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MANNOSE 6-PHOSPHATE
RECEPTORS: NEW TWISTS

IN THE TALE

Pradipta Ghosh*, Nancy M. Dahms* and Stuart Kornfeld*

The two mannose 6-phosphate (MBP) receptors were identified because of their ability to bind
M6P-containing soluble acid hydrolases in the Golgi and transport them to the
endosomal-lysosomal system. During the past decade, we have started to understand the
structural features of these receptors that allow them to do this job, and how the receptors
themselves are sorted as they pass through various membrane-bound compartments. But
trafficking of acid hydrolases is only part of the story. Evidence is emerging that one of the

receptors can regulate cell growth and matility, and that it functions as a tumour suppressor.

The two mannose 6-phosphate (M6P) receptors
(MPRs) — the ~46-kDa cation-dependent MPR
(CD-MPR) and the ~300-kDa cation-independent
MPR/insulin-like growth factor-II (IGF-II) receptor
(CI-MPR) — are the sole members of the family of
p-type lectins'. The CI-MPR is a multifunctional recep-
tor that carries out several tasks that are essential for
normal cellular function. One such task, which is shared
with the CD-MPR, is the delivery of newly synthesized
acid hydrolases from the trans-Golgi network (TGN) to
endosomes for their subsequent transfer to lysosomes.
This process involves binding of the hydrolases, through
their M6P-recognition moieties, to the receptors, pack-
aging of the ligand—receptor complexes into carriers
that transport their cargo to target endosomes and recy-
cling of the receptors back to the TGN.

In addition to this shared function, the CI-MPR has
been implicated in several other physiological processes.
It binds IGF-II at the cell surface and internalizes this
growth factor for degradation in lysosomes. This pre-
vents the accumulation of excessive levels of IGF-II,
which are detrimental, especially during embryonic
development. It facilitates the activation of the latent
precursor of transforming growth factor-f1 (TGF-B1)
and it mediates the uptake of granzyme B, which is a
serine protease involved in cytotoxic-T-cell-induced
apoptosis. There is also evidence indicating that the

CI-MPR acts as a tumour suppressor, probably through
these growth-inhibitory functions. Moreover, insights
have been gained into the molecular mechanisms that
govern carbohydrate and IGF-II recognition by the
MPRs, and the cellular components that mediate the
transport of the receptors through numerous intracel-
lular compartments. This review focuses on these recent
findings. Other reviews summarize earlier studies of the
MPRs** and the crystal structure of the CD-MPR'.

The structures of the MPRs

The two MPRs are type-1 integral membrane glyco-
proteins (FIG. 1). The extracytoplasmic region of the
CI-MPR has a repetitive structure that consists of 15
contiguous repeats of approximately 147 amino acids
each. The repeating segments share sequence identity
(14-38%) and cysteine distribution, which gives rise to
the possibility that they have similar disulphide-bond-
ing and tertiary structures®. The 159-residue extracyto-
plasmic domain of the CD-MPR is similar to the
repeating units of the CI-MPR.

The CI-MPR extracytoplasmic domain contains
two distinct M6P-binding sites (repeating segments 3
and 9) and a single IGF-II-binding site (segment 11)%~,
whereas the CD-MPR contains a single M6P-binding
site and does not bind IGF-II. The cytoplasmic tails of
both receptors contain numerous sorting signals, some
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Figure 1| The MPRs are type-l transmembrane glycoproteins. The cation-dependent
mannose 6-phosphate (M6P) receptor (CD-MPR) is present predominantly as a stable
homodimer in membranes and has a single M6P-binding site per polypeptide. The
cation-independent (Cl)-MPR seems to be a dimer in the membrane, although it tends to act as a
monomer in detergent solutions. Various post-translational modifications of the MPRs occur,
including palmitoylation and phosphorylation. uPAR, urokinase (plasminogen activator) receptor;
IGF-Il, insulin-like growth factor; Plg, plasminogen.

10,11

of which are modified by phosphorylation'®!" or palmi-
toylation'?. The CD-MPR is present primarily as a non-
covalent homodimer in the membrane'. The CI-MPR
also seems to be a dimer in the membrane, although it
behaves as a monomer in detergent solutions under
most circumstances'>~'°. Receptor dimerization allows
for high-affinity binding of ligands that are multivalent
for M6P residues™>.

Important insights into the function of the MPRs
have come from X-ray crystallographic studies of the
three-dimensional structure of the extracytoplasmic
region of the CD-MPR, both in the unliganded state
and complexed to either M6P or pentamannosyl phos-
phate'®'8. In both liganded and unliganded forms, the
molecule crystallized as a homodimer with approxi-
mately 20% of the entire surface area of each monomer
having contact with another through predominantly
hydrophobic interactions (FIG. 2a). Each monomer con-
tains a single o-helix near its amino terminus followed
by nine primarily anti-parallel B-strands that form two
B-sheets, which are positioned orthogonally to each
other. Extensive hydrophobic interactions are formed
between the two [-sheets, which results in each
monomer forming a flattened B-barrel structure.

The six cysteine residues form three intramolecular
disulphide bonds that are essential for the ligand-binding
conformation of the receptor to be generated. The
structures of the liganded molecules show that the car-
bohydrate-recognition domain (CRD) of the CD-
MPR lies relatively deep inside the protein, so that the

terminal M6P residue and the penultimate sugar ring of
bound pentamannosyl phosphate are mostly buried in
the receptor!’. This deep binding pocket facilitates the
formation of numerous interactions between the
CD-MPR and its carbohydrate ligands. The structure of
the ligand-free receptor differs considerably from the
liganded receptor molecule (FIG. 2a,b). This indicates that
the ‘free-to-bound’ transition requires the receptor
monomer to undergo significant scissoring and twisting
movements, such that the ‘closed’ ligand-free conforma-
tion is ‘opened’ up to allow ligand binding'®.

