicken DT40
cells was shown not to affect acid hydrolase sorting (Wettey
et al., 2002), suggesting that clathrin might be dispensable for
lysosomal sorting. This conclusion, however, conflicts with
observations made using an antisense RNAi approach
(Iversen et al., 2003). The requirement of most GGA- and
AP1-accessory proteins in acid hydrolase sorting remains to
be assessed.

In this study, we have investigated the involvement of the
accessory protein, p56, in lysosomal sorting. Extending pre-
vious studies (Lui et al., 2003), we show that p56 colocalizes
and interacts preferentially with the GGAs in vivo. p56 is,
thus, the only TGN accessory protein described so far that
displays specificity for the GGAs relative to AP1. Surpris-
ingly, we find that depletion of any one GGA using synthetic
siRNAs does not affect the levels or TGN localization of the
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other two GGAs. However, depletion of the GGAs does
decrease the levels and TGN localization of p56. Depletion
of p56, the GGAs or clathrin causes various degrees of
missorting of the precursor form of the acid hydrolase,
cathepsin D. In the case of p56 depletion, this missorting
correlates with decreased mobility of GGA-containing TCs.
Transfection with an RNAi-resistant p56 construct but not
with a p56 construct lacking the GAE-interacting motif re-
stores the mobility of the TCs. We conclude that p56 tightly
cooperates with the GGAs and clathrin in the sorting of
cathepsin D to lysosomes, probably by enabling the move-
ment of GGA-containing TCs.

MATERIALS AND METHODS
Antibodies

The following mouse monoclonal antibodies were used: clone 8 to GGA3,
clone 88 to yl-adaptin, 9E10 to the Myc epitope, and clone 23 to the clathrin
heavy chain (CHC; BD Biosciences, San Diego, CA); AC-40 to actin (Sigma-
Aldrich, St. Louis, MO). The mouse monoclonal antibodies 6A1 to the VHS
domain of human GGA1 and 4D2.5 to the hinge domain of human GGA2
were generated as previously described (Zola and Brooks, 1981) using puri-
fied GST-fusion proteins as immunogens. Positive clones were screened for
reactivity to the GST-GGA fusion proteins by ELISA and assessed for speci-
ficity by screening for background reactivity with glutathione S-transferase
(GST) protein. Hybridoma culture supernatants were purified on a 0.1-ml
protein G cartridge (GE Healthcare, Rydalmere, NSW, Australia) and eluted
with 0.1 M NaH,PO,, pH 2.5, into 100 ul of 1 M Na,HPO,, pH 9.0, and then
dialyzed against three changes of phosphate-buffered saline (PBS). A poly-
clonal antibody to the hinge-GAE domains of GGA2 was raised in sheep. In
addition, the following polyclonal antibodies were used: rabbit antibody to
p56 raised against the N-terminal peptide, MDDDDFGGFEAAETFC, from
human p56 (Covance Research Products, Denver, PA); rabbit antibody to
GGAL1 (gift of M. S. Robinson, University of Cambridge, United Kingdom);
rabbit antibody to cathepsin D (cat # 219361; EMD Biosciences, La Jolla, CA);
V-18 goat antibody to GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA);
sheep antibody to TGN46 (Serotec, Raleigh, NC); horseradish peroxidase—
conjugated mouse anti-goat IgG (Pierce, Rockford, IL); horseradish peroxida-
se—conjugated donkey anti-mouse and donkey anti-rabbit IgG (Amersham
Biosciences, Piscataway, NJ); Alexa-488— or -594 -, or -647—conjugated donkey
anti-mouse IgG, Alexa-488— or -594-conjugated donkey anti-rabbit IgG, and
Alexa-488— or -594—, or -647-conjugated donkey anti-sheep IgG (Molecular
Probes, Eugene, OR).

Recombinant DNA Procedures

For all p56 constructs, a cDNA encoding full-length isoform 1 of human p56
(GenBank/EMBL/DDB]J accession number NM_018318; Origene, Rockville,
MD) was used as a template. Full-length p56 was obtained by PCR amplifi-
cation and cloned in frame into the Xhol and Smal sites of the pEYFP-C1 and
PECFP-C1 (Cerulean variant) vectors (BD Biosciences Clontech, Palo Alto,
CA; Rizzo et al., 2004). Myc epitope-tagging at the N-terminus of p56 was
performed through PCR amplification of the full-length p56 ¢cDNA and
cloning of this product in frame into the EcoRI and Xbal sites of the mam-
malian expression vector pCI-Myc, (Martina et al., 2003). A construct lacking
the N-terminal, GGA-interacting segment of p56 was cloned in frame into the
EcoRI and Xbal sites of the pCI-Myc; vector (Myc-AN-p56; residues 125-441)
using the same approach. The cloning of the Myc-epitope-tagged GGAL,
Myc-epitope-tagged GGA3, and untagged GGA1 into pEYFP-C1 vector was
described previously (Dell’Angelica et al., 2000; Puertollano et al., 2003). The
nucleotide sequences of all these recombinant constructs were confirmed by
dideoxy sequencing. To generate the cyan (Cerulean variant) fluorescent
protein (CFP)-tagged GGA1 and AP1-yl, untagged human GGA1 and y1-
adaptin subunit of AP1 (excised from an AP1-y1-GFP construct provided by
Lois Greene (National Heart, Lung, and Blood Institute, National Institutes of
Health [NIH]; Wu et al., 2003) were cloned in frame into the EcoRI and Sall,
and Xhol and BamHI of pECFP-C2 and pECFP-N1 (BD Biosciences Clontech;
Rizzo et al., 2004), respectively.

Cell Culture and Transfections

HeLa (human epithelial), Jurkat (human T lymphoblast), SK-N-SH (human
neuroblastoma), SK-N-MC (human neuroepithelioma), H4 (human neurogli-
oma), COS-7 (green monkey kidney fibroblast), and NRK (rat kidney fibro-
blast) cells were obtained from the American Type Culture Collection (Man-
assas, VA). Human fibroblasts in primary culture were kindly provided by
C. L. Cadilla (Department of Biochemistry, University of Puerto Rico). M1
(human fibroblast), HEK-293 (human epithelial), and MNT-1 (human mela-
noma) cells were kindly provided by E. O. Long (National Institute of Allergy
and Infectious Diseases, NIH), T. A. Rouault (National Institute of Child
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Health and Human Development, NIH), and M. S. Marks (School of Medi-
cine, University of Pennsylvania), respectively. HeLa, SK-N-SH, SK-N-MC,
H4, COS-7, NRK, human fibroblasts in primary culture, M1, HEK-293, and
MNT-1 cells were maintained in DMEM (Invitrogen, Carlsbad, CA). Jurkat
cells were maintained in RPMI 1640 medium (Invitrogen). For all cell lines the
media were supplemented with 2 mM glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, and 10% (vol/vol) fetal bovine serum (FBS; Invitrogen),
except for MNT-1 for which it was supplemented with 20% (vol/vol) FBS
(Hyclone, Logan, UT) and 10% AIM-V medium (Invitrogen). Human fibro-
blasts in primary culture, SK-N-SH, SK-N-MC and MNT-1 media were also
supplemented with 0.1 mM nonessential amino acids (Invitrogen). Transfec-
tions were carried out using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. The cells were analyzed 16-24 h
after transfection, with the exception of cells transfected with AP1-y1-CFP,
which were analyzed after 48 h of expression.

