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Cytoplasmic domains of members of the p24 family of putative cargo receptors were
shown to bind to coatomer, the coat protein of COPI-coated transport vesicles. Domains
that contained dilysine endoplasmic reticulum retrieval signals bound the a-, B’-, and
&-COP subunits of coatomer, whereas other p24 domains bound the B-, y-, and {-COP
subunits and required a phenylalanine-containing motif. Transit of a CD8-p24 chimera
from the endoplasmic reticulum through the Golgi complex was slowed when the phe-
nylalanine motif was mutated, suggesting that this motif may function as an anterograde
transport signal. The either-or bimodal binding of coatomer to p24 tails suggests models
for how coatomer can potentially package retrograde-directed and anterograde-directed

cargo into distinct COPI-coated vesicles.

Vesicles coated with COPI mediate an-
terograde transport at various stages from
the endoplasmic reticulum (ER) through
the Golgi complex (1-3). Coatomer (4),
the coat subunit of these vesicles, is also
implicated in the retrograde retrieval of es-
caped ER proteins from the Golgi apparatus
by interacting with the COOH-terminal,
cytoplasmically oriented dilysine ER re-
trieval signals (5-7).

Members of the p24 family of transmem-
brane proteins (8—10) have been proposed
to operate as cargo receptors, selecting pro-
teins for inclusion in budding COPI- and
COPIl-coated vesicles. A mammalian p24
protein, chop24a, was identified as an abun-
dant component of Golgi-derived COPI-
coated vesicles and is present (considered
together with another family member, p23)
in stochiometric quantities in vesicles rela-
tive to coatomer (9). A yeast member,
Emp24p, is present in COPIl-coated vesi-
cles, a second class of vesicles also required
for ER-to-Golgi transport (3, 11). The lu-
minal domains of p24 proteins are predicted
to contain a membrane-proximal coiled-
coil region, and an NH,-terminal region
that is poorly conserved except for a pair of
cysteine residues that may form a conserved
disulfide bond (9). The topography of p24
proteins, the presence of several species in
coated vesicles, and the fact that disruption
of the EMP24 gene differentially affects the
kinetics of transport of diverse cargo pro-
teins are consistent with the proposed role
of p24 proteins as cargo receptors (9, 10).

The p24 family currently comprises 16
homologous proteins (Fig. 1). All p24 pro-
teins possess a phenylalanine residue in
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their cytoplasmic domain close to the trans-
membrane segment. The amino acid pre-
ceding this phenylalanine is exclusively an-
other phenylalanine in all known mamma-
lian p24 proteins, but can be a large hydro-
phobic or aromatic residue in other species
(for example, yeast). Moreover, in all
known p24 proteins with one exception
(yeast Emp24p), the absolutely conserved
phenylalanine is followed by two or three
basic residues near the COOH-terminus.
One subset of p24 proteins contains the
sequence KKXX-COOH or KXKXX-
COQCH (12), known to constitute an ER
retrieval signal (13, 14). A second subset of
p24 proteins contains one or more basic
residues COOH-terminal to the conserved

Fig. 1. The p24 family. A dendro-
gram was generated with the GCG
program pileup (26) and the entire
available sequences of 14 previ-
ously described p24 members (9)
and of the entries yp24f and yp24g.
The prefix h refers to human pro-
teins, y to yeast, a to Arabidopsis
thaliana, and cho to CHO cells;
gp25l is from dog (8) and Emp24p
is from yeast (70). The horizontal
branch lengths are proportional to
the similarity between the sequenc-
es. The amino acid sequences of

phenylalanine, but not the sequence
KKXX-COOH or KXKXX-COOH.

Cargo receptors are expected to interact
with one or more subunits of the coats of
coated vesicles to ensure their efficient
packaging along with the cargo they bind
(1). We analyzed the binding of coatomer
to a series of cytoplasmic domains of p24
proteins representing each of the two sub-
sets of tail sequences. The cytoplasmic do-
mains were fused to the COOH-terminus of
glutathione-S-transferase (GST) and ex-
pressed as wild-type proteins or as mutants
in which the conserved phenylalanine res-
idue was replaced by alanine (F—A mu-
tants). The fusion proteins were bound to
glutathione-agarose beads and incubated
with cell extracts. Binding was detected by
immunoblot analysis with antibodies specif-
ic to each coatomer subunit.