A structure-based sequence alignment between the
CD-MPR and domains 3 and 9 of the CI-MPR provides
evidence that both receptors use a similar carbohydrate-
recognition mechanism'. This was confirmed by site-
directed mutagenesis studies, which showed that the two
binding sites of the CI-MPR use the same essential
amino acids for ligand binding® (FIG.2¢). However, the
M6P-binding domains of the CI-MPR lack a residue
that is analogous to aspartic acid 103, which coordinates
divalent cations, explaining why only the CD-MPR
shows enhanced ligand binding in the presence of diva-
lent cations.

The overall structure of the IGF-II binding domain
11 of the CI-MPR is similar to that of the CD-MPR"
(FIG. 3a,b). However, the molecule contains a surface
hydrophobic patch that equates spatially to the
hydrophilic M6P-binding pocket on the CD-MPR,
explaining the lack of carbohydrate binding by CI-
MPR domain 11 (FIG. 3¢,d). This hydrophobic patch is
probably involved in IGF-II binding as it contains
isoleucine 1572, which is required for this interaction’.
As the residues on IGF-II that are essential for binding
to the CI-MPR form a hydrophobic patch on the sur-
face, it is probable that the interaction of IGF-II with
the CI-MPR is predominantly hydrophobic. This is
similar to the interaction of the homologous IGF-I with
IGF-binding protein 5 (REE 20).

The short linker length between the CI-MPR repeat-
ing segments (5-12 residues) places considerable con-
straints on possible arrangements of the domains in the
intact receptor, and Brown ef al.'® have proposed a
model in which even-numbered domains face one
direction and odd-numbered domains face the opposite
direction (FIG. 1). In this model, the putative IGF-II
binding face of domain 11 is adjacent to the region of
domain 13 that contains a fibronectin type II-like
insert, which contributes to the enhancement of IGF-II
binding by domain 13 (REFS 21,22). As all of the known
functional domains of the CI-MPR have odd num-
bers, it is possible that one side of the molecule is
involved in ligand interactions, whereas the opposite
surface has another role, such as mediating dimeriza-
tion. This would be similar to what has been found
with the CD-MPR (FIG. 2).

MPR trafficking — the itinerary

MPRs are found in the TGN, early (sorting) endo-
somes, recycling endosomes, late endosomes and the
plasma membrane, but they are conspicuously
absent from lysosomes (FIG. 4). The receptors cycle
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ADAPTORS

Heterotetrameric protein
complexes that connect
molecules on membranes and
structural coat proteins, for
example clathrin. AP1 mediates
cargo transport between the
trans-Golgi network (TGN) and
endosomes through the
generation of clathrin-coated
carriers.

CLATHRIN-COATED BUDS AND
VESICLES

These are membrane
evaginations that have
assembled clathrin on their
surface. The forming vesicles
bud off and function as carriers
for sorted proteins.

GGA

A multidomain, cytosolic
protein with an amino-terminal
VHS domain that binds cargo,
followed by a coiled-coil GAT
domain that mediates
membrane recruitment through
ARF; a variable hinge segment
that contains clathrin- and AP1-
binding regions; and a carboxy-
terminal ear domain, which
recruits accessory proteins and
has homology to the y-
appendage. These molecules
have recently been implicated in
the sorting of MPRs at the TGN.

VHS DOMAIN

An approximately 150-residue
domain whose name is derived
from its presence in VPS-27, Hrs
and STAM. It is found at the
amino termini of proteins that
are associated with endocytosis
and/or vesicular trafficking.

CK-2 SITE

(casein kinase 2).

A phosphorylation site that is
characterized by the presence of
phosphoacceptor residues (S/T)
that are flanked by clusters of
negatively charged amino acids,
the residue at position n+3 being
one of the following: an
aspartate, glutamate,
phosphoserine or
phosphothreonine. The
minimum concensus sequence is
S/T XX D/E/pS/pT.
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Figure 2 | The crystal structure of the extracytoplasmic region of the bovine CD-MPR. a | The non-ligand-bound form of the
cation-dependent mannose 6-phosphate (M6P) receptor (CD-MPR) shows several significant conformational changes as
compared to b | the ligand-bound form. In the ligand-free form, loop D — which encompasses residues E134-C141 — bends into
the unoccupied M6P-binding cleft. This reorientation of loop D results in the formation of an intricate network of hydrogen bonds
that seems to maintain the integrity of the binding site and keep the side chains of three of the four residues that are essential for
carbohydrate recognition in position to bind the ligand. The phosphate group and the three terminal mannose rings of the
pentamannosy! phosphate are depicted in yellow ‘ball-and-stick model’ form. ¢ | A schematic view of the potential hydrogen bond
and ionic interactions between the binding-pocket residues of the CD-MPR and the phosphate group and the terminal mannose
ring of the pentamannosyl phosphate. Directly beneath the CD-MPR residue designations (underlined) are listed the corresponding
carbohydrate-binding-site residues of domain 3 and domain 9 of the extracytoplasmic region of the cation-independent
M6P/insulin-like growth factor Il (IGF-II) receptor (CI-MPR), as predicted by the CD-MPR structure-based sequence alignment.
Those residues that are essential for high-affinity M6P binding by the MPRs are shaded purple. Parts a and b are modified with
permission from REF. 18 © the American Society for Biochemistry and Molecular Biology (2002). Part ¢ is modified with permission
from REE 1 © Elsevier Science (2002) and REFE. 17 © the American Society for Biochemistry and Molecular Biology (1999).

constitutively between these organelles and avoid
being delivered to lysosomes in which they would be
degraded. This trafficking is directed by several sort-
ing signals that are present in the cytoplasmic tails of
the receptors (FIG. 5).