Immunofluorescence Microscopy, Quantitative Analysis,
and Forster Resonance Energy Transfer Imaging

Indirect immunofluorescence staining of fixed, permeabilized cells was per-
formed as described previously (Mardones et al., 2006). Images of either fixed
or live transfected cells were acquired with an Olympus FluoView FV1000
scanning unit fitted on an inverted Olympus IX81 microscope, used with a
PlanApo 60X oil immersion objective (NA 1.40; Olympus, Melville, NY).
Analysis of colocalization by immunofluorescence microscopy was per-
formed after correction for noise, cross-talk, and background signals on each
set of images. For each pairwise comparison we obtained three values, M;,
M,, and r, according to Manders et al. (1992). M, is defined as the ratio:
(summed intensities of pixels from channel-A for which the intensity in
channel-B is above zero):(total intensity in channel-A), and M, is the converse
ratio. M; and M, vary from 0 to 1, corresponding to no colocalization and
complete colocalization, respectively. To evaluate quantitatively the level of
colocalization, the Pearson’s correlation coefficient, r (Manders et al., 1992)
was also calculated, with one indicating complete positive correlation and
zero indicating no correlation. All values were obtained with the plug-in
JACoP (Bolte and Cordelieres, 2006; http://rsb.info.nih.gov/ij/plugins/
track/jacop.html), developed for the image analysis software Image] 1.36b
(Rasband, 1997, 2007). Each pairwise comparison was done on five sets of
images acquired with the same optical settings, and the mean and SD of each
parameter are presented in Supplementary Table 1. For Forster resonance
energy transfer (FRET) imaging, NRK cells grown in 35-mm glass-bottom
culture dishes (MatTek, Ashland, MA) were maintained in phenol red—free
buffered medium and held at 37°C with an ASI 400 Air Stream stage Incubator
(Nevtek, Burnsville, VA). Sensitized emission FRET analysis was quantified
with the three built-in filter settings for the CFP, yellow fluorescent protein
(YFP), and CFP/YFP/FRET channels. The excitation light sources were a
30-mW multiline Argon laser (457, 488, and 515 nm), a 25-mW 405-nm laser
diode, and a 5.3-mW 440-nm laser diode, each at 2.0% intensity. Image
capture and data acquisition were performed using Olympus FV1000 appli-
cation software (FV10-ASW). The images were acquired at 250 dpi. Back-
ground subtraction was made before the FRET calculations. For correction of
cross-talk between CFP and YFP channels, constructs encoding CFP- or
YFP-fusion proteins were expressed separately, and for each fluorophore the
emission from the FRET channel was divided by the emission measured in
either the CFP or YFP channels. Corrected FRET was calculated on a pixel-
by-pixel basis as described (Gordon et al., 1998), and the FRET-corrected
images were displayed in pseudocolor mode.

RNAi

RNAI was performed using siRNAs (Dharmacon, Lafayette, CO) designed to
the following human target sequences: AAUGCUCAGCAUCAGAGGCUC
for the coding sequence of p56, AAGAAUGGAUUGAUGAU for the 5’
untranslated region of p56 (p56-5), CAUCGUGUUCCAGUCAGCU for
GGA1, UACACCUCUGGCUCAAGUG for GGA2, CAGUUUGUCCUCCGU-
GUUGG for GGA3, and UCCAAUUCGAAGACCAAUU for CHC. For the

design of the siRNAs to the GGAs, an alignment of the cDNAs of the human
sequences (Accession numbers: NM_013365 for GGAl; NM_015044 for
GGA2; and NM_014001 for GGA3), using the multiple sequence alignment
algorithm ClustalW (Thompson et al., 1994), was performed. We selected
18—20-base oligonucleotides directed to regions in the aligned coding se-
quences with the lowest degree of identity among the GGAs. Oligonucleo-
tides with the ability to produce a knockdown of =90%, as assessed by
immunoblot analysis, were chosen for further experiments. RNAi for human
yl-adaptin was performed with siGENOME Smart Pool siRNAs (Dharma-
con). RNAi for GAPDH was performed with a siControl duplex siRNA
(Dharmacon). Cells were transfected with the siRNAs using Oligofectamine
(Invitrogen) according to the manufacturer’s protocol. For knockdown of the
GGAs, cells were transfected twice at 72-h intervals and analyzed 72 h after
the second round of transfection. For knockdown of GAPDH, p56, yl-adap-
tin, and CHC cells were transfected twice at 24-h intervals and analyzed 48 h
after the second round of transfection.

Electrophoresis and Immunoblotting

SDS-PAGE analysis and electroblotting onto nitrocellulose membranes were
performed using the NuPAGE Bis-Tris Gel system (Invitrogen), according to
the manufacturer’s instructions. Incubations of the nitrocellulose membranes
with primary and secondary antibodies were performed as previously de-
scribed (Burgos et al., 2004). Horseradish peroxidase-labeled antibodies were
detected using electrochemiluminescence (ECL) Western Blotting Substrate
from Pierce (Rockford, IL).

Metabolic Labeling and Immunoprecipitation

Metabolic labeling of cells was carried out as described (Kametaka et al., 2007).
Briefly, cells grown on six-well plates were pulse-labeled for 2 h at 20°C using
0.1 mCi/ml [3*S]methionine-cysteine (Express Protein Label; Perkin Elmer-
Cetus Life and Analytical Sciences, Boston, MA) and chased for 1-5 h at 37°C
in regular culture medium in the presence of 5 mM mannose 6-phosphate,
0.06 mg/ml methionine and 0.1 mg/ml cysteine. After chase, cells were
rinsed twice with PBS and subjected to lysis in 50 mM Tris, pH 7.5, 150 mM
NaCl, 10% glycerol, 5 mM EDTA, 1% (vol/vol) Triton X-100, and a complete
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). The
extracts were immunoprecipitated and analyzed by SDS-PAGE and fluorog-
raphy. Quantification was performed on a Typhoon 9200 PhosphorImager
(Amersham Biosciences) using ImageQuant analysis software.

