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We have identified two closely related human proteins
(o34 and o3g) that are homologous to the small chains,
0, and o,, of clathrin-associated adaptor complexes.
Northern and Western blot analyses demonstrate that
the products of both theo;, and o35 genes are expressed
in a wide variety of tissues and cell linesosa and o3
are components of a large complex, named AP-3, that
also contains proteins of apparent molecular masses of
47, 140 and 160 kDa. In non-neuronal cells, the 47 kDa
protein most likely corresponds to the medium chain
homolog p47A, and the 140 kDa protein is a homolog
of the neuron-specific proteinf-NAP. Like other mem-
bers of the medium-chain family, the p47A chain is
capable of interacting with the tyrosine-based sorting
signal YQRL from TGN38. Immunofluorescence
microscopy analyses show that thes-containing com-
plex is present both in the area of the TGN and
in peripheral structures, some of which contain the
transferrin receptor. These results suggest that thes;
chains are components of a novel, ubiquitous adaptor-
like complex involved in the recognition of tyrosine-
based sorting signals.
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Introduction

1989; Changet al, 1993; Sorkin and Carpenter, 1993;
Sosaet al, 1993; Bollet al, 1995; Gilboaet al, 1995;
Ohnoet al, 1995; Sorkiret al., 1995). The AP-2 complex
consists of two large chaingi{ and (3,- or pB;-adaptin,
~100 kDa), a medium chairpg, ~50 kDa) and a small
chain ©,, ~17 kDa) (reviewed by Keen, 1990; Pearse and
Robinson, 1990; Kirchhausen, 1993). Recent studies have
demonstrated thgt, has the ability to bind a subset of
tyrosine-based signals with sequence requirements that
are consistent with it being the signal-recognition compon-
ent of the AP-2 complex (Ohnet al, 1995).

In addition to playing a role in endocytosis, some
tyrosine-based signals have been shown to function in the
biosynthetic targeting of integral membrane proteins to
lysosomes (Wiliams and Fukuda, 1990; Harter and
Mellman, 1992; Mathewset al, 1992). Targeting to
lysosomes is thought to occur largely through clathrin-
coated areas of theans-Golgi network (TGN), although
an indirect route through the plasma membrane has also
been proposed (Brauet al, 1989; Nabiet al, 1991;
Harter and Mellman, 1992; Matheves al, 1992). TGN
clathrin coats contain an adaptor complex known as AP-
1, which is structurally similar but distinct from AP-2
(Keen, 1990; Pearse and Robinson, 1990; Kirchhausen,
1993). AP-1 is also composed of two large chaipsand
31- or B,-adaptin, ~100 kDa), a medium chaip,( ~47
kDa) and a small chainog, ~19 kDa). Likep,, 1, has
been shown to be capable of interacting with tyrosine-
based signals (Ohnet al., 1995).

The mechanisms by which tyrosine-based signals
mediate transport to distinct compartments (i.e. endo-
somes or lysosomes) are still poorly understood. It is
likely that different tyrosine-based signals interact
preferentially with either AP-2 or AP-1 and that this
preferential interaction determines the sorting processes
in which particular signals are involved. The problem
of fine specificity in the recognition of tyrosine-based

The interaction of signals present in the cytoplasmic Signals is certain to be more complex than originally
domains of integral membrane proteins with cytoplasmic anticipated, as it is now clear that there are additional
membrane coats is now regarded as a general mechanisrgorting processes, distinct from internalization and
of protein sorting at several stages of the endocytic and lysosomal targeting, that also rely on tyrosine-based
secretory pathways. Among the best characterized sortingsignals. These processes include sorting from early to
signals are sequences of four to six amino acid residueslate endosomes (Rohreet al, 1996), delivery to
having a critical tyrosine residue (reviewed by Trowbridge specialized endosomal/lysosomal organelles such as
et al, 1993; Bonifacinoet al, 1996). These tyrosine- MHC class Il antigen-processing compartments (Lind-
based signals were first implicated in the internalization stedtet al, 1995; Markset al, 1995), retrieval to the

of endocytic receptors from the cell surface (Dagisal, TGN (Bos et al, 1993; Humphreyet al, 1993;
1986), a process that involves concentration of the recep-Ponnambalamet al, 1994), and targeting to the
tors in clathrin-coated pits of the plasma membrane basolateral plasma membrane of polarized epithelial
(Goldsteinet al, 1979). The recruitment of endocytic cells (reviewed by Matter and Mellman, 1994). The
receptors to clathrin-coated pits is mediated by an inter- growing diversity of the processes mediated by tyrosine-
action between tyrosine-based signals in the cytoplasmicbased sorting signals makes it difficult to explain the
domains of the receptors and the clathrin-associatedfunction of the signals solely on the basis of interactions
adaptor complex AP-2 (Pearse, 1988; Glickmetnal, with the AP-1 and AP-2 adaptors. It is thus conceivable
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that there may be other adaptor-like complexes that 2 1

