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care and the offspring traits it influences in ways
not predicted by traditional genetic models (9,
19, 28).

Much theoretical work has focused on the
importance of honest signaling in social inter-
actions (2, 4, 6, 29). How do we interpret our
results that signaling is affected by both condi-
tion and genotype in the context of honest
signaling models? There are two possibilities.
First, signal variation completely reflects differ-
ences in condition, but an individual’s condition
is influenced by both environmental and genet-
ic factors. Even when all individuals experience
similar environments, individuals will vary in
condition because some individuals have better
genotypes than others. Therefore, the genes that
influence condition also affect signaling. The
second possibility is that all genotypes signal
more strongly with decreasing condition, but
the absolute strength of signal produced for a
given condition level varies among genotypes.
In this case, signaling is only partially honest
because it only partially reflects condition.
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Sorting of Mannose
6-Phosphate Receptors
Mediated by the GGAs
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The delivery of soluble hydrolases to lysosomes is mediated by the cation-
independent and cation-dependent mannose 6-phosphate receptors. The cy-
tosolic tails of both receptors contain acidic-cluster-dileucine signals that direct
sorting from the trans-Golgi network to the endosomal-lysosomal system. We
found that these signals bind to the VHS domain of the Golgi-localized, y-ear-
containing, ARF-binding proteins (GGAs). The receptors and the GGAs left the
trans-Golgi network on the same tubulo-vesicular carriers. A dominant-nega-
tive GGA mutant blocked exit of the receptors from the trans-Golgi network.
Thus, the GGAs appear to mediate sorting of the mannose 6-phosphate re-

ceptors at the trans-Golgi network.

Lysosomal hydrolases are posttranslationally
modified in the Golgi complex by the addi-
tion of mannose 6-phosphate groups that
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function as signals for sorting to lysosomes
(1). The mannose 6-phosphate groups are
recognized in the trans-Golgi network (TGN)
by a cation-independent mannose 6-phos-
phate receptor (CI-MPR) or a cation-depen-
dent mannose 6-phosphate receptor (CD-
MPR). Both mannose 6-phosphate receptors
(MPRs) mediate recruitment of the lysosomal
hydrolases to clathrin-coated areas of the
TGN, from which carrier vesicles deliver the
MPR-hydrolase complexes to endosomes.
The acidic pH of endosomes induces release
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of the hydrolases from the MPRs, after which
the hydrolases are transported to lysosomes
while the MPRs return to the TGN for addi-
tional rounds of sorting.

Sorting of both MPRs from the TGN to
endosomes is mediated by signals present in the
cytosolic tails of the receptors (Fig. 1A). These
signals consist of a cluster of acidic amino acid
residues followed by two leucine residues (2,
3). Early studies suggested that sorting of
MPRs at the TGN was mediated by the clath-
rin-associated adaptor protein (AP) complex,
AP-1 (4, 5). However, AP-1 does not appear to
bind the acidic-cluster-dileucine signals from
the MPRs (6, 7). In addition, a recent study has
shown that disruption of AP-1 impairs retro-
grade transport of the MPRs from endosomes to
the TGN (§). Thus, clathrin-associated proteins
other than AP-1 might be responsible for the
signal-mediated sorting of MPRs at the TGN.
Prime candidates for this role are the Golgi-
localized, v -ear—containing, ARF-binding pro-
teins (GGAs) (9-12). Three GGAs have been
identified in humans (GGAl, GGA2, and
GGA3) and two in yeast (Ggalp and Gga2p).
These proteins are monomeric and display a
modular structure consisting of a VHS (VPS27,
Hrs, and STAM) domain of unknown function,
a GAT domain that interacts with the guanosine
5'-triphosphate—bound form of ADP-ribosyla-
tion factors (ARF) (9, /0, 13), a hinge domain
that interacts with clathrin (/3), and a GAE
domain that interacts with y-synergin and other
potential regulators of coat assembly (/1) (Fig.
1B). Disruption of the two yeast genes encod-
ing GGAs results in impaired sorting of pro-
carboxypeptidase Y to the vacuole, the equiva-
lent of the mammalian lysosome (/0, 11).
These characteristics of the GGAs prompted us
to test whether they could bind the cytosolic
tails of the MPRs.

Analyses with the yeast two-hybrid sys-
tem showed that the cytosolic tail of the
human CI-MPR interacted with full-length
GGA3 as well as with the ~150-amino acid
VHS domain, but not the GAT or GAE do-
mains of GGA3 (Fig. 1C). Further analyses
revealed that the CI-MPR tail interacted with
the VHS domains of all three GGAs and that
the CD-MPR tail interacted with the VHS
domains of GGA1 and, more weakly, GGA3
(Fig. 1D). These interactions were highly
specific, because neither MPR tail bound to
the VHS domains of STAMI1, HRS, TOM]1,
and TOMI1LI (Fig. 1D). Likewise, we did not
detect interactions between the GGA VHS
domains and the cytosolic tails of TGN38,
TRP2, tyrosinase, TRP1, LAMP-2, LIMP II,
low density lipoprotein (LDL) receptor,
3-amyloid precursor, and transferrin receptor
(Fig. 1D), which contain either tyrosine-
based sorting signals or dileucine-based sort-
ing signals devoid of acidic clusters.