Time-Lapse Microscopy and Image Analysis

Mock- or p56-depleted, live H4 cells were transfected with YFP-GGAI, plated
on 35-mm glass-bottom culture dishes (MatTek), and maintained in phenol
red—free buffered medium at 37°C by using an ASI 400 Air Stream stage
Incubator (Nevtek, Burnsville, VA). Time-lapse fluorescence images were
acquired with an Ultraview Confocal Scanner (Perkin Elmer-Cetus, Norwalk,
CT) in a Nikon Eclipse TE2000-S inverted microscope (Nikon, Melville, NY)
equipped with a PlanApo 100X oil immersion objective (NA 1.40; Nikon), and
a 12-bit charge-coupled device (CCD) camera, ORCA (Hamamatsu, Bridge-
water, NJ). Image capture and data acquisition were performed using Ultra-
view LCI software (Perkin Elmer-Cetus). Images were acquired in binning
2 X 2 modes to increase the signal to noise ratio, at ~0.25-s intervals, during
110-120 s. Sequence images were exported as single TIFF files, and processed
with MetaMorph (Molecular Devices, Sunnyvale, CA), and Image] 1.36b
(Rasband, 1997, 2007; http:/ /rsb.info.nih.gov/ij/). Vesicles were counted and
movement was tracked manually with an especially developed plug-in for
Image] (http:/ /rsb.info.nih.gov/ij/plugins/track/track.html, Fabrice P. Cordeliéres,
Institut Curie, France). The distance reached by vesicles was determined by
measuring the movement between successive frames. Each experiment was
repeated at least 15 times under identical conditions, and the mean and SD for
each parameter were calculated. To prepare figures, single frames were
processed with Adobe Photoshop 7 (Adobe Systems, Mountain View, CA).
QuickTime movies were produced using Image] 1.36b.
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Figure 2. Comparison of the intracellular localization of endogenous GGAs and AP1 by confocal immunofluorescence microscopy. Human
fibroblasts grown on coverslips were fixed, permeabilized, and triple-labeled with rabbit polyclonal antibody to GGA1l (A-C), mouse
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RESULTS

Ubiquitous Expression of the GGAs and p56 in Human
Cell Lines

As a first step to investigate the possible functional cooper-
ation of the GGAs and p56, we examined the pattern of
expression of these proteins in nine different human cell
lines. These analyses were made possible by the recent de-
velopment of a complete panel of antibodies that detect the
endogenous GGAs and p56 by immunoblotting and immu-
nofluorescence microscopy. We observed that the three hu-
man GGAs were expressed in all cell lines tested, regardless
of their lineage (Figure 1). The ratios of the three GGAs,
however, varied among the different cell lines, with GGA1
being relatively more abundant in Jurkat (T-cell), MNT-1
(melanocyte), and HEK293 (epithelial), GGA2 in HeLa (ep-
ithelial), and GGA3 in H4 (neuroglioma) cells (Figure 1).
Likewise, p56 was expressed in all the tested cell lines, being
more abundant in MNT-1 and HEK293 cells (Figure 1).
Similar results were obtained by immunofluorescence mi-
croscopy (data not shown). These observations are in accor-
dance with the results of Northern analyses of GGA mRNA
expression (Boman ef al., 2000; Dell’Angelica et al., 2000;
Poussu et al., 2000) and indicate that the three GGA proteins
as well as p56 are ubiquitously expressed.

Colocalization of Endogenous GGAs and p56 to the TGN

The availability of a set of antibodies that detect the endog-
enous GGAs also allowed us to compare their localizations
within cells. Previous comparative analyses of localization
were carried out mostly by transfection of tagged GGA
constructs (Boman et al., 2000; Dell’ Angelica et al., 2000; Hirst
et al., 2000; Ghosh et al., 2003b) and were therefore liable to
overexpression problems. To optimize the resolution of in-
tracellular structures, we performed immunofluorescence
microscopy on human fibroblasts in primary culture, which
are unusually large and flat cells. Quadruple staining of
these cells for combinations of two GGAs, the TGN marker
TGN46, and nuclear DNA, showed that the three GGAs
colocalized to the same set of juxtanuclear puncta aligned
with the TGN (>80% colocalization, ¥ = ~0.90; Figure 2, A
and B, and Supplementary Table 1). Using a similar proce-
dure, we observed that the yl-adaptin subunit of AP1 local-
ized to a largely distinct set of puncta that did not stain for
GGA1 (~9% colocalization, r = ~0.12; Figure 2C and Sup-
plementary Table 1) or the other GGAs (data not shown).
Finally, we found that p56 also localized to TGN puncta that

Figure 2 (cont). monoclonal antibodies to GGA2 (A), GGA3 (B), or
the yl-adaptin subunit of AP1 (C), and sheep antibody to TGN46
(A-C), followed by Alexa-488—conjugated donkey anti-rabbit IgG
(green channel), Alexa-594-conjugated donkey anti-mouse IgG (red
channel), and Alexa-647-conjugated donkey anti-sheep IgG (blue
channel). Nuclei were stained with Hoechst 33342 dye (gray chan-
nel). Stained cells were examined by confocal fluorescence micros-
copy. Merging of the images in the green, red, and gray channels
generated the first picture in the second row; yellow indicates
overlapping localization of the green and red channels. The second
picture in the second row was generated by merging of the images
in the green, red, blue, and gray channels; yellow indicates over-
lapping localization of the green and red channels, cyan indicates
overlapping localization of the green and blue channels, magenta
indicates overlapping localization of the red and blue channels, and
white indicates overlapping localization of the red, green, and blue
channels. The third panel in the second row is a composite of
threefold magnified views of the Golgi region marked with a
dashed box in the indicated channels. Bars, 10 um.
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coincided more with GGA3 (>70% colocalization, r = ~0.84;
Figure 3A and Supplementary Table 1) and the other GGAs
(data not shown) than with AP1-y1 (~11% colocalization,
r = ~0.19; Figure 3B and Supplementary Table 1). We also
observed considerable colocalization of p56 with clathrin
(~50% of p56, r = ~0.43; Figure 3C and Supplementary
Table 1). These observations point to the existence of at least
two types of clathrin-coated structure in association with the
TGN, which are defined by the presence of GGA/p56 and
AP1, respectively. These two types could correspond to
functionally distinct populations of clathrin-coated struc-
tures or to different stages of maturation of the same popu-
lation, as predicted by the GGA-to-AP1 transfer model of
MPR sorting at the TGN (Doray et al., 2002). The three GGAs
and p56 were also found to colocalize to faint peripheral
cytoplasmic foci that likely correspond to TCs and endo-
somes (data not shown), as previously shown for epitope-
and GFP-tagged GGAs (Puertollano et al., 2003; Puertollano
and Bonifacino, 2004; Wabhle et al., 2005; Polishchuk et al.,
2006).

