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Background: Cargo proteins recruit Arf-dependent adaptors for packaging.
Results: Cargo presence at the Golgi/endosomes leads to specific adaptor recruitment.
Conclusion: Arf activation is more closely coupled to cargo than previously appreciated, and we interpret the specificity in
adaptor recruitment as evidence of the lack of freely diffusible activated Arfs.
Significance: Cargos play a role in the activation of Arfs and recruitment of specific adaptors.

Membrane traffic requires the specific concentration of pro-
tein cargos and exclusion of other proteins into nascent carriers.
Critical components of this selectivity are the protein adaptors
that bind to short, linearmotifs in the cytoplasmic tails of trans-
membrane protein cargos and sequester them into nascent car-
riers. The recruitment of the adaptors is mediated by activated
Arf GTPases, and the Arf-adaptor complexes mark sites of car-
rier formation.However, the nature of the signal(s) that initiates
carrier biogenesis remains unknown.We examined the specific-
ity and initial sites of recruitment of Arf-dependent adaptors
(AP-1 and GGAs) in response to the Golgi or endosomal local-
ization of specific cargo proteins (furin, mannose-6-phosphate
receptor (M6PR), and M6PR lacking a C-terminal domain
M6PR�C).We find that cargo promotes the recruitment of spe-
cific adaptors, suggesting that it is part of an upstream signaling
event. Cargos do not promote adaptor recruitment to all com-
partments in which they reside, and thus additional factors reg-
ulate the cargo’s ability to promote Arf activation and adaptor
recruitment. We document that within a given compartment
different cargos recruit different adaptors, suggesting that there
is little or no free, activated Arf at the membrane and that Arf
activation is spatially and temporally coupled to the cargo and
the adaptor. Using temperature block, brefeldinA, and recovery
from each, we found that the cytoplasmic tail of M6PR causes
the recruitment of AP-1 and GGAs to recycling endosomes and
not at the Golgi, as predicted by steady state staining profiles.
These results are discussed with respect to the generation of
novel models for cargo-dependent regulation of membrane
traffic.

Members of the ADP-ribosylation factor (Arf)2 family of reg-
ulatory GTPases, within the larger Ras superfamily, play funda-

mental roles in the regulation of membrane traffic at multiple
sites in all eukaryotes, including at least the Golgi, endosomes,
endoplasmic reticulum (ER), ER-Golgi intermediate compart-
ments, and plasma membrane. Probably the most completely
characterized is Sar1, the most divergent member of the Arf
family, and its role in recruitment of the COPII coat to nascent
buds emanating from the ER (1, 2). A far more complicated
picture emerges for the specific roles of the Arfs in the regula-
tion of membrane traffic at the Golgi and endosomes. At these
sites multiple Arfs (Arf1–5) have been implicated as regulators
with at least some level of redundancy in functions (3). The best
known of these functions is the direct recruitment of soluble
protein adaptors that also bind directly to linear motifs present
in the cytosolic “tails” of transmembrane protein “cargos” (4, 5).
Perhaps themost vivid demonstration of this is through the use
of the drug brefeldin A (BFA), which prevents Arf activation by
direct binding and inhibition of a subset of the Arf guanine
nucleotide exchange factors (GEFs) and causes rapid release of
Arf-dependent adaptors in live cells. However, Arfs have also
been shown to directly bind and/or activate phospholipase D,
phosphatidylinositol 4-kinase, and phosphatidylinositol 4-
phosphate 5-kinase (6–8). It is the combination of functional
redundancy and multiplicity of effectors that has made dissec-
tion of signaling demanding and resulted in delays in advance of
molecularmodels of themechanisms of Arf actions. Evenmore
importantly, we still lack a fundamental understanding of what
spatially regulatesArf activities and thus struggle to understand
the role of Arf in membrane traffic.
Like all regulatory GTPases, Arfs act in cells as molecular

switches, toggling between activated (GTP-bound) and inacti-
vated (GDP-bound) states. These different states are conforma-
tional and result in different affinities for binding partners,
notably the effector proteins that lead to the generation of the
biological response. Inter-conversion between conformational
states is controlled by the actions of GEFs, which promote the
rate-limiting dissociation of GDP and allow GTP to bind and
activate the GTPase. Conversely, return to the inactive state is
controlled kinetically by the actions of GTPase-activating pro-
teins, which increase the rate of GTP hydrolysis by the GTPase.
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The heterotrimeric G proteins are paradigms for regulatory
GTPase signaling and use G protein-coupled receptors, which
act directly as G protein GEFs, to acutely and locally activate G
proteins in response to ligand binding (9). This binding initiates
signaling by G proteins, with consequent changes in effector
activation and generation of secondmessengers. Even a cursory
review of the history of G protein research reveals that knowl-
edge of the ligand as an initiator of signaling and the ability to
acutely activate G protein signaling allowed researchers to
identify components that are required for signal generation and
modulation. In addition, the use of different ligands allowed
clear descriptions of the sources of specificity in G protein sig-
naling. Similarly, ligand binding to receptor-tyrosine kinases
can result in phosphorylation of specific residues in the cyto-
plasmic tails that act as binding sites for Grb2/SOS, which is a
Ras GEF (9). Thus, paradigms for activation of regulatory
GTPases are found within these two homologous systems in
which ligand binding to transmembrane proteins leads to local-
ized activation of a GEF activity and consequently the activa-
tion of a specific and narrow subset of cellular GTPases. In
contrast, despite more than 25 years of research into Arf biol-
ogy, we still do not know the initiator of signaling or whether
the process is initiated via a “ligand equivalent” or if it may be
constitutive. To begin to address this central question of Arf
biology we developed a cell-based model for Arf activation
using the best characterized Arf effectors, the Arf-dependent
adaptors.
Adaptors are soluble proteins or protein complexes that are

recruited tomembranes through direct binding to activatedArf
and to sorting signals in transmembrane proteins, which we
term cargos. The function of adaptor recruitment is the initia-
tion of formation of a coated bud, later maturing into a carrier,
that (i) concentrates cargo by binding specific sorting signals,
(ii) deforms planar bilayers into tubes and carriers, (iii) and
recruits accessory proteins required for carrier maturation,
scission, binding to cytoskeletal elements, targeting to and des-
tinationmembranes, and initiating uncoating and fusion at that
site (4, 10–13). At least eight of these Arf-dependent adaptors
have been reported to be recruited toGolgimembranes by acti-
vated Arf(s), and each has been described as binding distinctive
sortingmotifs; the heptameric COPI complex binds KKXX (14,
15) and FFmotifs (16, 17), GGAs1–3 bindDXXXLL (18),Mint3
binds the YENPXY motif (19), and adaptins (AP-1-AP-4) bind
the YXX� (20) and XXXLL (21) motifs. Each of these Arf-de-
pendent adaptors is soluble and present in cytosol until
recruited to the membrane of budding carriers by activated
Arfs. Arfs also reside in cytosol and are recruited tomembranes
through hydrophobic interactions involving the amphipathic
N-terminal �-helix and covalently attached N-terminal myris-
tate (22). The association of Arfs with membranes is tightly
linked to their activation, exchange of GDP for GTP, catalyzed
by an Arf GEF. Thus, monitoring Arf recruitment to mem-
branes might be one way to assay for their activation in cells.
However, we lack antibodies capable of recognizing specific
Arfs on membranes. In addition, there have been well docu-
mented concerns over the use of tagged Arfs or fusion proteins
(23). Thus, to begin the search for factors that lead to Arf GEF

activation in cells, we use Arf-dependent adaptor recruitment
as an indirect assay for Arf activation in cells.
Because specific adaptors have been associated in the litera-

ture with specific transmembrane cargos and at specific sites in
cells, we chose a set of cargos for our cell-based assays that
would provide overlapping but also specific differences in adap-
tor recruitment; specifically, the cation-independent, mannose
6-phosphate receptor (M6PR) and furin. These are previously
characterized single pass, type I transmembrane proteins that
bind directly to overlapping sets of adaptors via previously
defined sorting signals. M6PR binds to AP-1 andGGAs in what
has widely been interpreted as a requirement for its antero-
grade traffic from the Golgi to the endosome (24, 25). The
M6PRhas been extensively studied as amodel for bi-directional
Golgi-endosome traffic (26–30). M6PRs act in cells to trans-
port soluble, lumenal, mannose 6-phosphate-modified hydro-
lases from the Golgi to their site of action in lysosomes. The
binding site for GGAs on the M6PR C-terminal, cytoplasmic
tail is known, allowing members of the Robinson laboratory
(31) to generate a truncation mutant, M6PR�C, that retains
AP-1 binding but has lost the ability to recruit GGAs. M6PRs
are found predominantly on Golgi, endosomal, and plasma
membraneswith different steady state distributions in different
cell types. Furin is a protease that cleaves proteins at RR/KK
motifs within the Golgi lumen (for review, see Thomas (32)). It
is localized predominantly to the Golgi but can escape to endo-
somes, where it may also function before retrieval back to the
Golgi. Furin contains within its cytoplasmic tail a sorting
sequence that binds directly to AP-1 (33). This interaction has
been reported to be responsible for the export of furin from the
Golgi to endosomes (33). Furin can also bind to Mint3 (34).
Mint3 binds the cytoplasmic tail of furin at the Golgi, but it acts
to retain furin there (34).
We originally chose to focus our studies on adaptor recruit-

