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Analysis of the Carboxypeptidase D Cytoplasmic
Domain: Implications in Intracellular Trafficking

Elena Kalinina, Oleg Varlamov, and Lloyd D. Fricker*

Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461

Abstract Metallocarboxypeptidase D (CPD) is a type 1 transmembrane protein that functions in the processing of
proteins that transit the secretory pathway. Previously, CPD was found to be enriched in the trans Golgi network (TGN)
and to cycle between this compartment and the cell surface. In the present study, the roles of specific regions of the CPD
cytosolic tail in intracellular trafficking were investigated in the AtT-20 cell line. When the CPD transmembrane region
and cytosolic tail are attached to the C-terminus of albumin, this protein is retained in the TGN and cycles to the cell
surface. Deletion analysis indicates that a C-terminal region functions in TGN-retention; removal of 10 amino acids from
the C-terminus greatly increases the amount of fusion protein that enters nascent vesicles, which bud from the Golgi,
but does not affect the half-life of the fusion protein or the ability of cell surface protein to return to the TGN. Because the
10-residue deletion disrupts a casein kinase 2 (CK2) consensus site, the two Thr in this site (TDT) were mutated to either
Ala (ADA) or Glu (EDE). Neither mutation has an increased rate of budding from the TGN, although the ADA mutant has
a shorter half-life than either the wild type sequence or the EDE mutant. Adaptor protein-1 and -2 bind to most of the
deletion mutants, the EDE point mutant, and the CK2-phosphorylated CPD tail, but not to the wild type tail. Taken
together, these results suggest that CPD localization to the TGN requires both static retention involving the C-terminal
domain and phosphorylation at a CK2 site, which regulates the binding of adaptor proteins. J. Cell. Biochem. 85: 101—

111, 2002.  © 2002 Wiley-Liss, Inc.
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CPD was discovered in a search for carboxy-
peptidase E-like enzymes in fat/fat mice [Song
and Fricker, 1995]. These mice lack carboxy-
peptidase E activity due to a point mutation
within the coding region of the gene [Naggert
et al., 1995], but are still able to carry out a
reduced amount of neuroendocrine peptide pro-
cessing [Naggert et al., 1995; Fricker et al.,
1996; Rovere et al., 1996; Cain et al., 1997;
Lacourse et al., 1997; Udupi et al., 1997]. CPD
has carboxypeptidase E-like enzyme properties,
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but differsin several respects. Whereas carboxy-
peptidase E is a soluble protein at neutral pH
that binds peripherally to membranes at pH 5.5
[Fricker et al., 1990; Fricker, 1998a], CPD is a
type 1 membrane protein [Kuroki et al., 1995;
Song and Fricker, 1996; Tan et al., 1997; Xin
et al., 1997; Fricker, 1998b]. The distribution of
these two proteins is also different. Carboxy-
peptidase E is primarily neuroendocrine and
is enriched in the regulated secretory vesicles
while CPD has a broader tissue distribution
and is enriched in the TGN [Song and Fricker,
1996; Xin et al., 1997; Varlamov and Fricker,
1998; Varlamov et al., 1999a]. Both enzymes are
specific for C-terminal basic residues (Lys, Arg),
but cleave a broad range of substrates containing
these C-terminal residues [Fricker, 1998a,b].
Carboxypeptidase E is primarily involved in the
processing of neuroendocrine peptides within
the late secretory pathway (following the action
of prohormone convertases 1 and 2), while CPD
functions primarily in the processing of proteins
within the TGN and/or immature secretory
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vesicles (following the action of furin and rela-
ted TGN endopeptidases).

Aspreviously found with furin and other TGN
proteins, CPD cycles to the cell surface and
returns to the TGN [Varlamov and Fricker,
1998]. The 58 residue cytosolic tail of CPD is
required for the intracellular trafficking of
CPD. Removal of all, but a few amino acids of
the tail eliminates the retrieval from the cell
surface to the TGN [Eng et al., 1999]. Attach-
ment of the transmembrane domain and the 58
residue cytosolic tail of CPD to the C-terminus
of albumin leads to the targeting of albumin to
the TGN [Varlamov et al., 2001]. The CPD tail
on this fusion protein was also found to be
phosphorylated in vivo on Thr, and casein ki-
nase 2 (CK2) was found to phosphorylate two
Thr within the CPD tail in vitro [Varlamovet al.,
2001]. Also, CPD was recently found to bind
protein phosphatase 2A, raising the possibility
that phosphorylation and dephosphorylation
regulate the trafficking of CPD [Varlamov
et al., 2001].