Packaging at the TGN. The TGN is the site where newly
synthesized acid hydrolases that are destined for the
endosomal-lysosomal system are sorted away from
secretory proteins. The synthesis of the M6P-recogni-
tion signal on the acid hydrolases is completed in the
late-Golgi compartments®. This allows acid hydrolases
to bind to MPRs — the first step in the sorting process.
Early immunolocalization studies* detected the MPRs
in ADAPTOR complex AP1-positive CLATHRIN-COATED BUDS
Anpvesicies in the TGN, and pulse—chase labelling exper-
iments showed that the acid-hydrolase-MPR complexes
exit the TGN in clathrin-coated vesicles (CCV's)?>2°,
Analysis of receptor-deficient cell lines that were
expressing mutant MPRs showed that efficient lysoso-
mal enzyme sorting by this intracellular pathway is
dependent on an acidic-cluster—dileucine (AC-LL)
motif near the carboxyl terminus of the cytoplasmic
tails of the receptors? . This led to the assumption that
the MPRs bind to AP1 through the AC-LL motif. It was
surprising, therefore, when it was reported®* that
mutation of the dileucine pair of the CD-MPR did not
impair binding to AP1.

GGAs and AP1 capture cargo. Discovery of the Golgi-
localized, y-ear-containing, ADP-ribosylation factor-
binding proteins (GGas) — a family of multidomain
proteins — clarified the situation®*=*’. The three
mammalian GGAs — GGA1l, GGA2 and GGA3 —
are recruited from the cytoplasm onto the TGN by

ADP-ribosylation factor—-GTP (ARF*GTP), and bind to
the crucial AC-LL motif through their vis pomams® .
Sorting-defective MPRs with mutations in this motif
fail to bind to the GGAs, which indicates that this
interaction is important in the targeting pathway™.

Although the AC-LL signals of both CD-MPR and
CI-MPR contain the minimal motif required for VHS
binding (D/EXXLL*, where X is any amino acid; FIG.6),
the CD-MPR binds with less avidity to the VHS
domains of GGAs than does the CI-MPR***, This is
due to several non-conservative amino-acid differences
in the AC-LL motifs and the flanking residues that are
found in the cytoplasmic tail*. The hinge region of the
GGAs binds clathrin®**, which raises the possibility that
the GGAs might nucleate CCVs.

In contrast to the single AC-LL binding motif for
the GGAs, the cytosolic tails of both MPRs have many
binding sites for AP1 (FIG.5). The CD-MPR contains two
independent sequences (amino acids 28—42 and 49-67)
that bind AP1 with similar low-nanomolar affinities*.
The dileucine pair at positions 64—65 is not required for
AP1 binding, in contrast to the requirement for these
residues in GGA binding. There are at least four binding
sites for AP1 on the CI-MPR tail*** (P.G. and S.K,,
unpublished data): the 26YSKV29 motif, the internal
‘dileucine’ motif (39ETEWLM44), and the two casein
kinase 2 (ck-2) srtes (84DSEDE88 and 154DDSDED160).
The avidity of AP1 for the CK-2 sites is enhanced signif-
icantly on phosphorylation***” (P.G. and S.K., unpub-
lished data). Although there is strong evidence that
YXX¢ motifs (where ¢ is a bulky hydrophobic residue)
bind to the p-subunits of AP1 and AP2 (REFS 48,49), there
is a debate as to whether dileucine motifs bind to the
U- or the B-subunits®®*!. It is also uncertain where the
acidic clusters bind, although the crystal structure of u2
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ELECTRON TOMOGRAPHY

A general method for the three-
dimensional reconstruction of
single, transparent objects from
a series of projection images
(that is, from a tilt series) that are
recorded with a transmission
electron microscope.

shows that there is a striking positive surface electrosta-
tic potential that might allow interactions with the
acidic clusters®.

Cooperate to operate

Two proposals have been put forward to explain why
GGAs are required for MPR sorting, even though these
receptors can bind directly to AP1. One is that GGAs
and AP1 function in parallel by nucleating separate
vesicular carriers, which are perhaps destined for dis-
tinct endosomal compartments as indicated by genetic
evidence in yeast>>*. Alternatively, the GGAs could
facilitate MPR entry into AP1 CCVs. A possible clue to
this function lies in the architecture of the TGN, as
shown by high-resolution ELECTRON TOMOGRAPHY*>*.

The Golgi is composed of stacked cisternae. The last
two or three stacks, with their tubulo-vesicular exten-
sions, make up the trans-Golgi/TGN (FIG.7). Tubules that
originate from the trans-most stack (C7) seem to produce
exclusively clathrin-coated buds, whereas those from
stacks C5 and C6 produce non-clathrin-coated buds. As
the MPRs with their bound acid hydrolases exit the TGN
in clathrin-coated carriers®%, there must be a mechanism
for preventing these complexes from entering transport
carriers that originate from C5 and C6, which are pre-
sumed to be destined for the plasma membrane.