ment to the Golgi. Focusing on this location allowed us to take
advantage of two well characterized protocols that affect cargo
traffic there: low temperature incubation (20 °C) serves as a
kinetic block of export from the Golgi (35–38) and BFA treat-
ment that causes the rapid and reversible loss of Arf-dependent
adaptors from membranes (39–41). Our data confirm the
specificities of cargo tail-adaptor interactions established pre-
viously from in vitro binding data and highlight important dif-
ferences in the sites of adaptor recruitment by different cargos.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLaM and normal rat kidney (NRK) cells
were maintained in 10% fetal bovine serum (GemCell catalog
#100–500, Sacramento, CA) in DMEM medium (Invitrogen
catalog #11965). Stably transfected cells were supplemented
with 50 �g/ml G418. Cells used for imaging were grown on
Matrigel-coated coverslips (BD Biosciences).
Plasmids and Cell Transfections—pIRESneo2-CD8-M6PR

and pIRES-neo2-CD8- M6PR�C were generous gifts from Dr.
Margaret Robinson (University of Cambridge) and are
described in Hirst et al. (31). They express the lumenal and
transmembrane regions of CD8 fused to the full 163 residues of
the cytoplasmic tail of cation-independent M6PR or only the
juxtamembrane 74 residues, respectively. pIRESneo2-CD8-fu-
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rin was kindly provided by Dr. Matthew Seaman (University of
Cambridge). The cytoplasmic tail of furin is 58 residues in
length. pGEM FLAG-furin was a generous gift from Dr. Gary
Thomas (OregonHealth and ScienceUniversity) (42). Plasmids
were transfected using FuGENE 6 (Roche Applied Science cat-
alog #11814443001) according to manufacturer’s instructions.
Cells were placed at 37 °C for 4 h, rinsed once, and trypsinized
to remove them from the well. Cells were suspended in 3 ml of
normal growth medium, and 1 ml of the suspension was trans-
ferred to a newwell of 6-well plates containingMatrigel-coated
coverslips. Cargos were allowed to express for a total of 24 h.
Antibodies and Dilutions Used for Immunocytochemistry—

Antibodies and dilutions were: �-Adaptin (AP-1), 1:100 (BD
Transduction Laboratories catalog #610502); CD8, 1:1000
(Ancell Corp. catalog #153-020 Bayport, MN); CD8-FITC,
1:500 (Ancell Corp. catalog #153-040), GGA1 1:1000 (Boman
et al. (61)); giantin, 1:1000 (Covance catalog #prb-114c
Emeryville, CA); GM130, 1:1000 (BD Transduction Laborato-
ries catalog #610823); FAPP2, 1:1000 (D’Angelo et al. (84)), a
generous gift from Dr. Antonella de Matteis; TGN46, 1:1000
(Serotec catalog #AHP500 Oxford, UK); Rab11, 1:200, a kind
gift from Dr. James Goldenring (85); transferrin receptor,
1:1000 (Zymed Laboratories Inc. catalog #136800 Carlsbad,
CA); Mint3, 1:100 (BD Transduction Laboratories catalog
#611380). Antibodies and dilutions used in immunoblotting
were: �-adaptin, 1:100 (BD Transduction Laboratories catalog
#610502); GGA1, 1:500 (Boman et al. (61)); Mint3, 1:500 (BD
Transduction Laboratories catalog #611380).
Temperature (20 °C) Block and Immunocytochemistry—Me-

dium was replaced with 4 ml of 20 mM HEPES, 10% FBS in
DMEM. Cells were placed in a water bath and maintained at
19.5 °C for 4 h, then either immediately fixed or returned to
37 °C for varying times of “release” before fixation. Release was
performed by replacingmediumwith fresh, prewarmed (37 °C)
medium without HEPES, and dishes were placed in a gassed
incubator. Cells were fixed in 2% paraformaldehyde in phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 2 mM KH2PO4, pH 7.4) for 20 min at room temper-
ature. After fixation, cells were rinsed with PBS for 5min a total
of 4 times. Individual coverslipswere then placed on a Parafilm-
coated 24-well dish, and �200 �l of blocking solution (1%
bovine serum albumin (BSA, Sigma catalog #A3059) and 0.05%
saponin (Sigma #S5881) in PBS) for 20 min at room tempera-
ture. Primary antibodies in blocking solution were added to
coverslips and placed at 4 °C overnight. Coverslips were then
washed 4 times with 0.05% saponin in PBS for 5 min each.
Coverslips weremounted usingMowiol (Calbiochem #475904)
prepared as described in Valnes and Brandtzaeg (43).
BFA Treatment—BFA (7.5 �g/ml) or methanol vehicle were

prepared freshly in culture medium, prewarmed to 37 °C, and
applied to cells for 2 min. Cells were then quickly rinsed with
prewarmedmedium, and fresh mediumwas applied before fix-
ing as above.
Confocal Image Acquisition—Images were collected on an

Olympus IX81 Fluoview FV1000 using a 100� oil immersion
objective with a NA of 1.4. Images were imported into ImageJ
and converted to 16-bit images, and intensities were scaled to a
maximal signal intensity of 255 (44, 45).

Wide Field Image Acquisition—Stacks of images were col-
lected using a Nikon Bx51 microscope with a 60 � 1.4NA oil
immersion objective with a Photometrics Quantix camera.
Images were captured at 1316 � 1035 pixel ratio and a 16-bit
image depth. Where indicated, z-series were deconvolved with
Huygens SVI software (Hilversum, The Netherlands) using an
iterative maximum likelihood function for a maximum of 40
iterations.
Wide Field Image Quantification—We developed a method

for the quantification of three-dimensional-wide field fluores-
cence data that identifies structures and evaluates signal inten-
sity information within those structures and named the tech-
nique three-dimensional image-based isosurface generation
and intensity analysis (3D3I). The 3D3I method differs from
traditional co-localizationmethods of quantification. Co-local-
ization methods typically use two-dimensional datasets and a
manually defined region of interest for analysis. The region of
interest is then analyzed for how well signal in one channel
correlates with signal in another. In contrast, 3D3I establishes a
region of interest, or three-dimensional isosurface, using a bio-
logically relevant signal from one channel (e.g. giantin staining)
and quantifies the total intensity of signal from the other chan-
nel (e.g. adaptor staining) within it. Thus, the values generated
(intensity per �m3) are non-correlative. For additional details
and discussion see Caster and Kahn (46). The use of 3D3I elim-
inates the potential for focal plane bias by using data from the
entire cell. It is optimal for quantifying staining in irregularly
shaped objects, particularly ones that differ in size and number
between cells in a population; e.g. Golgi components and
endosomes.
Deconvolved images were opened in Imaris (Bitplane, South

Windsor, CT), and isosurfaces were generated for the staining
of interest. Isosurfaces representing Golgi or cargo staining
were generated using “automatic iterative selection.” The total
fluorescence intensity of the channel of interest was then
totaled within the volume defined by the isosurface. Values
were then exported into Excel for each individual cell. At least
five cells were quantified in each case.
Statistical Analysis—Sum intensities from the channel of

interest were totaled and divided by the total volume of the
surface, resulting in a ratio of sum intensity/isosurface �m3.
This value was determined for each cell for statistical analysis.
One-way analysis of variance or Student’s t test was used with
the indicated post-test. Every experiment described was
repeated at least three times with consistent results. Images
shown are representative of the cell population, determined by
quantification of the phenotypes observed.