The purpose of the present study was to
investigate the role of various regions of the
CPD tail on different aspects of protein traffick-
ing, with an emphasis on the two Thr residues
that can be phosphorylated by CK2. Previously,
deletion mapping of duck CPD suggested that
an element present in the C-terminal 12 resi-
dues was important for retention of CPD in the
TGN or in a TGN-recycling loop; removal of this
region led to a shorter half-life of the protein and
a rapid loss from TGN-like structures when
protein synthesis was eliminated with cyclohex-
imide treatment [Eng et al., 1999]. Mutation of
the CK2 sites in this region (TDT to ADA)
slightly reduced the half-life of duck CPD [Eng
et al., 1999]. This previous study used intact
duck CPD, including the lumenal domain, and it
was not clear if this lumenal domain contributed
to the routing of the protein. Furthermore, the
effect of substitution of acidic residues within
the CK2 sites was not examined. To address
these issues, we examined deletion mutants
of the CPD tail when attached to the C-terminus
of albumin using a variety of techniques to
quantitate the intracellular trafficking. In addi-
tion, the effect of substitution of the TDT with
both ADA and EDE was examined. Finally, the
effect of these deletion and point mutants on the
binding of candidate interacting proteins was
examined. Taken together, the results of these
analyses suggest that the binding of adaptor

proteins to the CPD tail is largely dependent on
the phosphorylation state of the CK2 sites.

MATERIALS AND METHODS

Plasmid Construction, Protein Expression, and
Recombinant Protein Production

Human albumin C-terminally fused with the
transmembrane and the cytoplasmic domains of
duck CPD (Alb-CPD tail) was constructed using
the pcDNAS3 plasmid containing the coding re-
gion of human albumin as described [Varlamov
et al., 2001]. Deletion and point mutants of
the CPD tail were generated by polymerase
chain reaction using the Alb-CPD tail/pcDNA3
plasmid as a template. The reaction products
were digested with Xhol/AflIT and subcloned
into the Xhol/AflII sites of the Alb-CPD tail/
pcDNAS3 plasmid. The constructs were trans-
fected into AtT-20 cells using the Lipofectin
transfection kit (GIBCO-BRL). Stable cell lines
were selected using 1 mg/ml Geneticin (G418).
Clones expressing Alb-tail construct were iden-
tified by Western blot analysis using an anti-
serum to human serum albumin (Calbiochem).
GST-fusion proteins containing the CPD tail
were prepared as previously described [Varla-
mov et al., 2001].

Trafficking Assays

To measure half-life, AtT-20 cells expressing
albumin fusion proteins were labeled for 20 min
with 25S-Met, chased in unlabeled Met, and
analyzed as described for gp180 [Eng et al.,
1999], except that albumin fusion proteins were
immunoprecipitated using an antiserum to
human albumin (Calbiochem).

To measure transport from the TGN to the
plasma membrane, At T-20 cells expressing the
albumin-CPD tail fusion proteins were metabo-
lically labeled for 20 min with 3°S-Met, and then
incubated for 90 min at 18.5°C to allow the
labeled proteins to accumulate in the TGN.
Following the incubation, the cells were washed
with cold phosphate buffered saline (PBS), and
then incubated at 37°C in PBS containing 1 mg/
ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce). The
cells were washed, lysed, and subjected to im-
munoprecipitation using antibodies to human
albumin. The immunoprecipitated material was
eluted from the protein A beads with 3 M
KSCN/0.5% NP-40, diluted 10-fold with 10 mM
Tris-HC1 pH 8, 0.15 M NaCl, 1 mM EDTA,
0.1% NP-40, and then incubated with strepta-
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vidin-agarose (Sigma). The streptavidin-bound
albumin represents the cell surface-derived
material. Following the incubation, the strep-
tavidin beads were washed with buffer, boiled in
SDS-containing gel-loading buffer, and the ex-
tracts analyzed on a denaturing polyacrylamide
gel.