As might have been expected from stud-
ies of dilysine motifs of non-p24 proteins
lacking the conserved phenylalanine (5),
the dilysine-containing cytoplasmic do-
mains of hp24d and yp24c bound coatomer
(Fig. 2A) and preferentially interacted with
a-, B’-, and e-COP, which we term the B
(basic) subcomplex (Fig. 2B). Similar bind-
ing occurred with the wild-type and F—A
mutant proteins. These same three COP
proteins were selectively bound to a similar
extent to dilysine motifs of the ER proteins
WBP1, a component of the yeast N-oligo-
saccharyl transferase (15), and E3/19K
(E19) (16), an adenoviral protein (Fig. 3)
(5).

Three p24 tails that lack the dilysine

the COOH-terminal cytoplasmic _I-
domains are indicated in single-let- |

ter code (72). The first residue, glu-

tamine, is predicted to be located at
the border of the cytoplasmic do-
main and transmembrane span.

The absolutely conserved phenylal-
anine residue is shaded. Basic res-

motif—from  chop24a, Emp24p, and
hp24c . .QVFYLRRFFKAKKLIE
_: yp24g . .QVNYLKNYFKTKHII
 — oL ) . . OFWHLKTFEQKEKLI
gp2sl . . OMRSLENFETARKLYV
hp24e
hp24d . .OMRHLKSFEEAKKLY
yp2dc . .QLRYLKNFEVEQRVV
yp24d . . QMKHLGKFEVEQKIL
|: chop24a . QIYYLKRFEEVRRVV
hp24a . .QIFYLXRFEEVRRVV
Emp24p . .QIYYLRRFEEVTSLV
ap24a . . QVYLLRRLFERKLGMSRV
hp24b . .QVLLLKSFETERRPISRAVHS
— yp24b . .QVLLIQFLETGROKNYV
e yp2se . .QALTTIQFFETSROKNYV
yp24f . .QTATLEFTFRESRKENV

idues distal to the conserved phe-
nylalanine are in bold; basic resi-

duesin positions —3and —4or -3 r—T T
and —5 matching the dilysine ER
retrieval motif are bold and under-
lined (27).
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yp24f—also bound coatomer (Fig. 2A).
However, these tails preferentially interact-
ed with another set of coatomer subunits,
B-, v-, and {-COP. We term this group the
F (phenylalanine) subcomplex (Fig. 2B).
This interaction was specific because (i) it
was greatly reduced when the conserved
phenylalanine was replaced with alanine;
(ii) it was selective for the F subcomplex;
and (iii) other p24 tails (hp24b and yp24g)
bound much less coatomer. Because there is
no reason to believe that all p24 proteins
would be transported in COPl-coated vesi-
cles, it is not surprising that some tails do
not bind coatomer. Emp24p is known to
enter COPII-coated vesicles departing the
ER (10); our observation that Emp24p
binds coatomer suggests that Emp24p may
also enter COPI-coated vesicles and thus be
a dual coat receptor.

To confirm that the interaction of COP
proteins with the p24 tails did not require
additional proteins, we performed similar
experiments with purified coatomer and ob-
tained similar results. The possible interac-
tion of 8-COP with the panel of fusion
proteins could not be reliably analyzed be-
cause this subunit was recovered in highly
variable amounts, despite the inclusion of
protease inhibitors.