RESULTS

To identify the signal(s) leading to Arf activation we sought
to develop cell-based assays for Arf activation that are spatially
and temporally restricted, as expected for biologically relevant
processes. Because the Arfs and adaptors reside in excess in
cytosol, we expect that the transmembrane cargos will be lim-
iting for generation of the cargo-adaptor-Arf complexes. To
ensure that the cargo-dependent adaptor recruitment being
studied results primarily or exclusively from cytoplasmic sur-
face interactions, we performed studies using fusion proteins
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made up of the lumenal and transmembrane domains of CD8
fused to the cytoplasmic tails of furin or M6PR, termed CD8-
furin and CD8-M6PR, respectively. The value of such CD8
fusion proteins has been demonstrated by previous work in the
laboratories of Robinson (31) and Seaman (31, 47, 48). We
obtained from them the CD8-M6PR plasmid and a C-terminal
truncation mutant of CD8-M6PR, termed CD8-M6PR�C, that
retains binding to AP-1 but has lost theGGAbindingmotif and
ability to recruit GGAs (Ref. 31 and see below). To ensure that
the CD8 fusion proteins are indeed representative of the full-
length proteinswe also performed the same studies using either
an N-terminal fusion of green fluorescent protein (GFP) and
M6PR (GFP-M6PR) or N-terminal FLAG-tagged furin (FLAG-
furin). HeLaM cells were used in most of our studies because
they are adherent, flat, and display low levels of perinuclear
adaptor staining, facilitating imaging of cargo-dependent adap-
tor recruitment. The availability of stably transfected HeLaM
cells expressing CD8-M6PR or CD8-M6PR�C also provided a
useful control for potential artifacts resulting from the more
variable levels of expression seen after transient transfections.
Each of the major findings described below was confirmed
using these stably transfected cells.
Cargo Defines the Specificity of Arf-dependent Adaptor

Recruitment—HeLaM cells were transiently transfected with
plasmids encoding CD8-furin, CD8-M6PR, or CD8-M6PR�C
and analyzed by indirect immunofluorescence for the effects of
cargo expression on adaptor recruitment. Conditions were
chosen to minimize the level of protein expression (see “Exper-
imental Procedures”); e.g. only those cells displaying minimal
but clear evidence of protein expression were chosen for anal-
yses. Immunoblotting of total cell lysates revealed that each of
the CD8 fusion proteins was expressed to similar levels (not
shown).
Expression of the three cargos resulted in specific profiles of

adaptor recruitment. The expression of CD8-furin (Fig. 1A) or
FLAG-furin (data not shown) led to the specific recruitment of
AP-1 andMint3 but not GGA1. Expression of CD8-M6PR (Fig.
1A) or GFP-M6PR caused specific increases in the perinuclear
staining of AP-1 andGGA1 (Fig. 1A, C) but notMint3, whereas
expression of CD8-M6PR�C led to increases in AP-1 staining
but not that of GGA1 or Mint3 (Fig. 1A). We also stained fixed
cells for GGA2 and GGA3, and in each case they behaved qual-
itatively the same as described for GGA1 (data not shown).
Transient transfection resulted in cells with varying levels of
expression of M6PR or CD8-M6PR within a cell population,
and we noted by visual inspection a good correlation between
the levels of cargo expression and levels of recruitment of AP-1
and GGAs, with no changes to staining of Mint3, even in cells
expressing the highest levels of cargo. HeLaMcells stably trans-
fected with CD-M6PR or CD8-M6PR�C resulted in adaptor
recruitment profiles identical to those seen using transient
transfections. The data shown in Fig. 1A are single cell repre-
sentatives of the consequences on adaptor recruitment from
specific cargo expression. The detailed and rigorous quantifica-
tion of these responses is described below.
Thus, the cell-based assay for cargo-dependent adaptor

recruitment faithfully recapitulates the specificity with which
sorting motifs in the cytoplasmic tails of these cargos bind

adaptors in vitro (49–51). Importantly, in every experiment
described herein, we did not observe a change in the endoge-
nous levels of the adaptors being studied, as determined by
immunoblotting of total cell lysates for�-adaptin (a component
of AP-1), GGA1, and MINT3 (Fig. 1B). Thus, we interpret the

FIGURE 1. Cargo expression increases the recruitment of specific Arf-de-
pendent adaptors to membranes. A, HeLaM cells were transiently trans-
fected with empty vector (Control) or plasmids directing expression of the
indicated cargo. The next day cells were fixed and stained for �-adaptin (AP-
1), GGA1, or Mint3. Confocal images are shown. B, HeLaM cells were tran-
siently transfected with plasmids that express the indicated cargos before
analyzing protein expression by immunoblotting (WB) for �-adaptin, GGA1,
or Mint3. GGA1 migrates as a doublet, presumably resulting from post-trans-
lational modification, e.g. phosphorylation. Results shown are typical of five
independent experiments. C, HeLaM cells expressing GFP-M6PR were main-
tained at 37 °C or at 20 °C for 4 h. Cells were then fixed and stained with
antibodies against GFP and GGA1. GGA1 recruitment was comparable to that
seen with CD8-M6PR and was lost during the temperature block.
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increased staining of each adaptor at a membrane surface to
result from its recruitment from a cytosolic pool and not from a
change in expression levels. Together, these results suggest that
cargo levels modulate activation of Arfs and subsequent adap-
tor recruitment, positioning cargo upstream in the activation
pathway. Our data suggest that cargo-mediated activation of
Arfs is restricted in the sense that no free Arf is produced to
recruit non-relevant adaptor, i.e. although CD8-M6PR acti-
vates Arfs, those Arfs only recruit AP-1 and GGA1 but not
Mint3. Thus, the activated Arfs function within the context of
the cargo responsible for its activation. Unfortunately, techni-
cal limitations currently prohibit us from identifying which
Arfs are involved in each adaptor recruitment andwhether they
differ with cargo.
To further confirm that recruitment of Arf-dependent adap-

tors and their responsiveness to different perturbations are
consistent between full-length cargos and their CD8-fusion
constructs, we compared results with an N-terminal-tagged
form of full-length M6PR (Fig. 1C). GFP-M6PR expression
resulted in increased GGA1 (Fig. 1C) and AP-1 (data not
shown) recruitment to the Golgi. As fixation can affect the abil-
ity of GFP to fluoresce, we indirectly labeled cells expressing
GFP-M6PR by staining them with a primary antibody against
GFP using a secondary antibody conjugated to Alexa 405,
allowing us to image GFP-M6PR on a channel distinct from the
GFP excitation/emission profile (488 nm/519 nm, respec-
tively). Cells were chosen for imaging if they showed low levels
of GFP expression on both the 405- and 488-nm channels. The
GFP-M6PR-dependent recruitment of GGA1 (Fig. 1C) or AP-1
(data not shown) to the Golgi was lost in response to a 20 °C
temperature block as described in detail below. Thus, these
properties and others reported belowwere consistent through-
out for both full-length proteins and the CD8 fusions of the
paralogous cargo.
Cargos LocalizeDifferentlywithin the Endomembrane System

and within the Golgi—The adaptor recruitment shown in Fig.
1Awas quite striking and unambiguous. Despite this, and to be
able to compare results with different cargos and to determine
sites of recruitment for adaptors that potentially act at more
than one site, we developed protocols for quantifying adaptor
recruitment. Because the Golgi and endosomes are irregular
structures that can appear quite different between cells and in
different focal planes of the same cell, we sought a method that
is inclusive of all staining in each cell and is not subject to focal
plane bias. We used 3D3I analysis (46) that employs wide field
imaging with deconvolution and Imaris software to quantify
overlap of staining of any two antigens in fixed cells. In our
studies we used 3D3I to generate isosurfaces defined by cargo
or organelle marker staining and determined the extent to
which adaptor or cargo staining is included in those defined
isosurfaces. Results are expressed as a ratio of total pixel inten-
sity of adaptor or cargo per unit volume of isosurface (defined
by the cargo or marker) from each cell in units of sum staining
intensity/�m3. This method has a number of advantages; 1)
isosurfaces are defined by a biologically relevant marker, 2) we
monitor changes in co-localization throughout the entire vol-
ume of the cell and thus avoid sampling or focal plane bias, 3)
we perform statistical analyses on a number of cells, comparing

intensity per unit volume in control versus experimental condi-
tions, as opposed to performing statistical analysis on mean
correlation scores.We note that this method yields -fold differ-
ences that are typically smaller than those from simple pixel
overlap approaches and that statistical testing allows high con-
fidence in the conclusions.
To determine the location of each cargo at steady state

(defined herein as HeLaM cells fixed 24 h after transfection and
maintained throughout at 37 °C) we quantified the overlap of
each cargo with that of a number ofmarkers of the Golgi/trans-
Golgi network (TGN) and endosomal compartments. The
Golgi is a heterogeneous compartment with at least three
regions, defined relative to import and export sites as cis-,
medial-, and trans-Golgi, with the TGN emerging from this last
compartment and typically not resolved from the trans-Golgi at
the level of light microscopy.We used p115 or GM130, giantin,
mannosidase II, and TGN46 as previously characterized mark-
ers of the early, middle, and late Golgi/TGN compartments.
When we compared the localization of each cargo to that of