In Vivo Interactions of the GGAs with p56 Detected by
FRET

The immunofluorescence microscopy analyses described
above (Figures 2 and 3; see also Lui et al., 2003), in conjunc-
tion with previous in vitro binding studies (Collins et al.,
2003; Lui et al., 2003), suggested that p56 might physically
interact with the GGAs at the TGN. To test whether this was
the case in vivo, we performed FRET imaging. This tech-
nique can detect the physical proximity of two different
fluorophores on a scale of angstréoms (<80 A; Gordon et al.,
1998) and has been successfully used to demonstrate phys-
ical association and oligomerization of many proteins in live
cells (see for example Galperin and Sorkin, 2003). To this
end, CFP-tagged GGA1l and YFP-tagged p56 were coex-
pressed by transient transfection in NRK cells (to get low
levels of expression). We observed that these constructs
yielded a strong FRET signal at the TGN (n = 12; Figure 4A).
Similar observations were made for CFP-p56 and YFP-
GGA1 (n = 11), and for CFP-GGA3 and YFP-p56 (n = 12)
(data not shown). Using the same experimental protocol, we
found that CFP-p56 and YFP-p56 also exhibited FRET at the
TGN (n = 15; Figure 4A), consistent with the dimerization of
p56 inferred from in vitro cross-linking experiments (Lui et
al., 2003). Importantly, although both AP1-y1-CFP and YFP-
p56 exhibited TGN localization, they showed no significant
FRET (n = §; Figure 4A), thus verifying the specificity of the
other FRET signals. From these experiments, we concluded
that GGA1 and GGAS3, but not AP1-yl, interact with p56
dimers at the TGN in vivo.

TGN Localization and Total Levels of p56 Are Dependent

on the GGAs

We next sought to assess the interdependence of the local-
ization and levels of the GGAs and p56 in cells. We observed
that moderate overexpression of Myc-epitope-tagged GGA1
(Myc-GGA1) in NRK cells markedly increased the TGN
staining, while decreasing the cytosolic staining of endoge-
nous p56 (Figure 4B). Similar observations were made for
Myc-epitope-tagged GGA2 and GGA3 (data not shown).
The converse was not the case, as moderate overexpression
of Myc-epitope—tagged p56 did not alter the distribution of
the endogenous GGAs (data not shown). These observations
provided further evidence for the interaction of the GGAs
with p56 in vivo and indicated that the GGAs promote the
recruitment of p56 to the TGN but not the other way around.

Molecular Biology of the Cell



Function of p56 in Lysosomal Sorting

Figure 3. Comparison of the intracellular localization of endogenous p56, GGA3, AP1, and clathrin analyzed by confocal immunofluores-
cence microscopy. Human fibroblasts grown on coverslips were fixed, permeabilized, and triple-labeled with rabbit polyclonal antibody to
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A

To further investigate this interdependence, we used syn-
thetic, small interfering RNAs (siRNAs) to deplete the GGAs
and p56, as well as glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; Mock), yl-adaptin, or CHC, in HeLa cells.
The siRNAs targeting each GGA were designed to maximize
the number of mismatches relative to the other two GGAs
(see Materials and Methods), thus decreasing the probability

Figure 3 (cont). p56 (A-C), mouse monoclonal antibodies to GGA3
(A), the yl-adaptin subunit of AP1 (B), or clathrin heavy chain (C),
and sheep antibody to TGN46 (A-C), followed by Alexa-488—con-
jugated donkey anti-rabbit IgG (green channel), Alexa-594-conju-
gated donkey anti-mouse IgG (red channel), and Alexa-647—-conju-
gated donkey anti-sheep IgG (blue channel). Nuclei were stained
with Hoechst 33342 dye (gray channel). Stained cells were examined
by confocal fluorescence microscopy. Merging of the images in the
green, red, and gray channels generated the first picture in the
second row; yellow indicates overlapping localization of the green
and red channels. Merging of the images in the green, red, blue, and
gray channels generated the second picture in the second row;
yellow indicates overlapping localization of the green and red chan-
nels, cyan indicates overlapping localization of the green and blue
channels, magenta indicates overlapping localization of the red and
blue channels, and white indicates overlapping localization of the
red, green, and blue channels. The third panel in the second row is
a composite of threefold magnified views of the Golgi region
marked with a dashed box in the indicated channels. Arrows in C
point to foci of colocalization. Bars, 10 um.
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Figure 4. Interactions of p56 and GGAs dem-
onstrated by FRET analysis and corecruitment
to the TGN. (A) Live NRK cells expressing the
indicated CFP- (red channel) and YFP-fusion
(green channel) proteins were imaged at 37°C
by confocal fluorescence microscopy. FRET
signals were acquired immediately after re-
cording of the signals in the red and green
channels. Merging red and green channels
generated the third picture in each row. The
fourth picture in each row represents a FRET-
corrected image displayed in pseudocolor
mode, with red and blue areas corresponding
to high and low FRET values, respectively. (B)
NRK cells transfected with Myc-tagged GGA1
were fixed, permeabilized, and double-labeled
with rabbit polyclonal antibody to p56 and
mouse mADb to the Myc epitope, followed by
Alexa-594-conjugated donkey anti-rabbit IgG
(red channel) and Alexa-488—-conjugated don-
key anti-mouse IgG (green channel). Nuclei
were stained with Hoechst 33342 dye (blue
channel). Stained cells were examined by con-
focal fluorescence microscopy. Merging red,
green, and blue channels generated the third
picture; yellow indicates overlapping localiza-
tion of the green and red signals. Bars, 10 um.

of “cross-depletion.” The levels of all the target proteins
could be reduced greater than 90% by this procedure, as
detected by immunoblot analysis (Figure 5). We observed
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Figure 5. Biogenetic relationships of the GGAs and p56 examined
by RNAi-mediated depletion. HeLa cells were transfected twice
with siRNAs directed to GAPDH (Mock), p56, GGAl, GGA2,
GGA3, GGA1 plus GGA2 (GGA1 + 2), GGA1 plus GGA3 (GGA1 +
3), the yl-adaptin subunit of AP1, or CHC. After the second round
of transfection, equivalent amounts of homogenates of siRNA-
treated cells were subjected to SDS-PAGE and immunoblotting
using antibodies to the proteins indicated on the right.