The GGAs seem to be well positioned to mediate this
function. Quantifiable cryo-immunogold studies have
shown that 50% of the GGA is present on non-coated
membranes, which is consistent with its encountering
the MPRs on the smooth membranes of the C5 and C6
cisternae®. The GGAs could retain the MPRs in the
Golgi and allow them to reach the trans-most cisternae,
where they colocalize with AP1 in clathrin-coated
buds®’. Within these clathrin-coated buds, GGAs seem
to interact directly with AP1 through the binding of
their hinge domains to the AP1 y-appendage™. The abil-
ity of the GGAs to bind clathrin could strengthen this
association. AP1, in turn, has an associated CK-2, which
phosphorylates serine residues that are located just
upstream of internal AC-LL motifs in the hinge
domains of GGA1 and GGA3 (REFS 57,58). On phospho-
rylation, these AC-LL sequences can bind to the ligand-
binding site in the VHS domain. This could induce the
release of the bound MPRs and result in their directed
transfer to AP1. The GGAs could then return to the
cytoplasm, and this would account for the failure to
detect these molecules in isolated CCVs*. This colocal-
ization would not occur if the GGAs and AP1 nucleated
only their own coated vesicles. However, the possibility
that GGAs and AP1 also form separate transport vesicles
cannot be excluded.

In this model, mutant MPRs that fail to bind GGAs
would escape from the Golgi through the tubules of
C5/C6 and never encounter AP1 in the terminal cister-
nae. By contrast, mutant GGAs that bind MPRs but do
not interact with AP1 would trap the receptors in the
TGN. In keeping with this hypothesis, it was observed™
that MPRs that are defective in binding to GGAs are
poorly incorporated into AP1-containing clathrin-
coated buds. Puertollano et al.?*® showed that truncated

Figure 3 | Comparison of the CI-MPR domain 11 and
CD-MPR structures. a | A ribbon diagram of the cation-
independent mannose 6-phosphate (M6P)/insulin-like growth
factor Il (IGF-l) receptor (CI-MPR) domain 11 (Dom11; protein
databank (PDB) accession code 1GP0, 1GP3), which shows
that the flattened B-barrel structure is capped off by a -
hairpin. The arrow indicates the putative IGF-II-binding region.
Ribbons are coloured from blue at the amino terminus to red at
the carboxyl terminus, and disulphide linkages are represented
in grey ‘ball-and-stick’ form!. b | A ribbon diagram of the
cation-dependent (CD)-MPR (PDB accession code 1C39)
coloured using the same scheme as in a. ¢ | The proposed
IGF-Il-binding cavity (pale green) of CI-MPR Dom11 (grey
surface and dark blue secondary structure). d | The M6P-
binding cavity (orange) of CD-MPR (grey surface and red
secondary structure). Reproduced with permission from

REE. 19 © Oxford University Press (2002).

GGAL, which lacks the hinge region and is therefore
defective in its ability to bind to AP1, traps the MPRs in
the TGN. These observations support the idea that the
GGA-API interaction, with the proper transfer of the
receptor from one to the other, is essential for normal
MPR trafficking.

Live video-microscopy has shown the dynamic
nature of the TGN-derived tubules and raised questions
about the fate of MPRs within these structures®®**®. As
discussed, these receptors could leave the tubules
through CCVs??%%, the rate of formation of which
might be regulated by MPR concentration®. In addition,
the TGN-derived tubules and their tubulo-vesicular frag-
ments could themselves be carriers of sorted
receptor—hydrolase complexes®. In this case, relatively
larger-sized MPR-containing tubulo-vesicular carriers
could fuse directly with endosomes to deliver their
cargo. The AP1 clathrin-coated buds could function as
traps for concentrated MPRs, preventing them from
retreating back into the Golgi. It is possible that both
methods of receptor routing occur simultaneously, and
that one might be more dominant than the other
depending on the cell type.
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Figure 4 | A schematic representation of the subcellular localization and trafficking
itinerary of the MPRs. Mannose 6-phosphate receptors (MPRs) bind to their cargo (acid
hydrolases) in the trans-Golgi network (TGN), and are packaged into transport carriers that deliver
the receptor with its bound ligand to early endosomes (EE). The low pH within the endosomes
facilitates the dissociation of the acid hydrolases from the MPRs. Dynamic fusion/fission between
the late endosomal and lysosomal compartments results in selective delivery of the hydrolases to
the lysosome (L) (the ‘kiss-and-run’ theory””). TIP47/Rab9 prevent the MPRs from reaching the
lysosomes, in which they would otherwise be degraded. The return pathway from the early
endosomal compartment to the Golgi is probably mediated by PACS-1-assisted packaging into
AP1-containing clathrin-coated vesicles (CCVs), whereas that from the late endosomal (LE)
compartments is mediated by TIP47 and Rab9. Some of the MPRs go to the cell surface either
from early or late endosomes through the recycling endosome (RE), or from proximal TGN
cisternae as a consequence of mis-sorting. The cell-surface receptors are internalized in AP2
CCVs and delivered back to the endosomes.

Destination endosomes

After budding of the CCVs, the clathrin is released by
Hsc7o, which is acting in conjunction with auxiin®®, but
AP1 release requires a further unidentified cytoplasmic
protein®. Time-lapse imaging has shown™ that the AP1
remains associated with the vesicles for an extended
period. This might allow interaction of its 1 subunit
with kinesin family 13a (ir134)%°, which could transport
the MPR-containing vesicles to the cell periphery along
microtubule tracks (FIG.7).

Several reports indicate that most of the MPR-
containing vesicles deliver their cargo to early endo-
somes®*%67 but the interpretation of some of these
data has been questioned®. There is considerable evi-
dence that raB GTrases and snares are involved in the
process of vesicle docking and fusion, but no specific
Rab proteins have been identified in the vesicles as yet.
However, rabaptin5 — a member of the Rab family
— has been shown to bind to the ear domains of
GGAs”, the y-subunit of AP1 (REF69) and also to early

HSC70

(heat shock cognate protein of
70kDa). Proteins of this
chaperone family are involved in
arange of cellular processes,
such as protein folding,
translocation across membranes
and the assembly or disassembly
of protein complexes.