mediate some of the adgitional sorting functions attrib- P, 1O LAt N GRERLEKY pyssDTgEgII eELESKERE T
uted to tyrosine-based signals. _ g2 gg% L@%ggggm e g;gwgi;g
Ultrastructural studies have provided evidence for the o3  SERFEYOTRAS TR ERIOF DDDEKEKL T ERVHAVIYTVAEAKHTIL

existence of novel membrane coats on endosomes 7 S ———

100
(Whitney et al, 1995; Anientoet al, 1996; Stoorvogel oA o E(C T e b
et al, 1996) and on the TGN (Ladinskgt al, 1994), SR G e o i v e

two stations where some of the additional sorting events 0 s

. K 1 0
mentioned above might take place. Some endosomal LI 2 CE L DL IF gy Vi LEENMNE TV TREIDAQNKIEKS
coats have been shown to contain clathrin but no AP- M g%s;ﬁ%?ﬁﬁgg@gg%ﬁ%ﬁ
1 or AP-2 (Stoorvogelet al, 1996). Other endosomal o2 A R RVIGNE VIS Y TVVDIMF LASE TRENSQTKVLKELLMLOSIZE . -

coats seem o be related to the coatomer or COP' IESAIGLAGAPARAVS“VKNMNLPEIPRNINICDISIKVPNLPSlF?}%
: . o A 3

(Whitney et al, 1995; Anientoet al, 1996), a non- can EGGLSAAPARAVSE\/KNINLPEIPRNINIGDLNIKVPNLSQFV

clathrin coat (Orciet al, 1986). Finally, a novel non- g1 DESPROVLEEMGLZ. roovorerreeereeeee e

clathrin, adaptor-related complex has been shown to
exist in association with the TGN and the plasma

membrane of cells of neuronal origin (Newma al, b

1995; Simpsoret al., 1996). Biochemical characterization O3A 038
of this complex has revealed a heterotetrameric structure %l %S %1 %S
reminiscent of AP-1 and AP-2; the apparent molecular Gaa 100 100 84 92
masses of the subunits of this complex are 160, 120, 038 84 o2 100 100
47 and 25 kDa (Simpsoet al, 1996). The ~120 kDa - §? :; 2(9’ :Z
subunit corresponds t@-NAP, a recently described tcop 21 42 19 4
neuron-specific homolog @;- and (3,-adaptin (Newman SPAC30D11.05 49 64 46 61
et al, 1995), while the ~47 kDa subunit corresponds Yj;f\(?;‘ieo) ?g i‘s‘ ?3 i‘;
to either p47A or p47B, homologs of the adaptor :))478(1-180) 18 a4 6

medium chainsy; and W, (Pevsneret al, 1994). The
160 and 25 kDa subunits were not |dent|f|¢d, although Fig. 1. Comparison of the primary structures @f, and dsg with
they are presumably related to- and y-adaptin and t0  those of other members of the adaptor small chain family and of
the adaptor small chaine; and o,, respectively. The members of the adaptor medium-chain family. The cDNA sequences
antibodies tof-NAP and 1o the pd7 isoforms used in © Fas a0 S22 SR 0 1 coies and 00459, respecinely
the characten;atlon_ of this complex detected its Presence ;) wuiiple sequence alignment of human, humanasg, ’mousecl
almOSt eXC|USIV€|y N neUfOﬂa| or neuroendOCrlne Ce”S, and rato'z_ Sequences were a”gned using the PILEUP program.
suggesting that the complex must play a role in the Residues that are conserved in at least three of the four sequences are
function of the nervous system (Newman al, 1995; highlighted on a black background. A dashed line marks the segment
Simpson et al, 1996). The fact that p47A is also correspondlng to the adaptor complex small chain signature (PROSITE
di | 1 P | 1994 accession code PS00989). The sequenamgfthat was used to raise

expressed In non-neurona t'$5lJeS ( evsnel, - )’ . a polyclonal antibody is underlinedb) Identity (I) and similarity (S)
however, suggests that a similar complex might exist values obtained by comparing the primary structurespfand dzg
in other cell types. with the following amino acid sequences [SWISS-PROT (sp) or

In this paper, we report the existence of a ubiquitously GeneBank (gb) accession codes are given in parentheses]: mpuse

i . 5 (sp: Q00382), rat, (sp: Q00380), boving€-COP (sp: P35604),
expressed adaptor-like protein complex, named AP-3, S pombmpen reading frame SPAC30D11.05 (sp: Q09905),

f[hat Shares_ with AP-l and AP'Z the property _Of S.cerevisia@pen reading frame YJL024c (sp: P47064), rat pA7A
interacting with tyrosine-based signals. The identification (gb: L07073) and rat p47B (gh: L07074).

of this complex was made possible by the cloning of

two novel cDNAs encoding proteins that have ~30% tyrosine-based signals in sorting processes that do not
sequence identity to the adaptor small chams and involve AP-1 or AP-2.