Molecular Biology of the Cell



Figure 6. Effects of the depletion of individ-
ual GGAs on the intracellular localization of
the remaining GGAs. The effects of depletion
of GGA1 (first row), GGA2 (second row), or
GGA3 (third row) on the expression and dis-
tribution of the remaining GGAs in HeLa cells
were assessed by indirect immunofluores-
cence microscopy. Mixed mock- and siRNA-
treated cells grown on coverslips were fixed,
permeabilized, and triple-labeled with rabbit
polyclonal antibody to GGA1, sheep poly-
clonal antibody to GGA2, and mouse mAb to
GGA3, followed by Alexa-594—conjugated
donkey anti-rabbit IgG (red channel), Alexa-
488—conjugated donkey anti-sheep IgG (green
channel), and Alexa-647-conjugated donkey
anti-mouse IgG (blue channel). Stained cells
were examined by confocal fluorescence mi-
croscopy. Bar, 10 um.

that individual depletion of each GGA had no effect on the
levels of the other two GGAs (Figure 5; the decreased level
of GGA1 in the GGA2-depleted cells seen in Figure 5 was

Figure 7. Effect of the depletion of GGAs on
the intracellular localization of p56. HeLa cells
were transfected twice with siRNAs directed
to GAPDH (Mock), GGA1, GGA2, GGAS3, or
the yl-adaptin subunit of AP1, as indicated in
the figure. After the second round of transfec-
tion, the effects of the RNAi depletion on the
distribution of p56 in cells were assessed by
confocal immunofluorescence microscopy. Mixed
mock- and siRNA-treated cells grown on cov-
erslips were fixed, permeabilized, and triple-
labeled with mouse monoclonal antibodies to
GGAL1 (first row), GGA2 (second row), GGA3
(third row), or the yl-adaptin subunit of AP1
(fourth row), rabbit polyclonal antibody to
P56, and sheep polyclonal antibody to TGN46,
followed by Alexa-594—conjugated donkey
anti-mouse IgG (red channel), Alexa-488—con-
jugated donkey anti-rabbit IgG (green chan-
nel), and Alexa-647-conjugated donkey anti-
sheep IgG (blue channel). Stained cells were
examined by confocal fluorescence micros-
copy. Arrows indicate the position of the
Golgi complex in siRNA-depleted cells. Bar,
10 pm.
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GGA1+GGA2 or GGA1+GGA3 without affecting the levels
of the remaining GGA (Figure 5). Similar observations were
made by immunofluorescence microscopy, in which deple-
tion of each GGA did not affect the intensity of TGN staining
of the other two (Figure 6). Thus, each GGA behaves as a
biogenetically independent species, such that the absence of
one does not alter the level or localization of the others.

Strikingly, depletion of any one GGA caused a partial
decrease in the levels of endogenous p56 detected by immu-
noblotting (Figure 5) and its staining at the TGN observed
by immunofluorescence microscopy (Figure 7). These effects
were specific, as depletion of GAPDH, yl-adaptin and CHC
had no effect on p56 levels (Figure 5) and TGN localization
(Figure 7 and data not shown). Biochemical analyses
showed that, although decreasing the total levels of p56,
GGA depletion did not affect the ratio of membrane-bound
to cytosolic p56 (data not shown). The decrease in the level
of p56 associated to the TGN could be reverted by moderate
overexpression of any one GGA, as exemplified in Figure 8
for GGA2-depleted cells expressing Myc-epitope-tagged
GGAS3. From these experiments we concluded that p56 de-
pends on the total levels of GGAs, but not AP1, for its
stability and localization to the TGN.

Depletion of p56 Impairs the Sorting of Cathepsin D

The GGAs participate in the sorting of MPRs between the TGN
and endosomes, thus enabling the transport of newly synthe-
sized acid hydrolase precursors to lysosomes (Puertollano et al.,
2001; Zhu et al., 2001; Ghosh et al., 2003b). The close physical
and biogenetic relationship of p56 to the GGAs raised the
possibility that p56 might likewise be involved in lysosomal
sorting. To determine if this was the case, we examined the
effect of depleting cells of p56 on the proteolytic maturation
of the precursor of the acid hydrolase, cathepsin D, which
takes place upon transport to lysosomes. In control cells, the
53-kDa precursor form is first cleaved to a 47-kDa interme-
diate form and, subsequently, to 31-kDa heavy-chain and
15-kDa light-chain mature forms. Immunoblot analysis of
HeLa cell extracts showed that, at steady state, most of the
cathepsin D occurred as the 31-kDa mature heavy chain (the
15-kDa light chain was not detected by the antibody), with
only minute amounts of the precursor and intermediate
forms (Figure 9A). RNAi-mediated depletion of p56, as well
as of GGA1, GGA2, GGAS3, yl-adaptin, or CHC, increased
the steady-state levels of the cathepsin D precursor by ~4- to
~6-fold (Figure 9, A and B). Depletion of GGA2 and vy1-
adaptin also resulted in increased levels of the intermediate
form (Figure 9A). The higher levels of immature cathepsin D
forms in cells depleted of any of the above proteins were
indicative of impaired transport of the enzyme to lysosomes.

To further examine the involvement of p56 and related
proteins in the lysosomal sorting of cathepsin D, we per-
formed pulse-chase analyses. RNAi-treated HeLa cells were
metabolically labeled with [3*S]methionine-cysteine for 2 h
at 20°C (to arrest transport at the TGN) and then chased in
complete medium for different periods at 37°C. Cathepsin D
species were isolated by immunoprecipitation and resolved
by SDS-PAGE and fluorography. Using this protocol, we
could follow the kinetics of cathepsin D processing in cells
depleted of different proteins. In control cells, the precursor
form was cleaved to the intermediate form and then to the
31-kDa mature form over a 5-h period (Figure 9, C and D;
the 15-kDa mature light chain has a low content of methio-
nine and cysteine and was therefore not well labeled in these
experiments). Quantification of these results showed that at
3 h of chase the precursor form accounted for ~35% and the
mature form ~40% of the total labeled cathepsin D. At 5 h
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Figure 8. Effect of moderate overexpression of Myc-GGA3 on p56
levels in cells depleted of GGA2. (A) HeLa cells were transfected
twice with siRNAs directed to GAPDH (Mock), or GGA2. After the
second round of siRNA treatment, GGA2-depleted cells were trans-
fected with Myc-GGAS3, and after 16 h, the effects of Myc-GGA3 on
the distribution of p56 in cells were assessed by indirect immuno-
fluorescence. Mixed mock- and GGA2-depleted cells grown on cov-
erslips were fixed, permeabilized, and triple-labeled with sheep
antibody to GGA2, mouse antibody to the Myc epitope, and rabbit
antibody to p56, followed by Alexa-594-conjugated donkey anti-
sheep IgG (red channel), Alexa-488—conjugated donkey anti-mouse
IgG (green channel), and Alexa-647-conjugated donkey anti-rabbit
IgG (blue channel). Solid arrowheads indicate the position of the
Golgi complex in a mock-depleted, untransfected cell. Open arrow-
heads indicate the position of the Golgi complex in a GGA2-de-
pleted, untransfected cell. Arrows indicate the position of the Golgi
complex in a GGA2-depleted, Myc-GGA3-expressing cell. Bar, 10
pm. (B) Equivalent amounts of HeLa cells transfected with siRNAs
and Myc-GGAS3 as indicated in A, were subjected to SDS-PAGE and
immunoblotting using antibodies to GGA2, the Myc epitope, p56, or
actin (loading control).