AUXILIN

A neuronal protein that contains
a clathrin-binding site and a
carboxy-terminal J-domain that
interacts with and stimulates the
dormant ATPase of the
chaperone Hsc70.

endosomes through interaction with bound Rab5
(REF. 70). Therefore, if AP1 (or GGAs) remains associ-
ated with transport vesicles until they reach the target,
rabaptin5 might have a role in the docking of the vesi-
cles. Clathrin-coated vesicles contain several SNAREs,
and three of these (syntaxin 6, syntaxin 13 and vesicle-
associated membrane protein 4 (VAMP-4)) have been
localized to CCVs in the TGN by electron
microscopy’~%. Furthermore, VAMP-4 binds directly
to AP1 through a dileucine motif™.

One or more of these vesicle SNAREs probably
participates in mediating the fusion of the vesicle with
the endosome after docking. Syntaxin 6 is a good can-
didate as it binds to early endosomal antigen 1 (EEA1),
which is the Rab5 effector on early endosomes’.
During the maturation of early to late endosomes,
the hydrolases are released in the low-pH milieu and
then packaged into lysosomes when the late endo-
somes fuse with these organelles”” (FIG. 4). The MPRs,
however, do not enter the lysosomes. In the case of
the CD-MPR, its retention in late endosomes is
mediated by a phenylalanine—tryptophan motif in
the cytoplasmic tail”®. This motif is recognized by the
cargo selection protein Tipa7, which is thought to
retain the CD-MPR in a region of the endosome that
is not involved in the fusion—fission process with
lysosomes”™.

Return to the Golgi

TIP47 also functions in the recycling of the MPRs to the
TGN”. In addition to binding the phenylalanine—
tryptophan motif in the cytoplasmic tail of the CD-
MPR, TIP47 interacts with a complex motif in the tail
of the CI-MPR that involves residues 48—74 (REFS 79,80).
It also binds Rab9+GTP, and this interaction increases
the affinity of TIP47 for the CI-MPR by threefold®'.
This would be expected to enhance the ability of TIP47
to capture its cargo. Using green fluorescent protein
(GFP) variants of Rab9 in living cells, Rab9-positive
transport vesicles have been visualized leaving late
endosomal compartments and fusing with the TGN®2,
Although it wasn’t possible to detect TTP47 or MPRs in
these vesicles for technical reasons, these proteins were
probably present, because transport of MPRs from
endosomes to the TGN depends on both Rab9 and
TIP47 (REE 83).

There is also evidence that AP1 and the cytosolic
sorting protein pacs-1 are involved in MPR
recycling®*6. PACS-1 binds to the acidic amino acids
that are clustered at the carboxyl terminus of the CI-MPR
cytoplasmic tail®®. In cells that lack either AP1 or
PACS-1, the MPRs accumulate in endosomes, which
indicates that there is a role for these proteins in endo-
some-to-Golgi trafficking. The connection between
AP1 and PACS-1 became clear when it was discovered
that PACS-1 binds to AP1 as well as to the MPRs, pro-
viding a mechanism for connecting the cargo to the
adaptor for packaging into CCVs in early
endosomes®. This is similar to the role of the GGAs in
presenting MPRs to AP1 for incorporation into AP1-
CCVs at the TGN.
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Figure 5 | Sorting signals on MPR tails. A schematic representation of the cytosolic tails of the
mannose 6-phosphate receptors (MPRs), which shows the identified amino-acid sorting signals
and their associated transport proteins. The bars indicate the residues that are important for the
specific binding partner. The residues are numbered from 1 to 163 in the cation-independent (Cl)-
MPR, and from 1 to 67 in the cation-dependent (CD)-MPR, starting from the transmembrane
domain (TMD). The casein kinase 2 (CK-2) sites and palmitoylation sites are marked at the
specific residues. GGA, Golgi-localized, y-ear-containing, ADP-ribosylation factor-binding protein;
PACS-1, phosphofurin acidic cluster-sorting protein; TIP47, tail-interacting protein, 47 kDa.

KIF13A

(kinesin family 13A). A novel
plus-end-directed microtubule-
dependent motor protein that
associates with mannose
6-phosphate receptor (MPR)-
containing carriers through the
B1-subunit of AP1.

RAB PROTEINS

Monomeric small GTPases
which, along with their effectors,
mediate the first specific event
during membrane fusion; that is,
tethering of an incoming vesicle
to the correct target organelle.

SNARES

(soluble N-ethyl-maleimide-
sensitive (NSF) attachment
protein receptors). Proteins that
are implicated in mediating
most intracellular membrane-
fusion events by interacting with
each other to generate the
driving force needed to fuse lipid
bilayers.

TIP47

(tail-interacting protein, 47
kDa). A novel hydrophilic,
cytosolic protein of 47 kDa that
binds directly to cytoplasmic
tails of both the cation-
independent and cation-
dependent MPRs and is involved
in sorting at the endosomes.

These data indicate that PACS-1/AP1 mediates
receptor recycling from early endosomes, whereas
TIP47/Rab9 recycles receptors from late endosomes.
However, the relative contribution of these two path-
ways to the total MPR trafficking remains to be
determined. It has also been reported that mutation
of the dileucine pair near the carboxyl terminus of
the CD-MPR causes a shift in receptor distribution
from the TGN to early endosomes, indicating that
there is a role for the dileucine motif in a sorting
event that is required for MPRs to return to the
Golgi®. The binding factor that recognizes the
dileucine motif for endosome-to-TGN trafficking is
unknown as in vitro analysis indicates that the car-
boxy-terminal dileucine motif has little effect on
AP1, TIP47 and PACS-1 binding®"?#78086 As GGA2
has been found in endosomes as well as the TGN, it
(or another GGA) is a candidate for participating in
this sorting step™®.