the different Golgi markers, we found some marked and sur-
prising differences. At steady state, most (71.3 � 14.8%) CD8-
furin stainingwas foundwithinTGN46 isosurfaces, with 51.3�
11.7% also within giantin isosurfaces (Fig. 2A, filled bars). This
reveals localization to multiple compartments but with a clear
bias toward the TGN. Note that the sum can be greater than
100% when the markers themselves overlap. In contrast, only
19.0 � 6.4% of all CD8-M6PR staining was found within
TGN46 isosurfaces and 25.9� 15.4%within giantin isosurfaces
in cells maintained at 37 °C (Fig. 2A, filled bars). This indicates
that CD8-M6PR is more widely distributed and less concen-
trated in parts of the late Golgi/TGN containing these markers
than is CD8-furin. These data were obtained from images such
as those shown in Fig. 2B, where cells were stained for the car-
gos, and Golgi markers are indicated. Isosurfaces were gener-
ated for both the cargo and the Golgi marker. The cargo was
falsely colored as a red/yellow heatmap based on the amount of
Golgi marker also present within the cargo isosurface (Fig. 2B,
scale is shown on the right edge). The Golgi marker is displayed
in green. CD8-furin is biased toward the TGN (compare the
amount of yellow in the upper left panel versus the right),
whereas CD8-M6PR is more evenly distributed within giantin-
and TGN46-labeled compartments (compare the lower left ver-
sus right panels). These results are consistent with previously
described roles for furin as an endopeptidase that localizes to
the Golgi and is predominantly retained there and forM6PR as
a carrier for lysosomal enzymes that cycles between the Golgi
and TGN/endosomal compartments.
For comparison, we also used themore commonmeasures of

co-localization by evaluating the distribution of CD8-M6PR
within the Golgi by comparing the overlap (Mander’s coeffi-
cients) of cargo staining from a single plane of a confocal image
with markers of early (p115), medial (mannosidase II), and late
(TGN46) Golgi (Fig. 2C). This method of quantification essen-
tially serves as a coincidence detector, indicating the co-local-
ization of a Golgi marker and cargo signals. Using this
approach, CD8-M6PR showedmore overlap with TGN46 than
it did with early or medial Golgi markers (p115 and mannosi-
dase II, respectively). Thus, there is a clear bias of CD8-M6PR
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toward the later Golgi compartments/TGN. Note that the two
different methods of quantifying co-localization of two anti-
gens yield very different percentages; e.g.�20% for CD8-M6PR
within TGN46 isosurfaces and �80% for CD8-M6PR and
TGN46 using Mander’s coefficients. We believe that the 3D3I
method yields a much better indication of the location of the
antigen within the cell, whereas the latter gives useful informa-
tion regarding the presence or absence of the antigen within an
organelle but can give a false impression of the overall
distribution.
Whenwe compared the distribution of CD8-M6PR to that of

CD8-M6PR�C we found statistically significant differences.
The amount of CD8-M6PR�C that overlapped with the mark-
ers of early, middle, and late Golgi were all quite similar: p115,
32.3 � 1.8%; mannosidase II 45.2 � 4.2%; TGN46 staining
40.2 � 3.8%. Thus, the truncation of the C terminus resulted in
the inability to concentrate within the later compartments of
the Golgi, as seen for the full-length CD8-M6PR.
CD8-M6PR Accumulates at the Golgi in Response to a 20 °C

Block—To test one aspect of our model, that cargo concentra-
tion is a determinant of adaptor recruitment, we sought a min-
imally invasivemethod formodulating cargo concentration at a
functionally important site in anterograde traffic. We used the
previously characterized 20 °C block inwhich cells are grown at
20 °C for 4 h during which time protein synthesis and export
from the ER continue but export from the late Golgi/TGN is

inhibited (35, 52–54). Because M6PR acts to escort lysosomal
hydrolases and other mannose 6-phosphate modified proteins
to lysosomes, its traffic between the Golgi and the endosomal-
lysosomal pathway is bi-directional. Thus, a block in protein
export from the Golgi in response to the 20 °C block is pre-
dicted to cause accumulation ofM6PR at the Golgi. To confirm
this, CD8-M6PR was expressed in HeLaM cells, and the next
day cells were either maintained at 37 °C or incubated at 20 °C
for 4 h before fixation. Visual inspection of CD8-M6PR staining
confirmed that the cargo is increased at the Golgi during 20 °C
block, as evidenced by the increased perinuclear and decreased
peripheral staining. To quantify this we used 3D3I to compare
the percentage of CD8-M6PR staining that was seen within the
isosurface defined by giantin staining and found double the
amount; 25.9 � 15.4% at 37 °C to 49.0 � 6.2% after the 20 °C
block (Fig. 2A). Similar results were obtained using cells stably
transfected with CD8-M6PR (data not shown).
To determine whether the 20 °C block resulted in changes in

intra-Golgi localization of CD8-M6PR, we compared its co-lo-
calization with markers of early (p115), medial (giantin), or late
(TGN46) Golgi in cells maintained at 37 °C to those after 20 °C
block. Although the levels of CD8-M6PR co-localization with
each marker were increased, they were increased about equally
across these three compartments (data not shown). Thus, we
conclude that the absolute amount of CD8-M6PR within com-
partments of the Golgi was increased during the 20 °C block,

FIGURE 2. Cargos localize to distinct Golgi compartments and respond to temperature block differently. HeLaM cells were transiently transfected with
plasmids directing the expression of CD8-furin or CD8-M6PR. The next day (�16 h), cells were fixed and labeled for CD8 and TGN46 or giantin. Stacks of images
were collected using wide field imaging and were deconvolved, as described under “Experimental Procedures.” A, deconvolved images were imported into
Imaris, and two isosurfaces were defined: one using the cargo (CD8-furin or CD8-M6PR) and the other using a TGN or Golgi marker (TGN46 or giantin). Total
cargo fluorescence was calculated for each cell, and then the amount of cargo fluorescence within the Golgi marker isosurface was determined. The values
shown indicate the percent of total cargo intensity found within the Golgi marker isosurface, and bars indicate S.E. (n � 5). Student’s t test was used to compare
37 °C to 20 °C for each cargo/Golgi marker pairing. Asterisks indicate p � 0.01. Results are typical of at least three experiments. B, isosurfaces were generated for
the indicated cargo and markers, as described under “Experimental Procedures.” The cargo was falsely colored with a heat map indicating the amount of Golgi
marker found within the cargo isosurface. The color range of intensities is shown as a bar on the right. C, cells expressing either CD8-M6PR or CD8-M6PR�C were
fixed and stained for CD8 and the indicated Golgi marker. Single-plane, confocal images were collected, and the amount of Golgi marker signal that is also
positive for cargo was calculated using Mander’s coefficients. A Student’s t test was used to compare the overlap of each cargo with the Golgi marker indicated.
An asterisk indicates statistical significance (p � 0.01).
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but its distribution within the Golgi as a whole was maintained,
with a clear bias toward later compartments.
When we looked at the effects of the temperature block on

CD8-M6PR�C we saw clear increases in cargo in all compart-
ments of the Golgi relative to controls (37 °C) and, again, with
no change in its distribution, which in this case was more uni-
form across Golgi compartments. Cells stably transfected with
CD8-M6PR�C showed similar, uniform distribution through-
out the Golgi. Thus, 20 °C block causes both M6PR-based car-
gos to accumulate in the Golgi, and the cargos retain the same
distribution across the Golgi seen in control cells.
Localization of full-length GFP-M6PR in response to tem-

perature block was also tested. HeLaM cells transfected with
GFP-M6PR were maintained at 37 °C or temperature blocked
for 4 h. Cells were stained with antibodies against GFP and
GM130. In cellsmaintained at 37 °C,GFP-M6PR staining local-
ized predominantly to punctate, endosomal-like structures
throughout the cytosol (Fig. 1C). After a 20 °C block, GFP-
M6PR staining localized prominently in the perinuclear region,
overlapping with GM130 staining (data not shown). Thus, the
full-length cargo, GFP-M6PR, behaves similarly to the CD8-
M6PR, as it is sensitive to temperature block and re-localizes to
the Golgi during incubation at 20 °C.
Cargos Are Present in Locations without Adaptors—Because

we hope to develop models for cargo-dependent adaptor
recruitment, we further investigated the site of adaptor concen-
tration relative to both the cargo and different compartments of
the Golgi. We first asked where AP-1 is found in response to
cargo expression. The expression of CD8-furin, CD8-M6PR, or
CD8-M6PR�C resulted in increased AP-1 staining in the peri-
nuclear region when compared with mock-transfected cells.
We found that there was virtually no recruitment of AP-1 to
early Golgi compartments in control cells or those expressing
CD8-furin or either CD8-M6PR construct. The amount of
AP-1 staining in p115-defined isosurfaces was so small that we
did not quantify it. Instead, we compared cargo-dependent
concentration of AP-1 to giantin and TGN46 compartments
and found a strong bias of AP-1 to these compartments for both
CD8-furin and CD8-M6PR at steady state (Fig. 3A, black bars).
As expected, the full cytoplasmic tail of M6PR or that portion
that contains the AP-1 binding site each promotes localization
of AP-1 to theGolgi. Thus, despite the presence of each of these
cargos at early compartments within the Golgi, they are each
capable of promoting the binding of AP-1 to only late Golgi
compartments. Thus, at steady state the cargos usedherein vary
in relative abundances at different sites along the endomem-
brane system but promote the recruitment of adaptors to more
spatially restricted sites. We conclude that cargo is necessary
but not sufficient for adaptor recruitment and that another fac-
tor(s) is required to spatially restrict coat recruitment.
Adaptors Are Lost from M6PR Isosurfaces in Response to