To measure the rate of endocytosis, AtT-20
cells expressing the albumin-CPD tail proteins
were labeled with 3°S-Met for 4 h, surface-
labeled with EZ-Link Sulfo-NHS-SS-Biotin at
4°C, and then recultured at 37°C. At different
time points, the cell surface biotin label was
removed by treating cells with the membrane
impermeable thiol glutathione (GSH) at 4°C.
Control dishes were frozen immediately after
biotinylation without GSH treatment to deter-
mine the total amount of biotinylated albumin-
CPD tail. The biotinylated Alb-CPD tail was
immunoabsorbed and isolated on streptavidin
agarose as described above.

The in vitro vesicle budding assay was per-
formed as described for gpl80 and other
proteins [Varlamov et al., 1999b]. The resulting
fractions were subjected to immunoprecipita-
tion [Milgram and Mains, 1994] using anti-
bodies to human albumin (Calbiochem).

Immunofluorescence Microscopy and
Antibody Uptake Experiments

AtT-20 cells expressing the albumin fusion
proteins were analyzed by immunofluorescence
as described for CPD [Varlamov and Fricker,
1998] using an antiserum to human albumin
(dilution 1:1,000). Antibody uptake experi-
ments were performed as described for gp180
[Eng et al., 1999]. Briefly, AtT-20 cells expres-
sing the albumin fusion proteins were incu-
bated for 40 min at 4°C in Dulbecco’s modified
Eagle’s medium containing a rabbit antibody to
human albumin (1:150 dilution), 5 mg/ml nonfat
milk, and 20 mM HEPES pH 7.4. Unbound
antibody was removed by washing with cold
medium and the cells were incubated at 37°C
for 30 min to allow for internalization from the
cell surface. In some experiments, CY3-labeled
transferrin (the gift of Jonathan Backer) was
included in the chase. The cells were fixed and
stained with fluorescein isothiocyanate-conju-
gated secondary antibodies to rabbit IgG. For
comparison of the internalized Alb-containing
protein to a TGN marker, cells were stained
with a 1:1,000 dilution of mouse monoclonal
antibody to syntaxin-6 (the gift of Dr. Richard

Scheller), and then 1:100 dilution of Texas red-
labeled anti-mouse IgG, as described [Varlamov
et al., 2001].

Binding of Proteins to the CPD Tail In Vitro

Thirty micrograms of the GST-CPD tail
fusion proteins were incubated for 40 min at
37°C with 100 ul bovine brain cytosol in 25 mM
HEPES, pH 7.2 containing 25 mM KCl, 2.5 mM
MgCly, 1 mM phenylmethylsulfonyl fluoride
and 1 pg/ml leupeptin. The GST proteins were
adsorbed to the glutathione-Sepharose 4B beads
(Pharmacia Biotech, Sweden) at room tempera-
ture, washed five times with binding buffer, and
then boiled in SDS-loading buffer and analyzed
on a Western blot using monoclonal antibodies
to gamma-adaptin, AP-1 (clone 100/3, Sigma,
1:200 dilution) and to alpha-adaptin, AP-2
(clone 100/2, Sigma, 1:100 dilution). Antibodies
were detected with the SuperSignal enhanced
chemioluminescent system (Pierce).

To study the effect of CK2 phosphorylation
on adaptor binding, the GST-CPD tail protein
(full-length) was first phosphorylated with CK2
according to the manufacturer’s instructions
(Sigma), and then incubated with bovine brain
cytosol as described above. To minimize de-
phosphorylation of the CPD tail during this
incubation, the buffer contained a mixture of
phosphatase inhibitors (10 mM NaF, 10 mM Na
vanadate, and a 1:500 dilution of Sigma phos-
phatase inhibitor cocktail).

RESULTS

To assess the role of the cytoplasmic domain
in intracellular trafficking of CPD, we have
previously engineered the fusion protein “Alb-
tail” containing the transmembrane and the
cytoplasmic domains of CPD attached to the
C-terminus of albumin [Varlamov et al., 2001].
When expressed in AtT-20 cells, Alb-tail demon-
strated CPD-like trafficking characteristics,
including localization to the TGN and slow
budding from the TGN [Varlamov et al., 2001].
To examine the role of different regions of the
CPD tail in intracellular routing, C-terminal
deletions of Alb-tail (Fig. 1) were stably ex-
pressed in AtT-20 cells and then subjected to
pulse-chase analysis. Whilethe A10 mutant exhi-
bits a half-life comparable to Alb-tail, the A28
and A38 deletions demonstrate a dramatic reduc-
tion in stability (Fig. 2A). In contrast, the A49
mutant shows an increased half-life (Fig. 2A).
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Fig. 1. Deletion mutants of the CPD tail attached to the C-terminus of albumin used in the present study.
The YxxL-like sequence FHRL (in bold type), the CK2 sites (asterisks), and a di-leucine motif (squares) are
indicated. Numbers correspond to the length of the deletion (from the C-terminus). The albumin (Alb) and
CPD transmembrane (TM) regions are not drawn to scale.