Qur observation of phenylalanine-inde-
pendent binding of p24 tails containing
KKXX-COOH or KXKXX-COOH is consis-
tent with the fact that the coatomer B sub-
complex can be released from coatomer by
exposure to high salt concentrations and

Fig. 2. Coatomer binding to
GST-p24 fusion proteins. (A)
Fusion proteins were ex- o
pressed in Escherichia coli and
bound to glutathione-agarose
beads (24). The beads were in-
cubated with CHO cell extract,
and bound coatomer subunits
were detected by immunoblot
analysis (25). p24 members
were expressed as wild-type
(F) or Phe— Ala mutant (A) pro-
teins. 24d refers to the hp24d

b
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alone binds KKXX-COOH in proteins lack-
ing the conserved phenylalanines (17). Ap-
parently, the salt conditions used previously
(5), and now by us, also result in the removal
of some or all coatomer suburiits not directly
attached to the cytoplasmic domains of p24
proteins. Thus, we suggest that one or more
of the F subcomplex subunits (B-, y-, and
{-COP) binds to a subset of p24 cytoplasmic
domains in a manner that requires the con-
served phenylalanine located at position —7
to —9 proximal to the COOH-terminus.
Residues adjacent to the phenylalanine may
also be important for coatomer interaction
because hp24b and yp24g showed little
coatomer binding (Fig. 2).

If it is physiologically relevant, the extent
of F subcomplex binding would be expected
to be similar to that of B subcomplex bind-
ing. We therefore compared coatomer bind-
ing to the cytoplasmic domains of WBP1
(15), E19 (16), and a set of p24 proteins.
Binding to WBP1 and E19 was dependent
on the dilysine motif; it was abolished when
the lysines were replaced with serines (Fig.
3) (5). The amounts of coatomer subunits
that interacted with hp24d, Emp24p, and
chop24a were similar to those that bound to
WBP1 and E19 (Fig. 3).

Cargo receptors, probably including p24
proteins and possibly the VIP36 family of
lectins (18), must move bidirectionally as an
essential aspect of their function. Such pro-
teins can thus be expected to contain a
mixture of anterograde and retrograde trans-
port signals in their cytoplasmic tails. The

-
24a 24p 24f 24b 2ag B O

g ) Taiis pres" —

' oo P

— ——— ———

BN

FA FA FA

g -
FA FA

Sub-
complex B
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chop24a, 24p is Emp24p, 24f
is yp24f, 24b is hp24b, and
24g is yp24g. Lane labeled B

GST refers to binding to GST  pp-
protein as a control; CE refers  yp-
to immunoblot analysis with
1 wl of CHO cell extract for
comparison. (B) Summary of
cytoplasmic domains (72) and
coatomer interactions. The
absolutely conserved phenyl-
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teins is shaded. Basic resi-
dues distal to the conserved
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phenylalanine are in bold; basic residues in positions —3 and —4 or —3 and —5 matching the dilysine ER

retrieval motif are bold and underlined (27).
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dilysine motifs that direct binding to the B
subcomplex operate as retrograde transport
signals in vivo (5, 13, 14). However, the
possibility suggested by our binding data that
p24 tails that lack dilysine motifs may also
constitute a transport signal requiring the
conserved phenylalanine has not been ana-
lyzed. To test the physiological relevance of
the phenylalanine-containing motif of F sub-
complex—binding p24 tails, we analyzed
CDB8-p24 chimeras in transiently transfected
mammalian cells. The CD8 protein has been
used previously to define cytoplasmic- and
transmembrane span—targeting sequences
(13, 14, 19). The transmembrane segment
and cytoplasmic domain of chop24a were
joined to the luminal domain of human
CDS8; either the wild-type tail (24a FF) or a
mutant in which the two phenylalanines of
the chop24a cytoplasmic tail were replaced
by alanine (24a AA) was used. We mutated
both phenylalanine residues because they are
conserved in all known mammalian p24 pro-
teins, and because established vesicle sorting
motifs typically contain two conserved resi-
dues (1). Immunofluorescence analysis
showed that the 24a FF protein was localized
to the cell surface in unpermeabilized cells
(Fig. 4C). In permeabilized cells, 24a FF was
also detected in a juxtanuclear area, presum-
ably the Golgi complex (Fig. 4A). The mu-
tant 24a AA was present at the cell surface
in unpermeabilized cells (Fig. 4D); however,
in contrast to 24a FF, marked labeling of

Cytoplasmic tail sequence
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Fig. 3. Coatomer binding to WBP1 and E19.
Fusion proteins were expressed in E. coli and
bound to glutathione-agarose beads, which
were then incubated with CHO cell extract.
Bound coatomer subunits were detected by im-
munoblot analysis. WBP1 and E19 were ex-
pressed as wild-type (K) or mutant (S) (lysine
residues at positions —3 and —4 replaced with
serines) proteins (28). 24d refers to the hp24d
protein, 24p is Emp24p, and 24a is chop24a.
Lanes labeled GST and CE are as described for
Fig. 2A. See (12) for amino acid abbreviations.