20 °C Block—Wepredicted that the significant accumulation of
CD8-M6PR at the Golgi during the 20 °C block would be
matched by increases in both AP-1 and GGA recruitment, as
each has been proposed to function in export of M6PRs from
that site (24, 55). Furthermore, we predicted that both cargo
and adaptors would diminish in abundance during the recovery
from the 20 °C block, as carriers containing CD8-M6PR/adap-

tor pairs exited the Golgi and returned to steady state levels.
Unexpectedly, we found that in cells expressingCD8-M6PR the
staining of AP-1 (Fig. 3B) and GGA1 (Fig. 3C) was dramatically
reduced during the 20 °C block to the extent that they were
indistinguishable from control cells that do not express CD8-
M6PR. Similarly, in cells expressing CD8-M6PR�C, AP-1
stainingwas significantly decreased (Fig. 3E).We also evaluated
adaptor recruitment in cells stably transfectedwithCD8-M6PR
or CD8-M6PR�C and found AP-1 recruitment to be lost after
temperature block, recapitulating our observations using tran-
siently transfected cells. The amount of AP-1 recruited to cargo
volumes was quantified using 3D3I (Fig. 3G). Values were nor-
malized to sum AP-1 intensity/cargo volume and analyzed by
Student’s t test, comparing 37 °C to 20 °C block for each cargo.
The decrease in AP-1 staining intensity was significant for both
CD8-M6PRandCD8-M6PR�C,with the latter beingmore dra-
matic as a result of the increase in AP-1 staining seen over that
with CD8-M6PR in cells maintained at 37 °C.
We also evaluated AP-1 at the Golgi (giantin isosurfaces) in

cells expressing CD8-M6PR, CD8-M6PR�C, or CD8-furin
(Fig. 3H, quantified in Fig. 3A). Consistent with previous
results, AP-1 staining at the Golgi is dramatically lowered in
response to 20 °C block in cells expressing CD8-M6PR or CD8-
M6PR�C. We also quantified GGA1 staining in cells stably or
transiently expressing CD8-M6PR or CD8-M6PR�C and
found that temperature block had the same effect as it did on
AP-1, causing its dissociation (Fig. 3I and data no shown). Thus,
for CD8-M6PR the cargo and adaptors respond in opposite
ways to the temperature block, with the cargo being signifi-
cantly increased in abundance at the Golgi but AP-1 andGGA1
adaptors that presumably facilitate its export from that com-
partment being lost. These results also support the conclusion
that cargo is necessary but not sufficient to recruit adaptors and
confirm that additional factors regulate cargo-dependent Arf
activation.
We used FAPP2 staining as a control for the effects of the

20 °C block on a cargo-independent, Arf-dependent effector at
the Golgi and for general integrity of the Golgi. FAPP2 staining
in control HeLaM cells (Fig. 3D) or cells over-expressing cargos
(data not show) displayed a Golgi pattern of FAPP2 staining
that was unchanged by 20 °C block. This provides indirect evi-
dence that neither phosphatidylinositol 4-phosphate levels,
required for FAPP2 binding to Golgi (7, 56), nor the “nonspe-
cific” levels of activated Arfs were grossly altered at the Golgi in
response to cargo overexpression or temperature block. Our
results are consistent with 20 °C block causing only minimal
perturbation to Golgi physiology and morphology, as previ-
ously reported using related assays (36). In addition we have
used mock transfections or homologous cargos, e.g. CD8 fused
to the cytoplasmic tail of the amyloid precursor protein (CD8-
APP) that do not bind AP-1 or GGAs, and found no significant
changes in AP-1 (data not shown) or GGA1 recruitment at
steady state or after temperature block (Fig. 3I). Together, our
data show that CD8-M6PR and CD8-M6PR�C are maintained
or increased in abundance at the Golgi in response to 20 °C
block but that AP-1 was lost from CD8-M6PR and CD8-
M6PR�Cwhen these proteinswere arrested in traffic by a 20 °C
block.
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FIGURE 3. Adaptor recruitment to cargo and Golgi following 20 °C block. A, shown is quantification of AP-1 recruitment to giantin-defined isosur-
faces in response to the presence of the indicated cargo. HeLaM cells were transfected with empty vector (Control) or those directing expression of the
indicated cargos. Eighteen hours later they were placed at 37 °C or 20 °C for 4 h, fixed, and stained with antibodies against AP-1 and giantin. Wide field
images were used to generate an isosurface based on cargo staining, and the sum intensity of AP-1 staining within that isosurface was determined. Bars
represent the mean ratio of AP-1 intensity within the cargo volume. Student’s t test was used to statistically compare cells at 37 °C and 20 °C for each
cargo. Asterisks indicate statistical significance differences between cells at different temperatures (p � 0.01). # indicates statistical significance between
CD8-furin-expressing cells incubated at 37 °C and 20 °C (p � 0.05). AP-1 (B, E, and F) or GGA1 (C) recruitment in response to cargo expression and
temperature block is shown in confocal images. Cells were transfected with the indicated cargos and treated as described above. Cells were stained with
antibodies against �-adaptin and CD8 (B, E, and F) or GGA1 and CD8 (C). D, HeLaM cells were maintained at 37 °C or 20 °C for 4 h, fixed, and stained for
FAPP2. G, shown is quantification of AP-1 recruitment to cargo-defined isosurfaces. Wide field images were used to generate an isosurface based on
cargo staining, and the sum intensity of AP-1 staining within that isosurface was determined. Bars represent the mean ratio of AP-1 intensity within the
cargo volume. Student’s t test was used to statistically compare cells at 37 °C and 20 °C for each cargo. Asterisks indicate statistical significance
differences in sum intensity of AP-1 within cargo isosurfaces (p � 0.01). H, AP-1 recruitment to Golgi in cells expressing various cargos, at 37 °C and 20 °C.
Cells were prepared and treated as described in A. Confocal images are shown. AP-1 recruitment was lost in response to 20 °C block in cells expressing
CD8-M6PR and CD8-M6PR�C but not CD8-furin. I, quantification of GGA1 recruitment to cargo volumes is shown. HeLaM cells were transfected with the
indicated cargos treated as described above and stained with antibodies against GGA1 and CD8. Images were prepared as described above, and
isosurfaces were generated based on CD8 staining. Sum intensity of GGA1 staining within each cargo isosurface is reported. Values are normalized to
GGA1 intensity within CD8-APP-defined isosurfaces at 37 °C. Groups were analyzed using analysis of variance, n � 5 cells for each condition. Error bars
indicate S.E., and asterisks indicate statistical significance (p � 0.01).
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Similar results were obtained when GFP-M6PR was
expressed in HeLaM cells. GFP-M6PR expression resulted in
the recruitment of AP-1 to the perinuclear region at steady
state, but this recruitment was lost after temperature block
(data not shown).
CD8-furin Shows Little Change in Localization, but AP-1

Recruitment Was Increased in Response to a 20 °C Block—The
furin endoprotease acts at the Golgi and is retained there
through a mechanism that involves the binding of Mint3 (34).
But furin also “escapes” to the endosomal system, using AP-1
in the process (33). Thus, it was difficult to predict what impact
the 20 °C block might have on the localization of CD8-furin.
The levels ofCD8-furin at theGolgi before and after 20 °Cblock
were compared by double staining for CD8-furin and giantin
(Fig. 2A). The percentages of CD8-furin found within the gian-
tin-defined isosurface before and after 20 °C block were 51.3 �
11.7 and 66.0� 5.8%, respectively (Fig. 2A). The percentages of
CD8-furin foundwithinTGN46-defined isosurfaces before and
after 20 °C block were 71.3� 14.8 and 76.0� 7.4%, respectively
(Fig. 2A). The already high fraction of CD8-furin at the Golgi
was seen to increase but not significantly (p � 0.01). Thus, we
found that a 20 °C block is an effective inhibitor ofM6PR export
from the Golgi/TGN leading to its accumulation there but has
a far more limited effect on furin accumulation, likely because
furin already accumulates in the Golgi.
In cells expressing FLAG-furin (data not shown), or CD8-

furin, AP-1 stainingwasmaintained throughout the 20 °Cblock
(Fig. 3F). AP-1 accumulation at CD8-furin-defined isosurfaces
was actually significantly increased after 20 °C block compared
with cells maintained at 37 °C (Fig. 3G). To ensure that the
increased recruitment still occurred on Golgi surfaces, we also
quantified the AP-1 staining present in giantin isosurfaces in
cells with and without 20 °C block (Fig. 3A). We found that the
20 °C block increased AP-1 staining into giantin isosurfaces in
CD8-furin-expressing cells compared with controls (p � 0.01)
and rose to the level of statistical significance at the level of p �
0.05 (though not p � 0.01) when compared with CD8-furin-
expressing cells maintained at 37 °C. The CD8-furin-depen-
dent increase in AP-1 is striking at both 37 °C and 20 °C, each
significantly higher than controls (Fig. 3A) as well as from each
other. Thus, the 20 °C block increases the abundance of AP-1 in
CD8-furin isosurfaces (Fig. 3F) as well as Golgi membranes,
defined by giantin staining (Fig. 3A). Together with the FAPP2
control, these results highlight the specific and unexpected loss
of adaptors from M6PR cargos during temperature block,
including both full-length GFP-M6PR and the CD8-M6PR
fusion proteins.
BFA Treatment Also Promotes Loss of Adaptors from M6PR,