To examine whether the increased turnover
rates of the C-terminal deletion constructs are
due to the loss of TGN retention, we utilized
an in vitro budding assay that measures the
formation of nascent secretory vesicles from the
TGN [Varlamov et al., 1999b]. While Alb-tail
enters vesicles with a very low efficiency (5%),
the A10, A28, and A38 mutants show a sig-
nificantly higher budding efficiency (20—30%)
(Fig. 2B). In contrast, the A49 mutant enters
vesicles with a low efficiency (Fig. 2B). The
difference in budding is not due to a clonal
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variation; several clones expressing each con-
struct were examined with similar results. In
addition, the budding of carboxypeptidase E
was approximately 30% in all cell lines shown in
Figure 2, indicating little clonal variation in the
various lines.

The loss of TGN retention of the deletion
mutants was expected to increase the traffick-
ing of the proteins to the cell surface. To test
this, we measured the rate of cell surface bio-
tinylation of newly synthesized proteins. While
only 5% of the total labeled Alb-tail is deli-
vered from the TGN to the cell surface by 2 h of
incubation, the A38 mutant rapidly appears at
the cell surface (Fig. 3). By 2 h of incubation,
nearly 100% of the A38 mutant has become
biotinylated (Fig. 3).

To determine whether the cytoplasmic tail
modulates the endocytic uptake of Alb-tail
from the cell surface, we utilized a cell surface

Fig. 2. Pulse-chase analysis and budding from the TGN of
deletion mutants. A: AtT-20 cells expressing Alb-tail and
deletion mutants of the CPD tail were metabolically labeled
for 15 min with [**S]Met (pulse), and then chased for the
indicated periods of time. Proteins were isolated by immuno-
precipitation and analyzed as described in Materials and
Methods. Error bars indicate range of duplicate determinations.
Two different cell lines were analyzed for each construct
with similar results. Circles, wild-type CPD tail; squares, A10;
triangles, A28; inverted triangles, A38; hexagons, A49.
B: Packaging of deletion mutants into nascent vesicles in AtT-
20 cells. To assay for nascent vesicles, AtT-20 cells were pulse-
labeled with [*°S]Met and then chased for 2 h at 18.5°C to
accumulate radiolabeled proteins in the TGN, permeabilized,
and then incubated in the presence of an energy-generating
system as described [Varlamov et al., 1999b]. The efficiency of
budding is calculated as the ratio of radiolabeled albumin
immunoreactivity in the vesicle fraction (after subtraction of the
background measured in the absence of energy) relative to the
total amount of radiolabeled albumin immunoreactivity. Error
bars indicate standard error of the mean, n=4. Statistical
significance compared to the wild-type tail was determined
using Student’s t-test: *P < 0.01.
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Fig. 3. Trafficking of Alb-tail and the C-terminally truncated
mutant A38 between the TGN and the cell surface. A: AtT-20
cells expressing Alb-tail or Alb-tailA38 were pulse-labeled with
[*°SIMet, chased for 2 h at 18.5°C to accumulate radiolabeled
proteins in the TGN, and then incubated at 37°C in the presence
of membrane-impermeable biotin for the indicated periods of
time (in minutes). The albumin fusion proteins were isolated by
immunoprecipitation, and then the biotinylated, cell surface-
derived pool of the proteins was selected by streptavidin-
agarose as described in Materials and Methods. The entire
amount of the streptavidin-agarose-bound Alb-tail and Alb-
tailA38 fractions, and 7% of the unbound fractions, were loaded
onto a polyacrylamide gel. The positions of prestained size
standards (in kDa) are indicated. B: Percentage of the indicated
radiolabeled protein that traveled to the cell surface and became
biotinylated (i.e., the bound fraction in Panel A) relative to the
total radiolabeled protein (i.e., the sum of bound and unbound
fractions after correction for the amount of each fraction loaded
onto the gels in Panel A). The experiment was performed twice
with similar results.