these values were ~15% for the precursor form and ~65%
for the mature form. Depletion of p56 caused a significant
delay in the processing of cathepsin D, such that at 3 h of
chase ~65% corresponded to the precursor form and ~12%
to the mature form (Figure 9, C and D). The delay was also
manifest at 5 h of chase, when ~35% remained as the pre-
cursor form and only ~40% was processed to the mature
form. These numbers were indicative of a ~2-h delay in the
overall kinetics of processing. Depletion of each of the
GGAs, yl-adaptin, or CHC all delayed cathepsin D matura-
tion, albeit to different extents, with GGA3 depletion having
a relatively minor effect and CHC depletion the strongest
effect (Figure 9, C and D). Taken together, these experiments
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Figure 9. Immunoblot and pulse-chase analysis of the maturation
of cathepsin D in cells depleted of GGAs or p56. (A) HeLa cells were
transfected twice with siRNAs directed to GAPDH (Mock), p56,
GGA1, GGA2, GGAS, the yl-adaptin subunit of AP1, or CHC. After
the second round of transfection, equivalent amounts of homoge-
nates of siRNA-treated cells were subjected to SDS-PAGE and im-
munoblotting using antibody to cathepsin D. The positions and
molecular masses (in kDa) of marker proteins are indicated on the
left. (B) The densities of the immunoblot signals for the precursor
form of cathepsin D from A were determined, and the fold increase
for each RNAi treatment was calculated. Bars represent the mean *
SD from three independent experiments. (C) HeLa cells were trans-
fected twice with siRNAs directed to GAPDH (Mock), p56, GGA1,
GGA2, GGA3, the yl-adaptin subunit of AP1 or CHC. After the
second round of transfection, cells were metabolically labeled for 2 h
at 20°C with [3S]methionine-cysteine and chased for different pe-
riods at 37°C. Cells were solubilized, and the extracts were subjected
to immunoprecipitation of cathepsin D. The immunoprecipitates
were analyzed by SDS-PAGE and fluorography. (A and C) The
positions of the precursor (p), intermediate (i), and mature heavy
chain (m) forms of cathepsin D are indicated on the right. (D) The
autoradiographic density of each cathepsin D species from C was
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demonstrated that, like the GGAs, AP1, and clathrin, p56 is
involved in the sorting of cathepsin D to lysosomes.

Depletion of p56 Decreases the Mobility of
GGA-containing Carriers

To determine whether the slower kinetics of cathepsin D
processing in p56-depleted cells were due to alteration of the
localization of other components of the lysosomal sorting
machinery, we performed immunofluorescence microscopy.
We found that depletion of p56 did not cause any obvious
change in the steady-state distribution of the GGAs (shown
for GGA1 in Figure 10A), AP1, clathrin, CI-MPR, and CD-
MPR (data not shown). Likewise, we did not see any effect of
p56 depletion on the overall appearance of the Golgi com-
plex, as detected by staining for the TGN marker, TGN46
(Figure 10A), and the cis-Golgi marker, GM130 (data not
shown).

To assess whether the dynamics of transport were af-
fected, we turned to time-lapse imaging of YFP-GGA1-con-
taining vesicles in control and p56-depleted, live H4 cells.
We chose H4 cells for these experiments because they ex-
press moderate levels of the transfected constructs and the
depletion of p56 is similar to that achieved in HeLa cells
(Figure 10, A and B). In previous studies (Puertollano et al.,
2003; Polishchuk et al., 2006), we observed the presence of
YFP-GGA1 and CD-MPR-CFP on pleiomorphic TCs that
bud from the TGN and move toward the peripheral cyto-
plasm. Some of these TCs were found to be typical clathrin-
coated vesicles, whereas others were larger and had a more
complex structure (Polishchuk et al., 2006). To increase the
time resolution of our analyses, in the present study, we
modified the procedure to capture four images per second
instead of the previous one image every 3-6 s. Using this
modified protocol, we made the surprising observation that,
in addition to YFP-GGA1-containing TCs moving from the
TGN to the periphery, there was another population of
YFP-GGA1-containing TCs that moved in the opposite di-
rection, i.e., from the peripheral cytoplasm to the TGN (Fig-
ure 10C and Supplementary Video 1). In control cells, nu-
merous TCs were found to follow long, quasi-linear
trajectories in both directions (Figure 10D and Supplemen-
tary Video 2). In p56-depleted cells, in contrast, there were
fewer mobile TCs and these followed shorter, more convo-
luted trajectories (Figure 10D and Supplementary Video 2).
Quantification of these results showed that depletion of p56
reduced both the number of mobile TCs and the distance
traveled by each mobile TC to ~30% of control levels (Figure
10, E and F). These results indicated that p56 controls the
dynamics of GGA-containing TCs.

The Ability of p56 To Interact with the GGAs Is Required
for its Role in Transport Carrier Dynamics

To determine whether the role of p56 in the regulation of TC
mobility depends on its ability to interact with the GGAs, we
performed an RNAIi rescue assay in live H4 cells. p56 was
depleted using an siRNA directed to the 5 untranslated
region of p56. This siRNA was found to be as effective as the
siRNA that targeted the coding sequence (Figure 10B).
siRNA-treated cells were then rescued with plasmids encod-
ing either a Myc-epitope-tagged, full-length p56 (Myc-p56),
or a Myc-epitope-tagged construct lacking the N-terminal,

determined, and the percentage of each form at each chase time was
calculated after normalization for the number of methionine and
cysteine residues.
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Figure 10. Decreased mobility of YFP-GGA1-containing carriers in cells depleted of p56. (A) HeLa (top row) and H4 cells (bottom row)
were transfected twice with siRNAs directed to GAPDH (Mock), or p56. After the second round of transfection, the effects of the RNAi
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GGA-interacting segment of p56 (Myc-AN-p56; residues
125-441; Collins et al., 2003; Lui et al., 2003). Immunofluo-
rescence microscopy showed that Myc-p56 was correctly
targeted to the TGN, where it colocalized with endogenous
GGA1, GGA2, and GGAS3 (Figure 11A and data not shown).
In contrast, Myc-AN-p56 was not targeted to the TGN, ex-
hibiting a diffuse cytosolic localization (Figure 11A). Immu-
noblot analysis showed that expression of Myc-p56 and
Myc-AN-p56 was indeed resistant to the RNAIi treatment
(Figure 11B). Expression of Myc-p56 in p56-depleted cells
restored the movement of YFP-GGA1-containing TCs in
both directions (i.e., from the TGN to the periphery and vice
versa; Figure 11, C-E, and Supplementary Video 3), to an
extent similar to that observed in mock-treated cells (Figure
10D). Expression of Myc-AN-p56 in p56-depleted cells, how-
ever, failed to restore TC mobility (Figure 11, C-E, and
Supplementary Video 3). These results demonstrated that
interaction of p56 with the GGAs is required for its role in
the regulation of TC dynamics.