Traffic to the cell surface

The cell’s surface environment is slightly alkaline (pH
7.4), and under these conditions the CI-MPR, but not
the CD-MPR, binds a diverse group of M6P-containing
ligands and non-glycosylated polypeptides, including
IGF-II (TABLE 1). There are several ways by which the
MPRs could reach the cell surface: mis-sorting at the
TGN, with the MPRs exiting the Golgi through transport
carriers derived from stacks C5/6 and being destined for
the plasma membrane; and/or recycling from early®* or
late endosomes™.

Once at the cell surface, the MPRs are internalized
rapidly. The internalization of the CI-MPR is mediated
almost exclusively by its YSKV motif*’, whereas the CD-
MPR contains three separate internalization sequences:
a phenylalanine-containing sequence; a tyrosine-based
motif; and the carboxy-terminal region that contains

the acidic amino-acid cluster sequence®** (FIG.5). Each
of these motifs contributes equally to internalization.
Direct binding studies with AP2, the plasma membrane
adaptor and its 12 subunit showed interaction of all
three motifs, although the results varied depending on
the technique used*®. As with AP1, the carboxy-terminal
dileucine residues of the MPRs are not required for
binding to AP2. This is curious as there is considerable
evidence that dileucine motifs present in other proteins
do bind to AP1 and AP2 (REFS 50,51).

The rate of internalization of the CI-MPR is
increased considerably on binding of the multivalent
ligand B-glucuronidase'. This might be the conse-
quence of a conformational change that results in a
more optimal presentation of the internalization signal
in the cytoplasmic tail.

The CI-MPR regulates cell growth and motility

A growing body of evidence indicates that the CI-MPR
has a role in regulating cell growth and motility. The
CI-MPR binds and internalizes IGF-II at the cell surface,
thereby modulating extracytoplasmic levels of this
mitogenic polypeptide hormone. The importance of
IGF-II clearance by the CI-MPR was shown by the find-
ing that CI-MPR-deficient mice have increased levels of
circulating IGF-II and enlarged organs. These mice die
at, or soon after, birth owing to heart failure secondary
to cardiac hyperplasia®~®. The introduction of an
IGF-IInull allele (double-knockout mice) rescued the
CI-MPR mutant mice from perinatal lethality, which is
consistent with IGF-II clearance being an essential
function of the CI-MPR**%.

As well as its established role in IGF-II clearance,
several reports>®’~1% indicate that the CI-MPR also
functions in IGF-II signalling. This is controversial,
however, as the cytoplasmic domain of the receptor
lacks any known enzymatic activity, and the mitogenic
activity of IGF-II has been shown to be mediated by
the IGF-I receptor! and the recently identified insulin-
receptor isoform A'® in several instances. To try to
achieve receptor specificity, more recent studies have
used IGF-II analogues that bind to the CI-MPR, but
not to the IGF-I receptor or IGF-binding proteins. The
CI-MPR-specific IGF-II analogues induce chemotaxis
of extravillous trophoblast cells*’, endothelial cells'®
and rhabdomyosarcoma cells'”", indicating that CI-MPR
has a role in regulating cell motility.

Several reports have indicated that this signalling
occurs through a G-protein-coupled pathway that leads
to activation of mitogen-activated protein kinase
(MAPK)792100.104 ‘However, a very careful study has
presented evidence against this conclusion'*. In addi-
tion to IGF-II, the placental angiogenic hormone pro-
liferin, an M6P-containing protein, has also been
reported to initiate chemotaxis in endothelial cells on
binding to the CI-MPR'®. Furthermore, IGF-II and
M6P-containing glycoproteins that are produced by
SERTOLI CELLs seem to modulate gene expression in sper-
matogonia by binding to the CI-MPR at the cell sur-
face'”. And in the immune system, binding of the T-cell
surface molecule CD26/dipeptidyl peptidase IV to the
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Figure 6 | The structure of the GGA3 VHS domain bound to its ligand. a | The structure of
the VHS domain of Golgi-localized, y-ear-containing, ADP-ribosylation factor-binding protein 3
(GGAJ) with the cation-independent mannose 6-phosphate (M6P)/insulin-like growth factor |l
(IGF-11) receptor (CI-MPR) acidic cluster dileucine motif (AC-LL; ‘ball-and-stick’ model) bound
between helices 6 and 8 (REE. 41). The first and last visible residues of the CI-MPR peptide are
labelled. b | The molecular surface of the VHS domain, coloured by electrostatic potential.
Saturated blue and red areas are at +10kT and —10kT respectively. The CI-MPR peptide is shown
in green. ¢ | The contour of the CI-MPR sorting signal. d | The primary determinants of peptide
binding to the VHS domain (where X'is any amino acid). Aligned below the primary determinants
are the CI-MPR and cation-dependent (CD)-MPR AC-LL sequences. The crucial aspartate is
designated the ‘0’ reference point. Modifed with permission from REE. 41 Nature © Macmillan

Magazines Ltd (2002).

PACS-1

(phosphofurin acidic cluster-
sorting protein). A cytosolic
linker molecule that connects
proteins such as furin, HIV virus
type-1 (HIV-1) Nef and the CI-
MPR, through their acidic-cluster
sorting motifs, to adaptors (AP1
and AP3, but not AP2).

SERTOLI CELL

A cell that is located in the male
gonads and provides
nourishment to sperm.