biotinylation technique to measure the rate of
internalization of Alb-tail and the A38 mutant.
The bulk of Alb-tail that is biotinylated on the
cell surface becomes resistant to glutathione
after 10 min of incubation at 37°C, indicating
that this protein is rapidly internalized from the
cell surface (Fig. 4, left panels). Further incuba-
tion does not result in degradation of the cell
surface-derived Alb-tail (Fig. 4, left panels)
indicating that the majority of the internalized
Alb-tail bypassed the degradation compart-
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Fig. 4. Endocytosis of the Alb-tail deletion mutants from the
cell surface of AtT-20 cells. [*>S]Met-labeled AtT-20 cells were
subjected to cell surface biotinylation at 4°C, and then chased
for the indicated periods of time at 37°C. The cells were treated
with glutathione to remove the cell surface-associated biotin,
lysed, and then processed as described above to select the
biotinylated pool of Alb-tail or Alb-tailA38. One hundred
percent of the streptavidin-agarose bound material and 5.5%
of the unbound material was analyzed on a polyacrylamide gel.
The positions of prestained size standards (in kDa) are indicated.
The experiment was performed twice with similar results.

ment. Although the A38 mutant is also inter-
nalized from the cell surface, a large fraction of
the protein is degraded in 1 h of incubation
(Fig. 4, right panels).

Although we previously examined the uptake
of full-length duck CPD and several C-terminal
deletion mutants in the AtT-20 cell line [Eng
et al., 1999], it was not clear if the lumenal
portion of the protein contributed to the routing.
Thus, it was important to determine whether
similar results could be obtained when the lume-
nal part of CPD was replaced with Alb. AtT-20
cells expressing various deletion mutants were
incubated with an antiserum to albumin and
then subjected to indirect immunofluorescence.
While both Alb-tail and the A10 mutant are
delivered to a perinuclear compartment within
30 min of uptake, the A28 mutant demonstrates
an additional punctate staining, which is more
profound for the A38 mutant (Fig. 5A). The
perinuclear compartment containing the inter-
nalized Alb-tail and various mutants (except
A49) co-stains with antiserum directed against
the TGN marker syntaxin-6 (Fig. 5B). In
addition, this perinuclear compartment also
containsinternalized transferrin (Fig. 5B). How-
ever, the non-perinuclear punctate staining of
the A28 and A38 mutants found throughout the
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Fig. 5. Internalization of antibodies to albumin into AtT-20
cells expressing Alb-tail or the deletion mutants. A: Cells were
preincubated on ice with antibodies to albumin for 40 min,
washed, chased at 37°C for 30 min, and then subjected to
indirect immunofluorescence as described in Materials and
Methods. B: Cells were treated as described in Panel A and then

cytoplasm does not overlap with syntaxin-6
and only partially overlaps with transferrin
(Fig. 5B). This suggests that these mutants are
present in a compartment distinct from the

TRANSFERRIN

were additionally stained with a mouse monoclonal antibody to
syntaxin-6 (SYN-6), as described in Materials and Methods. In a
separate experiment, cells were treated as described in Panel A
except that CY3-labeled transferrin was added during the 30 min
chase.

TGN or endocytic recycling compartment. In
contrast to the other mutants, the internalized
A49 mutant is primarily localized in structures
on or near the cell surface (Fig. 5A). In addition,
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lower levels of internalized A49 mutant are seen
in punctate structures throughout the cyto-
plasm; this punctate staining partially overlaps
with internalized transferrin, but not with
syntaxin-6 (Fig. 5B). These results are gener-
ally similar to those previously found with
constructs containing the CPD luminal domain,
instead of the Alb used in the present study,
indicating that the CPD transmembrane
domain and tail are sufficient for the proper
routing of the protein [Eng et al., 1999].