andRecovery Is Initiated at a SiteOther thanGolgi—We sought
an assay independent of temperature changes and more rapid
than the 4-h 20 °C block to assess sites of adaptor recruitment.
We used the previously characterized ability of BFA to rapidly
and reversibly inhibit a subset of Arf GEFs to inhibit Arf activa-
tion and Arf-dependent adaptor recruitment in live cells. This
provides both a further confirmation that the adaptor recruit-
ment being studied is in fact Arf-dependent and also allows the
synchronized re-recruitment of adaptors during recovery from
the drug. Treatment with BFA blocks the activation of Arfs
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FIGURE 4. Distinct AP-1 re-recruitment to different cargo during BFA
recovery. HeLaM cells expressing CD8-furin (A), CD8-M6PR�C (B), or CD8-
M6PR (C) were treated with 7.5 �g/ml BFA for 2 min, then the drug was
removed, and cells were fixed at the indicated times and stained for AP-1
and giantin (A and B) or GGA1 and GM130 (C). AP-1 recruitment to Golgi
membranes is evident within 5 min of BFA washout in CD8-furin-express-
ing cells. AP-1 (B) and GGA1 (C) re-recruitment is delayed in cells express-
ing CD8-M6PR�C (B) or M6PR (C) and appears more punctate and
peripheral.
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within seconds and strips endomembrane structures of Arf-de-
pendent adaptors (40, 57). After a 2-min exposure to BFA (7.5
�g/ml; 0 min recovery) membrane staining of AP-1 (Fig. 4, A
andB), GGA1 (Fig. 4C), andMint3 (data not shown) were com-
pletely lost. Only at longer times of BFA treatment (or higher
doses) does the Golgi fragment, with retrograde movement of
Golgi components to the ER (40). After 2 min of BFA exposure
we observed no changes in staining of the Golgi in general (Fig.
4, A–C) with the exception that markers of the TGN may
become more tubulated in appearance (not evident in the
images shown in Fig. 4). And by about 15 min into the recovery
phase, staining forGolgimarkers typically became less reticular
and more globular in appearance.
In CD8-furin-expressing cells, the cargo-dependent recruit-

ment of AP-1 (Fig. 4A) and Mint3 (data not shown) were each
lost within 2min of BFA treatment.Within 5min of BFAwash-
out, both AP-1 (Fig. 4A) and Mint3 (data not shown) adaptors
were recruited back to the Golgi, returning to control (vehicle
only) levels within 10–15 min of washout. The staining of the
re-recruited adaptors at each time point was characteristic of
Golgi staining; i.e. perinuclear, often lamellar in appearance,
and showing extensive overlapwith giantin. The rapid return of
both AP-1 andMint3 to the Golgi after BFA washout is consis-
tent with that being the initial site of recruitment of each adap-
tor in response to the presence of CD8-furin. FAPP2 staining
was also lost in response to BFA and returned to the Golgi with
kinetics indistinguishable from those of adaptors recruited by
CD8-furin (data not shown).We conclude thatAP-1 andMint3
are each recruited to the Golgi by CD8-furin in an Arf-depen-
dent, BFA-sensitive manner.
In cells either transiently or stably transfected to express

CD8-M6PR, the Golgi re-recruitment of GGA1 and AP-1 after
BFA washout was delayed relative to that seen for CD8-furin-
dependent adaptors or FAPP2. Also, the pattern of AP-1 and
GGA1 staining as they first reappeared differed from that seen
in cells that had not been exposed to BFA in that it was more
punctate and peripheral. This punctate staining became appar-
ent by �15 min, whereas the more Golgi-like staining pattern
seen in control cells was not evident until �30 min of recovery
from the drug. By 15 min of recovery from BFA, during which
time AP-1 had clearly returned to the Golgi/TGN in CD8-fu-
rin-expressing cells (Fig. 4A), we sawno evidence ofGolgi local-
ization of AP-1 in cells expressing CD8-M6PR (data not
shown). Similarly, GGA1 was not re-recruited to the Golgi in
cells expressing CD8-M6PR (Fig. 4C). Thus, the recruitment of
both AP-1 and GGA1 in cells expressing CD8-M6PR during
recovery from BFA were initiated at a compartment distinct
from what was observed for AP-1 and Mint3 recruitment in
cells expressing CD8-furin; i.e. the Golgi.

In cells expressing CD8-M6PR�C, the re-recruitment of
AP-1was similar to that seenwithCD8-M6PR-expressing cells.
AP-1 was recruited to peripheral puncta by about 15 min after
washout. By 30 min, AP-1 was localized to Golgi compart-
ments, similar in appearance to cells treated with vehicle only.
BFA treatment and recovery from drugs of cells expressing

GFP-M6PR resulted in similar patterns of adaptor recruitment,
with BFA treatment causing the loss of both GGA1 and AP-1
staining in the perinuclear region, and only after 15 min wash-

out was recruitment detected. The newly recruited adaptors
were again seen first on sites that were clearly distinct from the
Golgi as determined by GM130 staining and were identified as
recycling endosomes by co-localization with transferrin recep-
tor (TfR).
M6PR Recruits AP-1 and GGA1 Initially to Recycling Endo-

somes during Recovery from BFA or Temperature Block—As
shown in Fig. 4, by 15 min of recovery from BFA there was an
indication of return of AP-1 and GGA1 staining to endomem-
branes in CD8-M6PR-expressing cells but no evident co-local-
ization of adaptors with Golgi markers. To examine the possi-
bility that CD8-M6PR recruits adaptors initially to endosomal
compartments, we assessed the re-recruitment of adaptors dur-
ing recovery from the 20 °C block. As shown in Fig. 5, 20 °C
block caused the dissociation of GGA1 and AP-1 (data not
shown) from the membranes in cells expressing CD8-M6PR.
GGA1 was slowly re-recruited to membranes after shift from
20 °C to 37 °C and was detected on membranes after 15 min of
recovery (Fig. 5, A and B). This amount of time has previously
been shown to be sufficient for cargo to exit theGolgi and arrive
at a proximal compartment (35). Recovery of AP-1 staining at
endomembranesmatched that of GGA1with regard to kinetics
and location throughout the recovery. Longer periods of recov-
ery (�30–45 min) resulted in the return to distributions of
CD8-M6PR, AP-1, and GGA1 seen in cells that had not under-
gone temperature block (i.e. steady state). Thus, the timing of
GGA1 recruitment is consistent with the arrival of CD8-M6PR
at a post-Golgi destination.
To identify the compartments to which GGA1 and AP-1

were initially recruited during recovery from the 20 °C block,
we co-localized GGA1 in CD8-M6PR-expressing cells with
cargo (Fig. 5, A and C), TfRs (Fig. 5, B and E), GM130 (Fig. 5D),
EEA1, Rab11, Lamp I, and Lamp II (data not shown). The
strongest co-localizationwas observed betweenGGA1 andTfR
(Fig. 5B) and Rab11 (data not shown), well characterizedmark-
ers of recycling endosomes (58, 59). Quantification of decon-
volvedwide field images revealed the loss of GGA1 recruitment
to CD8-M6PR after 20 °C block but return of GGA1 staining at
CD8-M6PR isosurfaces by about 15min (Fig. 5C). Importantly,
we also observed extensive co-localization between GGA1 and
TfR isosurfaces by 15 min (Fig. 5E). In contrast, there was min-
imal co-localization between GGA1 and GM130 at that time
(Fig. 5D).
Because our method of quantifying adaptor recruitment is

notwidely used yet, we compared results from3D3I to themore
common pixel overlap method of co-localization. Quantifica-
tion of confocal images using Mander’s coefficients was per-
formed with similar results but with larger -fold changes in
co-localization. Both methods of quantification reveal a 20 °C
block-dependent loss of GGA1 at the Golgi in CD8-M6PR-ex-
pressing cells that is not recovering at the Golgi by 15-min
release from the block (Fig. 5D). Rather, GGA1 recruitment to
TfR-positive structures is strongly increased at this time (Fig.
5E). AP-1 recruitment profiles and kinetics mimic those of
GGA1 in that the adaptors almost completely co-localize and
appear at TfR-positive structures at the same time after release
from 20 °C block (data not shown). Thus, the CD8-M6PR-de-
pendent recruitment of AP-1 and GGA1 in cells recovering
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from 20 °C block did not occur first at the Golgi, as was seen
with CD8-furin, but was primarily at recycling endosomes.
We then asked if the site of recovery of adaptor recruitment