LOSS OF HETEROZYGOSITY
Aloss of either the maternal or
paternal allele of a gene. This is
often a molecular marker of a
tumour-suppressor gene locus.

MICROSATELLITE INSTABILITY
(MSI). Alterations of the length
of simple repetitive genomic
sequences. In tumours it is an
indication that there have
probably been mutations in
genes encoding proteins that are
involved in DNA repair.

CI-MPR through M6P residues facilitates T-cell activa-
tion'®®, whereas soluble CD26 released from T cells
enhances transendothelial cell migration after binding
to the CI-MPR'?. The interpretation of these reports is
complicated by the fact that many different cell types
and assays have been used.

In addition, CI-MPR is thought to facilitate the activa-
tion of the TGF-B1 precursor, the proform of a hormone
that has many effects on cell growth and differentiation.
Latent TGF-B1, which is an M6P-containing
molecule'®, is secreted by cells and then stored in the
extracellular matrix as an inactive complex with latency-
associated peptide. A major mechanism of TGF-1
activation is through the matrix glycoprotein throm-
bospondin-1 (REF 109). Several groups have reported
another mechanism that involves binding of the TGF-f31
precursor to the cell-surface CI-MPR'"*''*, On the
basis of results from in vitro assays, Godar et al.''? pro-
posed an elegant model whereby the CI-MPR forms a
complex with the urokinase (plasminogen activator)
receptor (uPAR) through a binding site on the extracel-
lular domain 1 of the CI-MPR receptor. Urokinase
bound to uPAR then converts plasminogen, which is
also bound to domain 1 (REF 115), to plasmin, which
mediates the release of active TGF-B1 from its receptor-
bound latent form. However, these authors have also
reported that in intact cells the CI-MPR downregulates
uPAR-mediated plasminogen activation'", possibly
through the targeting of surface uPAR to lysosomes'®.

This apparently contradictory finding could be
explained if the local generation of plasmin by cell-sur-
face CI-MPR, rather than the total plasmin formation,
is the crucial factor in the regulated formation of active
TGF-B1. Furthermore, at this point, the contribution of
the CI-MPR pathway for latent TGF-B1 activation rela-
tive to the other known mechanisms of activation is
unknown.

The CI-MPR has also been reported to bind retinoic
acid at a site distinct from those for M6P and IGF-II,
which results in changes in cell shape, reduced spread-
ing, apoptosis and growth inhibition'". These effects
were not observed in cells that lacked the CI-MPR and
were not prevented by a potent antagonist of the
retinoic-acid nuclear receptor (RAR), which indicates
that the effects are mediated by the CI-MPR rather than
RARs. These findings indicate that retinoic acid might
induce growth inhibition and apoptosis independently
of the RARs by altering the behaviour of the CI-MPR.

CI-MPR as a putative tumour suppressor

The ability of the CI-MPR to modulate local levels of
the mitogen IGF-II, to facilitate activation of the growth
inhibitor TGF-B1 and to regulate trafficking of lysoso-
mal enzymes indicates that it could be a tumour sup-
pressor. The finding that overexpression of the CI-MPR
results in growth inhibition both in vitro and in vivo is
consistent with this idea''®!"®. Further support for this
hypothesis comes from studies of human cancers,
which indicate that loss of CI-MPR function is associ-
ated with progression of tumorigenesis.

Frequent ross o HeTEROZYGOSITY (LOH) at the CI-MPR
locus has been reported in human liver'*'%,
breast'*'*, lung'®, ovarian'* and adrenocortical'” can-
cers. This has been observed most commonly in the
liver, in which about 60% of dysplastic lesions and
hepatocellular carcinomas in patients with and without
hepatitis C virus infection show LOH. In some of these
cases, the M6P- and IGF-II-binding domains of the
remaining allele were screened for mutations, and a
number were found'?12*126128 These include single-
base deletions in the polydeoxyguanosine (poly G)
region of domain 9, which is a target of MICROSATELLITE
INSTABILITY in replication/repair error-positive tumours.
These cause a frameshift that results in the synthesis of a
truncated receptor that lacks the transmembrane
domain and is presumably secreted as a soluble protein
or is degraded. Four of the five missense mutations that
have been examined disrupted M6P- and/or IGF-II
binding properties, which supports the proposal
that loss of normal CI-MPR function contributes to
carcinogenesis'*'*.

The LOH at the CI-MPRlocus is an early event in
liver carcinogenesis. Examination of phenotypically
normal hepatocytes in cirrhotic nodules that are adja-
cent to dysplastic lesions and hepatocellular carcino-
mas showed loss of the same allele of the CI-MPR as
observed in the tumour'?"'?2, This shows that inactiva-
tion of the CI-MPR allele occurs before there are any
observable phenotypic changes in the hepatocyte.
Although it is not known whether inactivation of a
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Figure 7 | Architecture of the trans-Golgi network and its relevance to MPR trafficking. Golgi stacks are numbered C1 to
C7. The last two or three stacks and their tubulo-vesicular extensions form the trans-Golgi/trans-Golgi network (Trans/TGN).
Clathrin-coated buds vesiculate exclusively from the C7 cisterna®¢. The penultimate two cisternae contribute tubules and buds
that are non-clathrin coated and thought to be destined for the plasma membrane. The C5 stack projects tubules in either direction
and functions as a transition zone between the medial Golgi and trans-Golgi. GGA proteins are distributed equally between clathrin-
coated and smooth membranes, which raises the possibility that they encounter the mannose 6-phosphate receptors (MPRs) earlier
than the AP1 adaptors, which are concentrated on clathrin-coated membranes. Being favourably positioned, GGAs could be
involved in the early sorting of MPRs, retaining them within the TGN until they reach the C7 cisterna. Clathrin-coated buds are
formed at the tips and along the length of the TGN-derived tubules. GGAs and MPRs colocalize in these buds along with AP1. The
GGAs transfer the bound MPRs to AP1 and then return to the cytosol. After budding of the AP1 clathrin-coated vesicles (CCVs), the
clathrin is released, while the AP1 remains for ‘post-budding’ functions. This is followed by adaptor release before fusion with
endosomal membranes. The TGN-derived tubules could also carry MPRs to their endosomal destination. The tips of these tubules
detach after a certain distance and form tubulo-vesicular carriers that might fuse directly with endosomes®*°, The tubules, their
detached segments and the clathrin-uncoated vesicles could be guided to their destination by the kinesin family 13A (KIF13A) on