We have previously shown that the CPD tail
is primarily phosphorylated at the CK2 sites
(TDT) in vitro and in vivo [Varlamov et al.,
2001]. To elucidate the significance of the CK2
sites in vivo, these sites within Alb-tail were
mutated either to Ala (ADA) to mimic the un-
phosphorylated form or to Glu (EDE) to mimic
the phosphorylated form. While the half-life of
the EDE mutant is similar to that of Alb-tail, the
ADA mutant exhibits a significantly reduced
stability after 4 h of incubation (Fig. 6A). Inter-
estingly, mutation of the di-leucine motif to Ala
also has a de-stabilizing effect on the protein
(Fig. 6A). Although the ADA mutant demon-
strated a reduced half-life, it enters the post-
TGN vesicles with arate that is similar to that of
Alb-tail and the AA mutant (Fig. 6B). Although
the EDE mutant has a slightly reduced rate of
budding, this is not statistically different from
the rate of the wild type tail (Fig. 6B). All of the
point mutants are predominantly located in the
perinuclear region of AtT-20 cells (Fig. 7). This
pattern is consistent with the TGN-localization
of CPD [Varlamov and Fricker, 1998]. In
addition to the perinuclear staining, the ADA
mutant demonstrates small accumulation in
the tips of AtT-20 cells (Fig. 7). This staining of
the tips is not seen for the other mutants
examined (Fig. 7) or for wild-type CPD [Varla-
mov and Fricker, 1998], but is observed for
carboxypeptidase E and other proteins routed to
the regulated secretory pathway [Varlamov and
Fricker, 1998].

The cytoplasmic tail of CPD contains several
motifs including the YxxL-like FHRL sequence
and the CK2 sites that regulate the trafficking
of several other proteins within the TGN-
endosomal system through the binding of dif-
ferent sets of adaptor proteins [Rohn et al.,,
2000]. To test the ability of the C-terminal
deletion mutants to bind adaptors either
directly or indirectly (i.e., through other pro-
teins), we incubated the GST-CPD tail fusion
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Fig. 6. Pulse-chase analysis and budding from the TGN of
point mutants. A: AtT-20 cells expressing the Alb-tail point
mutants were subjected to [*>S]Met pulse-chase analysis as
described in Materials and Methods and in legend of Figure 2.
Error bars indicate standard error of the mean, n=4. Statistical
significance was determined using Student’s t-test: *P<0.01
compared to wild-type CPD tail. Squares, wild-type CPD tail;
circles, TDT to EDE; triangles, LL to AA; inverted triangles, TDT
to ADA. B: Packaging of point mutants into nascent vesicles in
AtT-20 cells was performed as described in Materials and
Methods and legend of Figure 2. Graph shows the efficiency of
budding of the mutants as compared with Alb-tail. Error bars
indicate range of duplicate determinations. The experiment was
performed twice with similar results.

proteins with bovine brain cytosol, and then
analyzed the GST-CPD tail-bound material on a
Western blot using antibodies to AP-1 and AP-2.
While the full-length CPD tail is not able to bind
AP-1 to a greater extent than the GST control
(Fig. 8A), nearly all of the deletion mutants bind
AP-1 (Fig. 8A, A10—A44). The A49 mutant that
lacks the FHRL sequence does not bind AP-1
(Fig. 8A). Similarly, a point mutant in the A39
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Alb-tail

EDE AA

Fig. 7. Immunocytochemistry of AtT-20 cells expressing Alb-
tail and point mutants (“ADA,” TDT to ADA; “EDE,” TDT to
EDE; “AA,” LL to AA). Cells were fixed and then stained with
antibodies to albumin as described in Materials and Methods.
Bar: 20 pm.

construct in which the Phe residue within the
FHRL sequence was replaced with an Ala
residue (A39F/A) is also unable to bind AP-1
(Fig. 8A). The construct with the CK2 site (TDT)
mutated to EDE shows greatly elevated binding
of AP-1, whereas mutation of this site to ADA
was not significantly different from the GST
control (Fig. 8A). The binding of AP-2 to the CPD
tail demonstrates a generally similar tendency;
while neither the full-length tail nor the
mutants of the FHRL sequence significantly
bind AP-2, many of the other constructs bind

Fig. 8. Binding of adaptor proteins to the deletions of the CPD
tail in vitro. A, B: Deletions of the CPD tail fused with GST were
incubated for 40 min at 37°C with bovine brain cytosol, and
then with glutathione-agarose for an additional 30 min. The
beads containing GST fusion proteins were washed, boiled in
SDS-loading buffer, and then analyzed on a Western blot using
antibodies to AP-1 (Panel A) and AP-2 (Panel B). Error bars show
standard error of the mean for triplicate determinations.
*Statistically different from the GST control (P<0.05) using
Student’s t-test. C: Effect of CK2 phosphorylation on the binding
of AP-1 and AP-2. The full-length CPD tail attached to GST was
phosphorylated with CK2, immobilized to the glutathione-
agarose beads, washed, and incubated with bovine brain
cytosol in the presence of phosphatase inhibitors. Bound
proteins were analyzed by Western blot analysis with antisera
to the indicated proteins.