DISCUSSION

Over the past decade it has become established that the main
function of the ear domains of clathrin adaptors is to serve as
“hubs” for interaction with specific cohorts of accessory
proteins. The roles of these accessory proteins are best un-
derstood for the more than 20 such proteins that interact
with the endocytic AP2 adaptor and that function as regu-
lators, mechanical/assembly factors, and/or alternative
adaptors (Traub, 2005). Perturbation or depletion of these
AP2-interacting accessory proteins results in inhibition of
either global or specific endocytic events. The TGN/endo-
somal clathrin adaptors, GGAs and AP1, share structurally
related GAE domains that interact with a different set of
accessory proteins, but the functions of these proteins are

Figure 10 (cont). depletion on the distribution of GGAI in cells
were assessed by indirect immunofluorescence. Mixed mock- and
p56-depleted cells grown on coverslips were fixed, permeabilized,
and triple-labeled with rabbit antibody to p56, mouse antibody to
GGA1, and sheep antibody to TGN46, followed by Alexa-488-
conjugated donkey anti-rabbit IgG, Alexa-594-conjugated donkey
anti-mouse IgG, and Alexa-647-conjugated donkey anti-sheep IgG.
Stained cells were examined by confocal fluorescence microscopy.
Arrows indicate the position of the Golgi complex in p56-depleted
cells. (B) H4 cells were transfected twice with siRNAs directed to
GAPDH (Mock) or either of two siRNAs directed to the coding
sequence or the 5’ untranslated region of p56 (p56 and p56-5’). After
the second round of transfection, equivalent amounts of siRNA-
treated cells were subjected to SDS-PAGE and immunoblotting
using antibodies to p56, GGAL, or actin (loading control). (C-F) H4
cells were transfected with siRNAs directed to GAPDH (Mock) or
p56 as indicated in A and after the second round of siRNA treat-
ment were transfected with YFP-GGAL. The effects of the RNAi on
the mobility of vesicles containing YFP-GGAL1 in cells were assessed
by time-lapse microscopy. (C) Mock siRNA-treated cell showing a
vesicle moving away from the TGN region (trajectory indicated by
arrow) and another vesicle moving toward the TGN region (trajec-
tory indicated by arrowhead). Time after the start of imaging (in
seconds) is shown in the bottom left of each panel. (D) The first
frame acquired for either a mock- or a p56-depleted cell is shown on
the left. The pictures on the right were generated by merging images
of the TGN region acquired over a ~110-s period; the trajectories of
mobile vesicles are shown as lines. The frequency of mobile vesicles
(E) and the summation of the length of the trajectories (F) were
quantified for mock- and p56-depleted cells. Bars represent the
mean * SD from three independent experiments. Bars, 10 um (A
and D), 2 pm (C).
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much less well understood. Of all the GGA- and AP1-acces-
sory proteins described to date, p56 is unique in that it
specifically interacts with the GGAs, and not with AP1, in
vivo (Lui et al., 2003; this study). The results of our study
now show that p56 functions in close cooperation with the
GGAs in the sorting of cathepsin D to lysosomes, probably
by promoting the long-range movement of GGA /clathrin-
containing TCs through the cytoplasm.

Tight Physical and Biogenetic Relationship of p56 with
the GGAs

Some clathrin adaptors and their cognate accessory proteins
are expressed in all cells (e.g., AP1A, AP2, AP3A, GAK;
Kimura ef al., 1997, Boehm and Bonifacino, 2001), whereas
others are tissue- or cell-type specific (e.g., AP1B in polar-
ized epithelia, AP3B in the brain, auxilin in the brain; Ahle
and Ungewickell, 1990; Boehm and Bonifacino, 2001). The
availability of a complete panel of antibodies sensitive
enough to detect the endogenous proteins have now al-
lowed us to demonstrate that the three GGAs and p56
belong to the former group, in that they are coexpressed in
all cell lines examined (Figure 1). In addition, they all largely
colocalize to the TGN and peripheral foci that probably
correspond to TCs and endosomes (Figures 2 and 3). More-
over, they physically interact within cells, as demonstrated
by FRET (Figure 4A). Finally, overexpression of the GGAs
enhances the association of p56 with the TGN (Figure 4B),
and RNAi-mediated depletion of any of the GGAs decreases
p56 staining at the TGN (Figure 7). Surprisingly, this latter
effect is not solely due to decreased recruitment from the
cytosol, but to decreased total levels of p56 in the GGA-
depleted cells as well (Figure 5). Loss of p56 caused by
depletion of one GGA can be suppressed by overexpression
of another GGA (Figure 8). These observations indicate that
the total levels of the GGAs determine the stability of p56.
The relationship between these proteins is thus specific and
tight, involving even a biogenetic dependence of p56 on the
GGAs. The understanding of this relationship is helpful for
the interpretation of the effects of RNAi-mediated depletion
of the GGAs, which also decreases levels of p56. The cellular
effects of GGA depletion could, therefore, be partly due to
decreased p56 levels.

Another interesting finding in our study was that deple-
tion of one GGA did not alter the localization or levels of the
other two. The GGAs, therefore, behave as biogenetically
independent entities. This finding contrasts with that of a
previous study (Ghosh et al., 2003b), in which the depletion
of any one GGA decreased the levels of the other two. This
was not due to off-target effects of the RNAi, because the
levels of the two indirectly affected GGAs could be restored
by treatment with proteasomal inhibitors or by transfection
with RNAi-resistant cDNA encoding the target GGA (Ghosh
et al., 2003b). We do not know the reason for these differ-
ences, especially as both studies were carried out with HeLa
cells. A possible explanation is the different RNAi method-
ologies that were used to knock down GGA expression:
stable transfection of vectors encoding siRNAs in the previ-
ous study (Ghosh et al., 2003b) and transient transfection of
synthetic siRNAs in the present study. Our observations
indicate that, over a span of 3-5 d of siRNA treatment, the
levels of the three GGAs are not interdependent. The three
GGAs are not entirely redundant, however, because deple-
tion of any single GGA causes partial reduction of p56 levels
(Figure 5) and cathepsin D missorting (Figure 9; Ghosh et al.,
2003b). We attribute this to a dosage effect and not to an
effect of depleting one GGA on the levels of the other two.
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Figure 11. Binding of p56 to GGAs is required for the mobility of YFP-GGA1l-containing carriers. (A) NRK cells transfected either with
Myc-tagged, full-length p56 (Myc-p56) or a Myc-tagged construct lacking the N-terminal, GGA-interacting segment of p56 (Myc-AN-p56;
residues 125-441) were fixed, permeabilized, and double-labeled with mAb to the Myc epitope and rabbit polyclonal antibody to GGA1,
followed by Alexa-594—conjugated donkey anti-mouse IgG (red channel) and Alexa-488—conjugated donkey anti-rabbit IgG (green channel).
Nuclei were stained with Hoechst 33342 dye (blue channel). Stained cells were examined by confocal fluorescence microscopy. Merging red,
green, and blue channels generated the third picture; yellow indicates overlapping localization of the green and red channels. (B) H4 cells
were transfected twice with siRNA directed to GAPDH (Mock), or with siRNA directed to the 5" untranslated region of p56 (p56-5'). After
the second round of siRNA treatment, p56-depleted cells were transfected either with Myc-p56 or Myc-AN-p56, and after 16 h, equivalent
amounts of cells were subjected to SDS-PAGE and immunoblotting using antibodies to p56 (raised against an N-terminal peptide), the Myc
epitope, or actin (loading control). (C-E) H4 cells were transfected with the p56-5" siRNA as indicated in B and after the second round of
siRNA treatment were cotransfected with YFP-GGA1 and either with Myc-p56 or Myc-AN-p56. The effects of the expression of the
Myc-epitope-tagged proteins on the mobility of vesicles containing YFP-GGA1 were assessed by time-lapse microscopy. (C) The TGN region
of the first frame acquired for p56-depleted cells, expressing either Myc-p56 (top) or Myc-AN-p56 (bottom), was merged with the trajectories
of mobile vesicles (red lines) acquired over a ~110-s period. The frequency of mobile vesicles (D) and the summation of the length of the
trajectories (E) were quantified for p56-depleted cells expressing either Myc-p56 or Myc-AN-p56. Bars represent the mean = SD from three
independent experiments. Bars, (A and C) 10 pum.
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Requirement of p56 for Sorting of Procathepsin D to
Lysosomes