1397



Fig. 4. Localization and ¢
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chop24a tail were re- a 24aAAi

504
40+
30+
20_ o
101..1‘-"'

placed by alanine (24a
AA) [(B) and (D)], were an-
alyzed in transiently trans-
fected COS-7 cells 42
hours after transfection
(29). The cells were incu-
bated for 3 hours in medium containing cycloheximide (10 wg/ml) before fixation. They were permeabilized 0 20 40 60 80
with Triton X-100 [(A) and (B)] or left unpermeabilized [(C) and (D)] before labeling with antibodies to CD8 and
secondary antibodies. Representative images are shown (because of the relative inefficiency of transfection,
it was difficult to show more than two transfected cells per field in a common focal plane). The punctate staining probably represents background labeling
also present on nonpermeabilized cells. Bar, 10 wm. (E) Pulse-chase analysis of COS-7 cells transfected with CD8 chimeras. Forty-two hours after
transfection with the 24a FF or 24a AA constructs, COS-7 cells were labeled for 20 min with [*3S]methionine and [3®S]cysteine and then incubated for
0, 15, 30, 45, 60, or 120 min in medium containing unlabeled methionine and cysteine. The cells were lysed with Triton X-100, and the CD8 chimeras
were isolated by immunoprecipitation (30) and subjected to SDS—polyacrylamide gel electrophoresis on a 12% gel. The CD8-chop24a precursor (p),
intermediate (i), and mature (m) O-glycosylated forms (20) are indicated. Control (Con.), immunoprecipitation from nontransfected cells. The intermediate
form comigrated with the 29-kD molecular size standard. (F) Quantitation of the pulse-chase analysis. The amounts of the mature and intermediate
O-glycosylated forms (20) of 24a FF and 24a AA in (E) were determined by densitometric scanning of autoradiograms (exposed for 48 or 72 hours with

Protein amount (% of total) ™

100 120

Time (min of chase)

similar results; data from the 48-hour exposure are shown).

juxtanuclear structures, presumably the
Golgi complex, and labeling of the nuclear
envelope and ER were apparent in perme-
abilized cells (Fig. 4B), suggesting that a
fraction of the CD8 chimera was now
present in earlier segments of the secretory
pathway.