Deletion of the acidic-cluster-dileucine sig-
nals from the CI-MPR and CD-MPR tails abol-
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ished interactions with GGA VHS domains
(Fig. 1E). Conversely, placement of the acidic-
cluster-dileucine signal of the CI-MPR at the
end of a 23—amino acid segment of the TGN38
cytosolic tail (/4) conferred binding to the
GGA VHS domains (Fig. 1E). The acidic-clus-
ter-dileucine signal was thus both necessary and
sufficient for interaction with the GGA VHS
domains. Mutational analyses of the signals
showed that the two leucines, as well as some
of the acidic residues, were required for inter-
actions (Fig. 1, F and G).

CI-MPR

e &

" " CD-MPR-GFP

YFP-GGA1

G

To corroborate the results of the yeast
two-hybrid assays, we performed in vitro
binding experiments. Glutathione-S-trans-
ferase (GST) pull-down assays showed spe-
cific binding of the recombinant VHS domain
of GGA1 to the cytosolic tails of both MPRs
(Fig. 2A). These interactions were abolished
by deletion of the signals (Fig. 2A). Analysis
by surface plasmon resonance spectroscopy
confirmed the interaction of the recombinant
GGA1 VHS domain with a biotinylated pep-
tide comprising the acidic-cluster-dileucine

g

Fig. 3. Immunofluorescence microscopy analysis of GGA1 and MPR localization. (A to C) MDCK
cells stably expressing MYC-GGA1 were stained with mouse monoclonal antibody (mAb) to the
CI-MPR (MA1-066; Affinity BioReagents, Golden, CO) (A) and rabbit polyclonal antibody to the
MYC epitope (BabCo, Richmond, CA) (B) followed by Alexa 488 anti-mouse immunoglobulin G
(1gG) and Cy3 anti-rabbit IgG. (D to F) MDCK cells stably expressing MYC-GGA1 were transiently
transfected with a construct encoding CD-MPR-GFP (D) and stained with mouse mAb to the MYC
epitope (9E10; BabCo, Berkeley, CA) (E) and Cy3 anti-mouse IgG (22). (G) Time-lapse microscopy
imaging sequence of live MDCK cells expressing YFP-GGA1. Images were acquired on a TILL
Photonics microscope at the intervals indicated. Arrows track individual vesicles budding from the
TGN. N: nucleus. For more details, see video 1 (75). (H and 1) Confocal microscope imaging
sequences of live MDCK cells coexpressing YFP-GGA1 and CD-MPR-CFP. Images were acquired at
the intervals indicated. Arrows point to tubulo-vesicular structures containing both fluorescently
labeled proteins. Bars: (A to F) 5 wm; (G to I), 1 wm. Transiently transfected cells grown in chambers

were imaged as described (73).
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signal of the CI-MPR (Fig. 2B). This inter-
action was completely abrogated by substitu-
tion of the two leucines with alanines (Fig.
2B). In agreement with other studies (6, 7), a
mixture of AP-1 and AP-2 purified from
bovine brain did not show appreciable bind-
ing to the acidic-cluster-dileucine signal (Fig.
2C). Binding of various concentrations of
GGA1-VHS to the CI-MPR tail peptide (Fig.
2D) allowed an estimation of the equilibrium
dissociation constant at ~1 uM.
Immunofluorescence microscopy analy-
ses showed good colocalization of endoge-
nous CI-MPR (Fig. 3, A to C), as well as
CD-MPR tagged at the COOH-terminus with
the green fluorescent protein (GFP) (Fig. 3,D
to F), with stably expressed MYC-GGAI at
the TGN and peripheral vesicles of MDCK
cells. Time-lapse, confocal imaging of live
MDCK cells expressing GGA1 tagged with
the yellow fluorescent protein (YFP) re-
vealed budding of tubulo-vesicular structures
containing GGA1l from the TGN [Fig. 3G
and video 1 (15)]. After detaching from the
TGN, these structures migrated toward the
peripheral cytoplasm at speeds of 1 to 4 wm/s
[Fig. 3G and video 1 (15)]. Coexpressed CD-
MPR tagged at the COOH-terminus with the
cyan fluorescent protein (CFP) was present in

Fig. 4. Effect of GGA1
VHS-GAT expression
on CD-MPR localiza-
tion. COS-7 cells were
transfected with plas-
mids encoding GFP-
tagged GGA1 VHS-
GAT (GFT-VHS-GAT)
alone (A to F, Mto O),
GFP-VHS-GAT  and
Tac (G to 1), or GFP-
VHS-GAT and HA-
TGN38 (] to L). Cells
were immunostained
with rabbit anti—CD-
MPR (A to C), mouse
anti-LAMP-1 {AC17)
(D to F), rabbit anti-
Tac (from our lab) (G
to 1), mouse anti-
hemagglutinin  epi-
tope (BabCo) (] to L),
or mouse anti—AP-1-y
(100/3, Sigma) (M to
O) antibodies, fol-
lowed by the corre-
sponding Cy3 anti-
rabbit or anti-mouse
|gG. Bar: 15 pm.