observed in cells recovering from 20 °C block agreed or differed
from that seen after BFA treatment. Cells expressing CD8-
M6PR (Fig. 6), GFP-M6PR, or CD8-M6PR�C (data not shown)
were treated with BFA as in Fig. 5 and double-labeled with

antibodies against GGA1 and TfR. GGA1 (Fig. 6) and AP-1
(data not shown) recruitment was seen at �15 min after wash-
out of BFA and occurred onTfR-positive endosomes. Thus, the
site of initial recruitment of GGAs (and AP-1) coincided with
the appearance of CD8-M6PR or GFP-M6PR after the release
from 20 °C block or BFA and was found in each case to be
recycling endosomes and not the Golgi. Adaptor re-recruit-
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ment to TfR-positive endosomes was observed in both tran-
siently and stably transfected cells. These results also suggest
that the 20 °Cblock did not result in gross, persistent changes to
the rate of cargo export either as a result of cargo accumulation
or the exposure to lower temperature, as the arrival of new
M6PR from the Golgi/TGN to recycling endosomes was about
the same for release from 20 °C block and BFA washout. These
results are in marked contrast to those obtained with CD8-
furin, in which AP-1 was recruited initially to the Golgi after
BFA removal (Fig. 4). These results also serve as a control to
confirm that the washout was effective and intracellular BFA
concentrations were reduced to ineffective levels quickly.
NRK Cell Data—Temperature block (data not shown) and

BFA recovery experiments were repeated in NRK cells, the cell
type originally used in different laboratories to describe GGA
localization at the Golgi (60–62). Control (non-transfected)
NRK cells have more GGA1 and AP-1 staining in the perinu-
clear area than do HeLaM cells, as staining with antibodies at
the same concentration resulted in greater intensity signal
(compare Figs. 1A and 7A). Cells were fixed and stained with
antibodies against GGA1 and AP-1 (Fig. 7A, upper panels) or
GGA1 and GM130 (Fig. 7A, lower panels). Overlap in staining
of the two adaptors and of GGA1 with the Golgi marker,
GM130, is clearly evident. Although the nature of the endoge-
nous cargo(s) responsible for higher levels of GGA1 and AP-1
staining in NRK cells is unknown, the adaptors behave very
similarly (see below) to those recruited by CD8-M6PR or GFP-
M6PR in HeLaM cells. We interpret these findings as further
evidence that neither protein overexpression nor the fusion
proteins used in our studies alter responsiveness of adaptors.
GGA1 and AP-1 staining were each lost in response to the

20 °C block in both control NRK cells (Fig. 7A) and those
expressing CD8-M6PR (data not shown). As in HeLaM cells,
GGA1 and AP-1 recruitment in NRK during recovery from

20 °C block occurred onto structures that appeared quite dif-
ferent from Golgi, beginning �15 min after release (Fig. 7A).
We confirmed that these are recycling endosomes based upon
extensive overlap with TfR staining (data not shown).
BFA treatment of NRK cells (data not shown) or NRK cells

expressing HA-GGA1 resulted in rapid GGA1 dissociation
from membranes that failed to re-recruit directly onto Golgi
membranes at early times during recovery from the drug (Fig.
7B). Rather, both GGA1 and AP-1 were first found on TfR�

endosomes. Thus, the endogenous cargo(s) in NRK cells
responsible for higher steady state levels of AP-1 and GGAs at
Golgi membranes, likeM6PR, recruit these adaptors initially to
recycling endosomes and only later to the Golgi.

DISCUSSION

Arfs and Arf-dependent adaptors regulate cargo traffic
and/or retention in the secretory and endocytic pathways.
Despite years of research, we still lack clear molecular models
for the nature of the signal that leads to Arf activation and
adaptor recruitment. Our goal was to define an experimental
model to begin dissecting aspects of Arf activation and adaptor
recruitment that retain the specificity and biological relevance
seen in intact cells. We used fluorescence imaging of HeLaM
cells after transient expression of model cargos combined with
two independent manipulations, temperature block and BFA
treatment, for evaluating theArf- and cargo-dependent recruit-
ment of adaptors at Golgi and recycling endosomes by moni-
toring recovery from each treatment. These provided consis-
tent results and strengthen the conclusions drawn from each.
Our results demonstrate that the specificities of cargo-adaptor
interactions documented using in vitro assays are faithfully pre-
served in cells. We also discovered that the cytoplasmic tail of
M6PR recruits both AP-1 and GGAs first to recycling endo-
somes after recovery from either BFA treatment or cold tem-
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FIGURE 6. GGA1 recruitment to M6PR is delayed after BFA washout and co-localizes with TfR. HeLaM cells expressing CD8-M6PR were treated with vehicle
(0.175% methanol) or 7.5 �g/ml BFA for 2 min, then BFA was removed, and cells were allowed to recover for the times indicated, fixed, and stained for GGA1
and TfR.
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perature blockade and only later displays a prominent Golgi
distribution pattern. That AP-1 andGGAs behaved the same in
M6PR-expressing cells is consistent with the proposal that they
work together (24), although not necessarily to coordinate the
packaging of cargos for export from the Golgi. Because the
same results were obtainedwithCD8-M6PR andGFP-M6PR in
HeLaM cells and endogenous proteins in NRK cells, we believe

these are generally true of a subset of physiologically important
cargos, including M6PR. The initial recruitment of AP-1 to
recycling endosomes byM6PR is in clear contrast to its recruit-
ment at the Golgi by CD8-furin. These results point to a clear
need to define the roles of the different adaptors by both cargo
and location, as there is increasing evidence that adaptors may
have the capacity to act at different sites to carry out different
and even opposing actions in cells. Finally, the specificity of
adaptor recruitment by different cargos is evidence against a
model inwhich activatedArfs are freely available onmembrane
surfaces. Rather, we conclude that Arfsmust remain coupled in
some way to the Arf GEF or cargo responsible for their activa-
tion. This is predicted but unproven to be a direct, physical
coupling.
Our goal was to test the hypothesis that cargo acts upstream

of Arf activation, perhaps analogous to the roles of ligands in G
protein-coupled receptor- or receptor-tyrosine kinase-medi-
ated activation of G proteins and Ras, respectively. Ras is likely
the better analogy as cargos lack Arf GEF activity, whereas G
protein-coupled receptors serve that role themselves. Adaptors
studied here are Arf-dependent because they have been shown
in one or more biochemical assay to bind directly to Arfs in a
GTP-sensitive fashion and rapidly dissociate from Golgi mem-
branes upon exposure of cells to BFA, and activated Arfs
increase their binding to biological membranes or synthetic
liposomes in reconstitution assays (63–66). We believe that
adaptor recruitment was confirmed as a legitimate surrogate
for Arf activation in our studies as each of the adaptors was
Arf-dependent and BFA-sensitive and was recruited in a cargo-
dependent fashion to different sites, and adaptor recruitment
was only ever observed at locations containing cargo. The role
of activated Arfs in the recruitment of adaptors is incompletely
understood but is typically modeled as facilitating adaptor-
cargo association by direct binding to adaptor and orienting it
on the surface of the membrane to promote binding to cargo.
The observations that increasing the density of different cargo
at endomembranes (through specific overexpression with or
without temperature block) resulted in the recruitment of some
adaptors, but not others, leads us to propose that the cargos are
likely to play a more direct role in adaptor recruitment and Arf
activation than previously appreciated. For example, it appears
unlikely that activation of an Arf GEF would lead to the gener-
ation of Arf-GTP that is diffusible within the two-dimensional
space of a membrane and recruit adaptors independently of an
associated cargo, as this would predict the recruitment of all
Arf-dependent adaptors at that site.
A model for Arf6 acting at sites quite distant from its site of