microtubule tracks®. Cis, cis-Golgi; EE, early endosome; Med, medial Golgi; RER, rough endoplasmic reticulum.

single CI-MPR allele provides a growth advantage to the
mutated hepatocytes, the clonal growth of these cells
provides an enlarged population of pre-malignant cells
in which only a single genetic ‘hit’ is required to inacti-
vate the CI-MPR tumour-suppressor function com-
pletely. Similarly, the inactivation of the CI-MPR gene
is also an early event in breast cancer'**.

More to come

Despite the advances in understanding the MPRs, many
interesting questions remain. So far, only 4 of the 15
repeating segments of the receptor have been implicated
in ligand binding. Although some of the other segments
might interact with retinoic acid, most of them would
still have no assigned function. Do these have solely
structural roles, perhaps providing crucial spacing
between ligand-binding domains, or could they interact
with further ligands?

With the successful elucidation of the structures of the
M6P-binding domain of the CD-MPR and the IGF-II
binding domain of the CI-MPR, it seems probable
that the structures of the M6P-binding domains of the

CI-MPR will also be solved. What has lagged behind is
the analysis of the structures of the cytoplasmic tails of
the receptors. With an array of sorting signals, their con-
formations might be modulated by phosphorylation
and/or palmitoylation. This could provide a mechanism
for regulating the interaction of the sorting signals with
their binding partners. One example of such a confor-
mation-dependent interaction is the binding of TIP47
to the tail of the CI-MPR¥. In this respect, an interesting
observation is the conspicuous stretch of prolines in the
cytosolic tail of the CI-MPR and the conserved prolines
in the CD-MPR tail. Further studies are needed to deter-
mine whether these prolines are responsible for twists in
the tails.

Recent developments in the MPR trafficking story
have implicated the GGAs as having a key role in
sorting at the TGN. The phosphoregulation of
MPR-GGA-AP1 interactions is an interesting model
that needs to be probed further. For example, when and
where does the phosphorylation of MPRs and
GGAs(1/3) occur? As GGA2 is not phosphorylated, does
it have a special role in MPR trafficking? If so, how is it
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Table 1 | Selected ligands for the cation-independent M6P/IGF-II receptor (CI-MPR)

Ligands

MG6P-containing ligands
Lysosomal enzymes

TGF-B1 precursor

Proliferin

Granzyme B
Non-MG6P-containing ligands
IGF-II

Retinoic acid

uPAR

Plasminogen

Consequences of binding to the CI-MPR

Endocytosis and/or targeting to lysosomes
Proteolytic activation at the cell surface
Endothelial-cell migration and angiogenesis
Internalization and rapid induction of apoptosis

Endocytosis and degradation in lysosomes
Growth inhibition and/or induction of apoptosis

Part of the cell-surface-assembled complex that activates
latent TGF-B1. Endocytosis and degradation in lysosomes

Conversion to plasmin, which can activate TGF-B1 from its
latent proform

References

1-4
108-115
100
134

117
112,115,116

112,115

For a complete list of the known ligands, see REE. 1. CI-MPR, cation-independent M6P/IGF-II receptor; IGF-I, insulin-like growth factor II;

MB6P, mannose 6-phosphate; TGF-B1, transforming growth factor-B1; uPAR, urokinase-type (plasminogen activator) receptor.

regulated? The recent report of the crystal structure of
the trunk of AP2 has shown that the binding site for
YXX¢ endocytic motifs on the n2 subunit is buried, and
is probably exposed by a conformational change that is
triggered by phosphorylation of u2 (REE 131). Consistent
with this interpretation, phosphorylation of u2 strongly
increases binding to endocytic signals'®2. It will be
important to determine whether AP1 shows similar
phosphorylation-dependent conformational changes
in its u1 subunit, and what effects this might have on
ligand binding.

Live video-microscopy using fluorescently tagged
proteins has shown the dynamic nature of the sorting
process at the TGN. It will be very informative to apply
this approach to cells expressing tagged GGAs and AP1.
This will bear directly on the issue of whether the GGAs
and AP1 exit the TGN on the same or different
tubules/vesicles. Another challenge is to ascertain the

relative roles of PACS-1/AP1 versus TIP47/Rab9 in
mediating the return of the MPRs from endosomes to
the Golgi. The availability of techniques such as RNA
interference and gene disruption for knocking out these
proteins should help to clarify this issue.

Finally, with respect to the role of the CI-MPR as a
putative tumour suppressor, the relationship between
the genetic alterations and the pathogenesis, progres-
sion, metastatic potential and prognosis of the tumours
needs to be clarified'*. For instance, does the behaviour
of the tumour vary depending on whether there is a
point mutation in the M6P-binding domain versus the
IGF-II-binding domain? Considering the difficulty of
finding large numbers of patients with the different
mutations, it will be difficult to address this issue.

With so many questions outstanding, it seems certain
that the MPRs will continue to fascinate investigators for
many years to come.
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