AP-2 (Fig. 8B). Although the intermediate
deletions (A18—A28) show a slight increase in
AP-2 binding over the GST control, this differ-
ence is not significant. The decrease in binding
between the A16 and the A18 constructs, and the
increase again between A28 and A38 mutants
may be due to structural changes. As found for
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AP-1 binding, the mutation of TDT to EDE has a
stimulatory effect on AP-2 binding (Fig. 8B).
The present finding that the EDE mutant
binds to the adaptor proteins implicates CK2 as a
possible regulator of these interactions. To test
this possibility, the full-length CPD tail was first
phosphorylated by CK2 in vitro and then sub-
jected to adaptor binding in the presence of phos-
phatase inhibitors. Phosphorylation of the CPD
tail substantially enhances the binding of both
AP-1 and AP-2 indicating that CK2 may regulate
adaptor binding to the CPD tail in vivo (Fig. 8C).

DISCUSSION

The purpose of the present study was to map
the functional subregions of the CPD tail that
are responsible for the discrete trafficking step.
A major finding of the present study is that the
CPD tail contains both stimulatory and inhibi-
tory signals for TGN localization. The region of
the tail containing the FHRL sequence is likely
to be a positive signal both for the export of CPD
from the TGN (Fig. 2B, compare A38 and A49)
and for endocytosis (Fig. 5). Since this sequence
is crucial for the binding of both AP-1 and AP-2
in vitro, it is likely that these adaptor proteins
regulate the recruitment of the CPD tail into
clathrin-coated vesicles in the TGN and at the
plasma membrane.

The region of the tail distal to the FHRL
sequence seems to function as a negative regula-
tor of exit from the TGN; deletions of the
extreme C-terminal region greatly increase TGN
export. One possible interpretation of these
results is that the C-terminus of the CPD tail
binds to a TGN-resident protein, thus slowing
CPD entry into nascent secretory vesicles. In
addition, this C-terminal domain may function
as a conformational switch that regulates the
access of adaptor proteins to FHRL and/or other
sequences. This model is supported by the find-
ing that removal of C-terminal sequences
substantially enhances binding of the adaptors
to the cytoplasmic tail. Although cleavage of the
tail is not likely to occur in vivo, it is possible
that phosphorylation at the CK2 sites produces
a conformational change; this phosphorylation
presumably occurs in vivo [Varlamov et al.,
2001]. Consistent with this model is our finding
that both the CK2-phosphorylated CPD tail and
the EDE mutant bind AP-1 and AP-2 either
directly orindirectly, whereasthe unphosphory-
lated CPD tail does not show any binding above

background. However, the finding that the A10
construct enters nascent vesicles much more
efficiently than the ADA or EDE mutants imp-
lies that the deletion construct is missing more
than just the CK2 consensus site, and that there
is a static TGN retention signal that is indepen-
dent of the CK2 sites.

It is possible that phosphorylation at the CK2
site facilitates the CPD retrieval step in post-
TGN endosomes or immature vesicles by allow-
ing the CPD tail to bind AP-1. A similar model
has been proposed in which furin is efficiently
retrieved from post-TGN compartments by the
PACS-1/AP-1 mechanism [Wan et al.,, 1998;
Molloy et al., 1999]. The mutations of the CK2
sites in the cytoplasmic tails of CPD (Fig. 7,
ADA) and furin results in missorting of these
proteins to the tips of AtT-20 cells, which
resemble the mature secretory granules [Dittie
et al., 1997]. Although AP-1 binds the phos-
phorylated form of the CPD tail either directly
or indirectly, it is not clear whether the same
adaptor regulates the TGN export and retrieval
of CPD. Recently discovered AP-3 and AP-4 may
provide additional machinery that regulates
protein sorting in the TGN [Rohn et al., 2000].