A pulse-chase analysis was performed to
monitor the extent and rate of transport of
24a FF and 24a AA from the ER through the
Golgi complex. The time required to receive
O-linked glycans (attached to the CD8 lu-
minal domain) that had been processed to
mature (sialic acid-containing) forms in the
medial- or trans-Golgi (20) was greatly in-
creased for the 24a AA chimera relative to
24a FF (Fig. 4, E and F). Moreover, there was
an apparent accumulation of 24a AA chi-
meras that had received glycans processed to
intermediate (N-acetylgalactosamine—con-
taining) forms in the cis-Golgi (20), suggest-
ing that intra-Golgi transport of 24a AA was
slowed relative to that of 24a FF. The overall
time required for half of the chimeras to
receive intermediate and mature glycan
forms, considered together, was increased
from ~35 min for 24a FF to ~105 min for
24a AA, and the appearance of the interme-
diate form was delayed for 24a AA, suggest-
ing that the rate of ER export of 24a AA was
reduced relative to that of 24a FF. However,
the extent of dimerization, as judged by the
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appearance of disulfide-linked CD8 dimers
on nonreducing gels (20, 21), was similar for
24a FF and 24a AA, with between 40 and
50% dimers at 30 min of chase in both
instances, confirming the expectation (13,
14, 19, 21, 22) that the folding of the fusion
proteins was not affected by the different
cytoplasmic domains. Moreover, the half-
lives of both chimeras (~5 hours) were sim-
ilar, suggesting that neither protein was se-
lectively degraded relative to the other.
Because viral glycoprotein oligomers are
transported to the Golgi within a few min-
utes of completion of their folding (23), and
because the folding of both chimeras (as
judged by the time required for dimeriza-
tion) requires about the same time as export
to the Golgi for 24a FF (typical for most
exported proteins), the increase of ~70 min
in the time needed for processing of 24a
AA by the Golgi seems to indicate a
marked slowing of export of 24a AA out of
the ER, without an effect on the rate of
folding. This result shows that the con-
served phenylalanine residues that are re-
quired for binding to the F subcomplex of
coatomer can also affect the trafficking of
p24 proteins in cells, and, in particular,
suggests that they may contribute to a motif
that signals forward transport from the ER
to the Golgi and within the Golgi.
In summary, coatomer binds a variety of
SCIENCE »
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p24 proteins, not only those with dilysine
retrograde transport signals but also others
that lack this motif, implying that proteins
of this family may be both cargo and coat
protein receptors. Coatomer is at least biva-
lent, interacting differentially with different
cytoplasmic tail sequences through different
subcomplexes. Specifically, coatomer can
bind dilysine-containing backward (retro-
grade) transport signal peptides through its
B subcomplex and can bind phenylalanine-
dependent potential forward (anterograde)
transport signal peptides through its F sub-
complex. This scenario raises the possibility
of conformational switching mechanisms by
which p24 and other proteins such as v-
SNARE: [vesicle-specific soluble NSF (N-
ethylmaleimide-sensitive fusion protein)
attachment protein receptors], by binding
to mutually exclusive sites present in either
anterograde or retrograde conformations of
coatomer (but not in both), could direct a
single species of coatomer to collect antero-
grade- versus retrograde-directed membrane
cargo and targeting proteins into separate
vesicles formed by distinct conformers.
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CD8 (Ortho) and fluorescein-conjugated goat anti-

bodies to mouse immunoglobulin (Molecular Probes)

were used at a dilution of 1/30 and 1/100, respec-
tively, for immunofluorescence.

Pulse-chase analysis and immunoprecipitation with

the OKT8 monoclonal antibody were performed es-

sentially as described [M. R. Jackson, T. Nilsson, P.

A. Peterson, J. Cell Biol. 121, 317 (1993)] but with

protein G-agarose (Boehringer).
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A Neostriatal Habit Learning System in Humans

Barbara J. Knowlton, Jennifer A. Mangels, Larry R. Squire*

Amnesic patients and nondemented patients with Parkinson’s disease were given a
probabilistic classification task in which they learned which of two outcomes would occur
on each trial, given the particular combination of cues that appeared. Amnesic patients
exhibited normal learning of the task but had severely impaired declarative memory for
the training episode. In contrast, patients with Parkinson’s disease failed to learn the
probabilistic classification task, despite having intact memory for the training episode.
This double dissociation shows that the limbic-diencephalic regions damaged in am-
nesia and the neostriatum damaged in Parkinson’s disease support separate and parallel
learning systems. In humans, the neostriatum (caudate nucleus and putamen) is essential
for the gradual, incremental learning of associations that is characteristic of habit learn-
ing. The neostriatum is important not just for motor behavior and motor learning but also
for acquiring nonmotor dispositions and tendencies that depend on new associations.

Students of brain and behavior have long
recognized that double dissociations (1)
provide the strongest evidence for separat-
ing the functions of brain systems. Recent
work with experimental animals has disso-
ciated hippocampal and dorsal striatal
learning systems (2). Rats with lesions of
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the hippocampus or anatomically related
structures were impaired on tasks thought
to require spatial, relational memory, but
they were intact at tasks of habit learning
that require the gradual, incremental learn-
ing of associations. Lesions of the dorsal
striatum produced the opposite pattern of
results.

Evidence for separate memory systems
has also been obtained in humans (3). For
example, amnesic patients are profoundly
impaired on conventional tests of declara-
tive (explicit) memory that assess recall and
recognition, but they are intact at a variety
of nondeclarative (implicit) memory tasks
that assess skill learning, simple forms of
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