GFP-VHS-GAT

GFP-VHS-GAT

GFP-VHS-GAT
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the GGA1-containing tubulo-vesicular struc-
tures (Fig. 3, H and I), suggesting that these
corresponded to intermediates that carry
MPRs from the TGN.

Expression of moderate levels of a domi-
nant-negative GGA1l VHS-GAT construct
lacking the hinge and GAE domains caused
accumulation of CD-MPR at the TGN and its
depletion from the periphery (Fig. 4B, ar-
row), as previously observed for the CI-MPR
(13). In contrast, this construct did not affect
the localization of LAMP-1 to lysosomes
(Fig. 4E), Tac (/4) to the plasma membrane
(Fig. 4H), and TGN38 to the TGN (Fig. 4K).
At these moderate levels of GGA1 VHS-
GAT expression, there was also no visible
effect on the localization of AP-1 to the TGN
and peripheral foci (Fig. 4N). Thus, GGA
function was apparently required for CD-
MPR exit from the TGN.

We have identified highly specific inter-
actions of acidic-cluster-dileucine signals in-
volved in sorting of MPRs at the TGN with
the VHS domain of the GGAs. These inter-
actions have the hallmarks of bona fide sig-
nal-recognition events, including (i) similar
sequence requirements for interactions and
for function of the signals in vivo (2, 3); (ii)
an affinity comparable to that of other well-

1 JUNE 2001

characterized sorting signals for their recog-
nition molecules (14, 16, 17); (iii) colocal-
ization of the GGAs and the MPRs to the
TGN and peripheral vesicles, and their exit
from the TGN on the same tubulo-vesicular
carriers; (iv) the properties of the GGAs as
clathrin adaptors (/3) and the requirement for
clathrin for MPR sorting at the TGN (18);
and (v) the ability of a dominant-negative
GGA mutant to interfere with sorting of
MPRs at the TGN. The elucidation of a spe-
cific signal-recognition function for the VHS
domain completes the assignment of at least
one function to each of the four GGA do-
mains and establishes the GGAs as genuine
sorting adaptors.
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formed at 25°C on a BIACORE 1000 instrument (74).
The amount of biotinylated peptide captured on the
chips was ~0.03 pmol/mm?2. Running buffer con-
tained S0 mM Hepes-KOH (pH 7.5), 150 mM KCl, 1
mM MgCL,, 1 mM EDTA, and 0.005% P20.

-
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22. MDCK or COS-7 cells grown on cover slips were
transfected with FUGENE-6 (Roche Molecular Bio-
chemicals). At 15 to 20 hours after transfection, cells
were fixed in methanol/acetone at —20°C for 10 min.
Immunofluorescent staining and confocal microscopy
were done as described (70).

REPORTS
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Binding of GGA2 to the
Lysosomal Enzyme Sorting
Motif of the Mannose
6-Phosphate Receptor
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The GGAs are a multidomain protein family implicated in protein trafficking
between the Golgi and endosomes. Here, the VHS domain of GGA2 was shown
to bind to the acidic cluster—dileucine motif in the cytoplasmic tail of the
cation-independent mannose 6-phosphate receptor (CI-MPR). Receptors with
mutations in this motif were defective in lysosomal enzyme sorting. The hinge
domain of GGA2 bound clathrin, suggesting that GGA2 could be a link between
cargo molecules and clathrin-coated vesicle assembly. Thus, GGA2 binding to
the CI-MPR is important for lysosomal enzyme targeting.

The CI-MPR serves a key role in the biogen-
esis of lysosomes (/). This receptor binds
newly synthesized lysosomal enzymes
through their mannose 6-phosphate recogni-
tion marker in the trans-Golgi network
(TGN). The ligand-receptor complex is then
packaged into transport vesicles that dock on
endosomal compartments where the enzymes
are released and subsequently transferred to
lysosomes. Efficient lysosomal enzyme sort-
ing by this intracellular pathway is dependent
on an acidic cluster—dileucine motif near the
COOH-terminus of the cytoplasmic tail of the
receptor, as shown by the finding that muta-
tions in this motif result in hypersecretion of
the enzymes (2—5). In spite of the importance
of this sorting signal, the binding partner of
the acidic cluster—dileucine motif has not
been identified.