The data presented in this article together
with our previous results [Varlamov and
Fricker, 1998; Eng et al., 1999; Varlamov et al.,
1999a] indicate that CPD requires both static
retention and retrieval for efficient localization
to the TGN. This finding resembles earlier work
on the cytoplasmic tail of the yeast dipeptidyl
aminopeptidase A that contains both a static
retention signal that keeps the protein in the
TGN and a FXFXD motif, which directs retrie-
val to the TGN from the prevacuolar compart-
ment [Bryant and Stevens, 1997]. A similar
aromatic residue-containing signal has been
identified in the cytoplasmic tail of Kex2p
[Wilcox et al., 1992]. While the components of
the retrieval machinery in yeast have been
identified [Brickner and Fuller, 1997; Bryant
et al., 1998; Voos and Stevens, 1998; Conibear
and Stevens, 2000], the mechanism of static
TGN retention in mammalian cells remains
unknown. The loss of TGN retention of the CPD
deletion mutants correlates with the increased
degradation rate and appearance of the proteins
at the cell surface, presumably due to a great-
er flux in the post-TGN pathway. Another
possibility is that the deletion of the C-terminal
segments of CPD results in missorting of the
mutant proteins from the post-TGN retrieval
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endosomes to lysosomes and to the cell surface.
Although deletion of the C-terminal 38 residues
of the CPD tail dramatically increases the
rate of trafficking to the cell surface (Fig. 3),
the endocytic uptake of this truncation mutant
is also affected resulting in the missorting of
internalized protein (Fig. 5). Interestingly, both
the EDE mutant and the CK2-phosphorylated
tail show an enhanced binding of AP-2, rais-
ing the possibility that phosphorylation at the
CK2 site regulates AP-2 binding and the cycling
of CPD between endosomes and the cell surface.
This is consistent with an earlier report that CK2
regulates the cycling of furin between endosomes
and the cell surface [Molloy et al., 1998].

In conclusion, we have identified several
functional subregions within the CPD tail
(Fig. 9). The FHRL sequence, which binds AP-
1 and AP-2, functions as a positive signal both
for TGN export/retrieval and endocytosis from
the plasma membrane. In addition to the FxxL
motif, the di-Leu sequence may also participate
in AP-1 binding based on the deletion analysis
(Fig. 8A) and the decreased half-life of the LL to
AA mutant (Fig. 6A). This model is consistent
with other studies, which have shown that AP-1
binds to di-Leu and is involved in the retrieval
of proteins from the endosomes to the TGN
[Rapoport et al., 1998]. Binding of AP-1 and AP-
2 to CPD requires phosphorylation at the CK2
site (Fig. 8C), possibly due to a structural
change induced by this phosphorylation. How-
ever, this phosphorylation alone is not sufficient
torelease CPD from a hypothetical TGN protein
that binds to the acidic cluster, within the C-
terminal 10 amino acids of CPD, and slows the
rate of entry into nascent vesicles. The release of
CPD from this hypothetical binding protein
may either be catalyzed by some unknown event
or it may be a spontaneous event such that the
bound and unbound forms are in equilibrium. It
is likely that phosphorylated CPD is recognized
by PACSI1 in addition to AP-1 and AP-2, and
that PACS1 binding facilitates the return of
phosphorylated CPD tothe TGN. It is not clear if
CPD is dephosphorylated during this cycle; we
have previously found that protein phosphatase
2A binds to the cytosolic tail of CPD as well as
other TGN proteins and is able to dephosphory-
late CPD [Varlamov et al., 2001]. The events at
the cell surface, although not as well defined in
the present study as the TGN trafficking events,
appear to involve at least the binding of AP-2 to
the FxxL motif (Fig. 9). As with the binding of
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Fig. 9. Model of the trafficking of CPD and the role of specific
regions within the cytosolic tail. Residues indicated within the
CPD cytosolic tail include the Phe of the FHRL sequence (F), the
di-Leu sequence (LL), the CK2-like phosphorylation site (TDT),
and the acidic cluster within the C-terminal 10 amino acids (—).
Ly, lysosomes; EE, early endosomes; PP2A, protein phosphatase
2A.

AP-1, the binding of AP-2 requires prior phos-
phorylation at the CK2 site. Further studies are
needed to identify the intracellular location of
the phosphorylation and dephosphorylation
steps as well as the hypothetical protein that
binds to the CPD tail in the TGN.
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