The ability to deplete cells of p56 without altering the levels
of the GGAs (Figure 5) allowed us to test the involvement of
P56 in the sorting of procathepsin D to lysosomes. We found
that depletion of p56 impaired proteolytic processing of
procathepsin D to the intermediate and mature forms, as
detected by both immunoblotting (Figure 9, A and B) and
pulse-chase and immunoprecipitation analyses (Figure 9, C
and D). Because procathepsin D processing occurs upon
transport to lysosomes, these observations indicate that p56
is involved in protein sorting to lysosomes. In agreement
with previous studies (Ghosh et al., 2003b), we also found
that depletion of single GGAs caused partial missorting of
procathepsin D (Figure 9), but this could be in part due to
the decreased levels of p56 caused by GGA depletion (Fig-
ure 5). Also of interest is the observation that depletion of
clathrin causes a profound inhibition of procathepsin D
sorting to lysosomes (Figure 9). This agrees with a previous
observation made through the use of antisense RNA target-
ing the clathrin heavy chain (Iversen et al., 2003) and is in
line with the requirement of clathrin adaptors (i.e., GGAs
and AP1) for procathepsin D sorting (Figure 9; Meyer et al.,
2000; Ghosh et al., 2003b; Hirst et al., 2005). It contrasts,
however, with observations made in the chicken B lympho-
cyte cell line, DT40, in which the accumulation of another
acid hydrolase, B-glucuronidase, and the integral membrane
protein, LEP100, within lysosomes was unaffected by elim-
ination of the clathrin heavy chain (Wettey ef al., 2002). The
results from this latter study could stem from the use of a
mutant cell line that adapted to the lack of clathrin expres-
sion, because all other evidence (Iversen et al., 2003; Janvier
and Bonifacino, 2005) points to a critical role for clathrin and
some of its adaptors in the sorting of both luminal and
transmembrane components of lysosomes.

p56 Regulates the Mobility of GGA-containing Transport
Carriers

Despite the impairment of procathepsin D sorting, we did
not observe any obvious changes in the distribution of the
CI-MPR by immunofluorescence microscopy in p56-de-
pleted cells (data not shown). This could simply reflect the
low resolution of this technique to distinguish different jux-
tanuclear, TGN, or endosomal compartments. Alternatively,
p56 depletion could alter the dynamics of transport between
the TGN and endosomes, without causing noticeable
changes in the overall appearance of CI-MPR-containing
structures. This seems, in fact, to be the case as depletion of
p56 decreased the mobility of GGA-containing TCs (Figure
10). Previous studies documented the existence of pleiomor-
phic TCs that contain GGA, AP1, clathrin, CI-MPR, and
CD-MPR and move from the TGN toward the peripheral
cytoplasm (Huang et al., 2001; Waguri et al., 2002; Puertollano
et al., 2003; Polishchuk et al., 2006). These carriers were
proposed to mediate the long-range distribution of a pool of
MPRs and their cargo hydrolase precursors between the
TGN and peripheral endosomes. Improved time resolution
allowed us to observe another population of GGA-contain-
ing TCs that move from the periphery to the center of the
cell. At present we do not know the function of such cen-
tripetal TCs. One possibility is that the GGAs have an addi-
tional role in retrograde transport, as recently proposed (He
et al., 2005). Alternatively, the GGAs may not play any role
in retrograde transport but just remain passively associated
with retrograde TCs after their forward sorting function is
fulfilled. In any event, p56 depletion inhibits the movement
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of both forward and retrograde TCs (Figure 10), perhaps
explaining the unchanged steady-state distribution of MPRs.
Because the movement of the forward TCs is dependent on
microtubules (Waguri et al., 2002; Puertollano et al., 2003), it
is tempting to speculate that p56 could participate in linking
GGA-containing carriers to microtubule motors. Precedent
for the coupling of a clathrin adaptor with a microtubule
motor is the demonstration of an interaction of the 81 sub-
unit of AP1 with the kinesin, KIF13A, which enables move-
ment of CI-MPR-containing vesicles from the TGN to the
plasma membrane (Nakagawa et al., 2000). These findings
support the notion that the roles of clathrin coats extend
beyond cargo selection and vesicle budding.

The Canonical Interaction of p56 with GGAs Is Required
for Transport Carrier Mobility

Expression of RNAi-resistant, full-length p56 restored the
dynamics of TC movement in p56-depleted cells, thus dem-
onstrating the specificity of the phenotype. However, ex-
pression of a p56 variant lacking the N-terminal, GGA-
interacting segment failed to restore movement (Figure 11).
This demonstrated that this function of p56 is dependent on
its interaction with the GGAs. The N-terminal segment of
p56 comprises the sequence, FGGF, which binds to the ear
domain of the GGAs (Collins et al., 2003). This sequence
belongs to a group of sequences shared by GGA- and AP1-
accessory proteins that fit certain canonical motifs (Page et
al., 1999; Kent et al., 2002; Collins et al., 2003; Duncan et al.,
2003; Mattera et al., 2003, 2004; Miller et al., 2003; Mills et al.,
2003). These canonical ear-motif interactions have been ex-
tensively characterized, both biochemically and structurally.
However, their requirement for the function of TGN acces-
sory proteins is poorly understood. Our findings now dem-
onstrate that a canonical interaction between a TGN/endo-
somal clathrin adaptor and an accessory protein is indeed
required for function.
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