The GGAs are a newly described protein
family named for being Golgi-localized,
v-ear—containing, ARF-binding proteins (6—
10). Each of the five members (two in yeast
and three in mammalian cells) contains four
domains. The COOH-terminal domain is ho-
mologous to the ear domain of the y-adaptin
subunit of AP-1. This domain is linked to the
GAT domain by a hinge region. The GAT
domain binds ARF-guanosine triphosphate
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and mediates membrane association with the
TGN. The NH,-terminal region contains a
VHS domain to which no function has been
assigned.

Deletion of the yeast GGA genes impairs
sorting of carboxypeptidaseY from the Golgi
to the vacuole and delivery of Pepl2p from
the Golgi to late endosomes (7, 8, 11, 12),
suggesting that the GGAs may be required
for the assembly of transport vesicles (12).
These molecules have been localized to coat-
ed buds in the TGN in mammalian cells but
have not been detected in clathrin-coated ves-
icles (CCVs) (7, &), and no specific function
for Golgi-associated GGAs has been defined.

We hypothesized that these proteins might
interact with receptors such as the CI-MPR to
facilitate their packaging into transport vesi-
cles. To test whether GGA2 binds the CI-
MPR, we solubilized rat liver Golgi mem-
branes with detergent and used them as a
source of receptor for binding to glutathione
S-transferase (GST) or GST-GGA2 coupled
to glutathione beads. The CI-MPR bound
specifically to GST-GGA2 (Fig. 1A). By
contrast, the polymeric immunoglobulin A
receptor (Fig. 1A), Lampl, Lamp2, Limpl],
and TGN38 did not bind (/3). Furthermore,
purified full-length CI-MPR bound directly
to GST-GGA2, whereas soluble CI-MPR
lacking the cytoplasmic tail failed to bind
(Fig. 1A). We next determined which domain
of GGA2 mediates the interaction with the
CI-MPR. GST-GGA2 COOH-end (residues
170 to 613) with the VHS domain deleted
failed to bind the receptor, implicating the
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VHS domain in this interaction (Fig. 1A).
However the GST-GGA2 VHS domain by
itself (residues 29 to 165) also failed to bind
the CI-MPR. Extension of the VHS domain
by 23 amino acids into the GAT domain
(from residues 165 to 188) restored receptor
binding (Fig. 1B). Addition of more residues
did not increase receptor binding.

To identify the determinant in the CI-
MPR cytoplasmic tail that binds the VHS
domain, we used a library of CI-MPR nega-
tive mouse L cell fibroblast lines that had
been stably transfected with cDNAs encoding
either wild-type bovine CI-MPR or mutants
with various deletions or amino acid substi-
tutions in the cytoplasmic tail (Fig. 1C) (2, 4,
5). Cell pellets were solubilized with deter-
gent and tested for binding to GST-GGA2 in
pull-down binding assays. Mutant bovine CI-
MPRs with COOH-terminal deletions of 40
or more amino acids of the 163—amino acid
cytoplasmic tail were greatly impaired in
binding to GST-GGA2 (Fig. 1D). We next
tested the AC series of mutants, each having
four consecutive residues changed to ala-
nines, starting at the COOH-terminal LLHI
(14) sequence of the murine CI-MPR (5).
Mutants AC1 to 3 were severely impaired in
binding GST-GGA2 (<5% of wild type),
whereas mutants AC4 and ACS exhibited
only a small decrease in binding (80% of wild
type), and AC8 was somewhat more impaired
(35% of wild type) (Fig. 1, E and F). Recep-
tors with point mutations in this distal region
(D157A, DI58A, DI160A, EIl161A, and
D162A) (I4) also exhibited poor binding to
GST-GGA2 (12 to 20% of wild type) (Fig.
1G). The cytoplasmic tail of CI-MPR con-
tains a second acidic motif that lacks the
dileucine sequence (Fig. 1C). Mutations in
this motif (AC17 and AC18) did not substan-
tially affect GGA2 binding, indicating that
this upstream motif is not necessary for
GGA2? binding (Fig. 1F). Finally, a mutant
receptor with the COOH-terminal LLHI se-
quence deleted (A4) failed to bind GST-
GGA2 (Fig. 1F). These results demonstrate
that the acidic cluster—dileucine sequence
'STDDSDEDLLHI'®® (/4) mediates the in-
teraction with the VHS domain of GGA2 and
establish a very strong correlation between
reduced GGA2 binding and defective lysoso-
mal enzyme sorting. The failure of rat LimplII
with a DEXXXLL (/4) motif in its cytoplas-
mic tail to bind GGA2 illustrates the speci-
ficity of this interaction.

The CI-MPR has been localized to AP-1—
containing CCVs on the TGN (/5). According-
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