activation has recently been proposed (67), but the actions of
Arf6 at the cell surface differ substantially from those of Arfs
1–5 on endomembranes so it is not clear how comparable these
studies will prove to be. We currently lack direct evidence of
specific cargo-GEF-Arf complex formation and must also con-
sider additional components acting between the cargo and the
Arf GEFs. We believe the experimental system developed here
will be useful in studies to explore the role of different cargos in
facilitating activation of specificArfGEF, recruitment, and acti-
vation of specific Arf isoforms (3), Arf GTPase-activating pro-
teins, and other regulators of carrier biogenesis.
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The choice of furin as one of the cargos studied was fortui-
tous as it shares the ability to bind AP-1 withM6PR, has a short
cytoplasmic tail, localizes strongly to the Golgi, and was found
to behave as predicted in response to BFA or temperature
block, thus serving as a very important control for other cargos.
We found that CD8-furin or FLAG-furin localized to the Golgi
where it bound AP-1 in a BFA-sensitive manner. We showed
that CD8-furin is predominantly found onGolgi membranes at
steady state so that there was relatively little enhancement in
cargo staining in response to 20 °C block. With only small
increases in cargo it was surprising to observe the increase in
Golgi staining of AP-1 upon 20 °C block of CD8-furin-express-
ing cells. One explanation for these results is that during 20 °C
block a subset of CD8-furin escapes the retention mechanism
and becomes available for export and AP-1 binding but is pre-
vented from export by the 20 °C block. This is consistent with
the previously described role of AP-1 in the exit of furin from
the Golgi and the idea that this represents a small subset of the
cargo that escapes retention mechanisms there. In future stud-
ies it may be possible to determine the localization of AP-1
under these conditions by electron microscopy to determine if
two pools of CD8-furin may be identified, bound to distinct
adaptors and possibly at distinct domains of the Golgi/TGN.
Importantly, furin constructs and the AP-1 that was recruited
by them behaved in every other respect as predicted in that
AP-1 was (i) recruited to the Golgi in response to furin expres-
sion, (ii) rapidly lost upon exposure to BFA, (iii) returned
directly onto Golgi membranes at the earliest time points dur-
ing recovery from the drug, and (iv) was retained, even
increased, during temperature blockade. Thus, this cargo
retained the ability to bind AP-1 throughout the temperature
block and recovery. Although we had assumed this would be
standard for all cargos, it was not the case for M6PR and led to
quite different results. The retention of adaptors in furin-ex-
pressing cells and of FAPP2 in all cells subjected to temperature
block indicates that the lower temperature likely does not itself
change Arf activities.
M6PR traffic is bi-directional, between the Golgi and endo-

somes/lysosomes, although it can also appear on the cell surface
(25, 68, 69). We propose recycling endosomes as the initial site
of action of AP-1 and GGA1 in regulating sorting and packag-
ing of M6PRs into carriers, although we cannot predict from
our data whether the destination of those carriers is the TGN,
plasmamembrane, or an alternate organelle. Our conclusion is
based upon four observations, (i) the delay in recruitment of
AP-1 and GGAs during recovery from temperature block of
CD8-M6PR-expressing cells in comparison to CD8-furin or
FLAG-furin recruitment of AP-1 to the Golgi, (ii) transient but
robust co-localization of GGAs and AP-1 with TfR and Rab11
as the initial site of re-recruitment during recovery from tem-
perature block, (iii) identification of recycling endosomes as the
site of initial recruitment of GGAs and AP-1 after washout of
BFA, and (iv) demonstration that AP-1 is recruited initially to
the Golgi during recovery from either temperature block or
BFA exposure in CD8-furin-expressing cells. This last point
essentially serves as a control in that it emphasizes the fact that
AP-1 can be recruited to the Golgi/TGN in HeLaM cells under
the conditions used but that CD8-M6PR fails to do so.

That CD8-M6PR was effectively concentrated at the Gol-
gi/TGN during temperature block was expected, but the
observation that the adaptors dissociate in the process was
novel and quite surprising. During recovery from tempera-
ture block the accumulated CD8-M6PR returns toward lev-
els seen in control cells with kinetics that resemble those of
export from the Golgi/TGN. Those rates are consistent with
CD8-M6PR leaving the TGN and going directly to recycling
endosomes. However, we note that this step did not appear
to require the recruitment of detectible AP-1 or GGAs to the
Golgi/TGN. A role for AP-1 and GGA1 recruitment to CD8-
M6PR at recycling endosomes and not at the Golgi/TGNwas
further supported by BFA experiments, in which adaptors
were recruited initially to CD8-M6PR at recycling endo-
somes and appeared on Golgi/TGN only later. BFA treat-
ment has been previously shown to cause a redistribution of
M6PR resulting in its increased levels at the cell surface,
although that study used higher concentrations and longer
times of BFA treatment that caused Golgi breakdown and
redistribution to the ER (57), neither of which occurred in
our study. Thus, it is possible that the increase in AP-1 and
GGA1 staining seen first at recycling endosomes after recov-
ery from BFA could result from arrival of CD8-M6PR from
the cell surface rather than that exiting the Golgi, although
we consider this less likely. And even if true, it does not
change our conclusion that AP-1 and GGA1 are recruited
initially to recycling endosomes after recovery from BFA.
Early reports of the discovery of GGAs as Arf-dependent

adaptors reported recruitment to the Golgi and BFA sensi-
tivity. We have verified our results and those of others (60–
62, 70) in finding that steady state staining of GGAs in cells
expressing GGA binding cargo appears to overlap more
closely with Golgi markers than with endosomal markers.
The differences we describe here cannot be ascribed to cell
type specificities as we obtained the same results in HeLaM
and NRK cells. In a more recent study of GGA and AP-1
localization at both the light and EM level in Drosophila
Dmel2 and HeLa cells, Hirst et al. (71) described cargo-de-
pendent recruitment and discovered that AP-1 and GGA
staining are in close apposition, although they are not super-
imposable. The authors point out the difficulties in clearly
discriminating between Golgi and endosomal staining and
acknowledge that both AP-1 and GGA staining is equally
likely to be endosomal. Thus, we cannot exclude the possi-
bility that at steady state, GGAs are on either membrane or
both. This striking difference with results of our co-localiza-
tion of GGA1 or AP-1 with recycling endosomemarkers may
be explained by the transient nature of this initial recruit-
ment that was only revealed in our protocols that led to the
removal of previously bound adaptors and allowed a focus on
the pool of newly recruited adaptors in CD8-M6PR-express-
ing cells.
Another formal possibility for the apparent differences in

GGA recruitment in steady state cells and those recovering
from 20 °C block or BFA treatments is that steady state stain-
ing of adaptors may not represent predominantly those
involved in carrier biogenesis. If adaptors are retained on
mature carriers and the process of uncoating at their desti-
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nation is slower than that of coating at their source, then the
steady state staining could give an erroneous impression of
the site of adaptor recruitment. Recent reports of complexes
involved in tethering of carriers at destination organelles are
consistent with our suggestion that vesicle fusion may be the
rate-limiting step in movement of a carrier from one site to
another (e.g. see Cai et al. (72)). Of course, the observation
that CD8-M6PR recruits AP-1 and GGAs first to recycling
endosomes in no way challenges the conclusion that each of
these adaptors may also be recruited to the TGN, or other
sites, by other cargos. Indeed, we showed that CD8-furin
recruits AP-1 initially to the Golgi.
We find a number of findings in the literature that further

support our conclusion that AP-1 and GGAs are recruited
initially to recycling endosomes in response to the presence
of CD8-M6PR or M6PR itself. AP-1 has been reported pre-
viously to bind endosomes and to function in the retrograde
traffic of cargos from endosomes to the TGN (73–76),
including that of the M6PRs. There is also evidence that
GGA3 can be recruited to recycling endosomes (77) and
even by the tail of M6PR (78). These earlier reports suggest
specificity for GGA3, but we observed an almost complete
pairing of AP-1 recruitment and all three GGAs in CD8-
M6PR expressing HeLaM cells. Even the earliest reports of
GGA localization included suggestions of binding to or
actions at endosomes (61, 62). GGAs, but more specifically
GGA3, also have been reported to be recruited to endosomes
by BACE1 (77, 79, 80). Interestingly, He et al. (79) also com-
pare BACE1 localization to that of a BACE1 fusion protein
that swaps out the cytoplasmic tail of the CD8-M6PR and
found striking similarities. Depletion of GGAs or expression
of a BACE1 mutant that cannot bind GGAs resulted in accu-
mulation of BACE1 at endosomes, leading those authors to
propose roles for GGA in both directions of TGN-endosome
BACE1 traffic. We speculate that more cargos will be found
to recruit GGAs, alone or in parallel with AP-1, to endo-
somes although we emphasize that simply demonstrating
that a particular adaptor binds to a cargo can no longer be
taken as evidence for its role at a particular site. Together,
our findings demonstrate that the recruitment of the adap-
tors to regulate carrier biogenesis is cargo-dependent and
that adaptors are not limited to a single site of action.
There is currently no molecular model to explain why one

cargo-adaptor pair is retained during temperature block (CD8-
furin or FLAG-furin with AP-1) and another is lost (CD8-
M6PR or GFP-M6PR with AP-1 or GGA1). This behavior and
others, including differences in localization within the Golgi of
CD8-M6PR and CD8-M6PR�C, argue strongly for the exis-
tence of additional steps in the regulation or “activation” of
cargo that leads to downstream actions that include Arf GEF
activation. Such regulation likely includes phosphorylation of
cargo tail or adaptor (81–83), other post-translational modifi-
cations, changes in lipid composition, or binding of regulatory
components. We believe that dissection of these complex
processes and the spatially and temporally controlled changes
involved will require the integration of biochemical, high reso-
lution structural, and cell-based studies and that the cell-based

models developed herein will allow these questions to be
addressed in the near future.
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