0,. The two proteins, named;, and osg, are very

closely related to each other (84% identity at the amino Results

acid level) and are expressed in all cells and tissues

examined. An antibody that recognizes bath proteins Identification of cDNAs encoding two novel
immunoprecipitates from non-neuronal cells a complex adaptor small chain homologs, o35 and c3g

similar to the B-NAP-containing complex previously A search of the dBEST database of expressed sequence
described in cells of neuronal origin. The complex tags for homologs of the known adaptor subunits revealed
consists of an as yet unidentified ~160 kDa protein, a the existence of two distinct groups of human sequences
~140 kDa protein related t§-NAP, the medium-chain  that encode polypeptides with significant homology to the
homolog p47A, and a low-molecular-mass protein adaptor complex small cbasrsio,. One cDNA clone
corresponding to eitheoz, or osg. Analyses using the  from each group was obtained from public repositories and
yeast two-hybrid system demonstrate that the p47A sequenced. Alignment of the translated sequenges with

subunit of this complex interacts specifically with andao, indicated that both clones lacked portions of their
tyrosine-based signals. Immunofluorescence microscopy ' opén reading frames; the missing segments were isolated
analyses suggest that the complex is associated, at leadby a 5 RACE procedure. The compiled sequences predict

in part, with an endosomal compartment. Thus, this two proteins that display 84% identity and 92% similarity
complex may be responsible for the recognition of relative to each other (Figure 1). The two novel proteins
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were namedo;, and o3z because of their homology to

-]

© W
0, ando, and because they are so closely related to each e g e 5 y g § E ﬁ 2 E% 5.
other. Bothoz, and o35 share ~30% identity and ~47% $§Es5 2 28 2ELS3ESD
similarity with mouseo; and rato, over almost the entire
length of their sequences (Figure 1). The sequences of the 95- sy
small chains diverge towards the carboxy-terminus, with 75- Vi
034 and oz having an additional extension that makes 44-
the predicted proteins larger thapando,. The predicted O3A ,,4 24
molecular masses af;, andozg are 21 732 and 22 017
Da, and their calculated isoelectric points are 5.2 and 5.1, 14- NS .." 14- WeBOe .
respectively.

Additional database searches revealed thatandogg

display significant homology not only to; and g, but o
also to the coatomer suburitCOP (Kugeet al, 1993) ‘% 8 §§ c28. i_% =
and to the conceptual translations of two open reading sfsfeise 15%% 3 § ]
frames from the yeastSaccharomyces cerevisiaand LBt T W E RS
Schizosaccharomyces pomfeigure 1b). All of these 98-

sequences contain a segment conforming to the consensu: 3a:
[L, I, V, M],Y[K, RIX,LYF (indicated by a dashed line 4
in Figure l1a), which is considered a signature for the

small chains of adaptor-like complexes (according to the 038  24-
PROSITE database). In addition, the amino acid sequences 14-
of 034 and oz exhibit a low but significant degree of

 eweee-
24-
14-
similarity to the amino-terminal half of members of the

medium chain family, particularly to p47A and p47B Fig. 2. Northern blot analysis of the expressionajy and sz

(Figure 1b); this relatedness was previously noted in @ mRNAs in various human tissues. Multiple tissue RNA blots were

comparison of other small and medium chains (Cosson analyzed with*?P-labeled probes fassa andozs mRNAs. The

et al, 1996). These observations suggest that all of the Lr;lgratlon of RNA size markers (in kb) is indicated on the left of each
; ot. One mMRNA species was observed @y and three foiosg in

above proteins _eVOlved from an ancestral precursor andy tissyes examined. The same three RNA species were observed

that they are likely to share some structural or func- using two different probes derived from either theudtranslated

tional features. region (shown in the figure) or from the open reading frame (not

shown) of theozg cDNA.

. B
.

Expression of the o35 and o3 mRNAs in multiple

tissues and cells GST-o035(113-193) fusion proteins on Western blot ana-
Because some of the subunits of adaptor-related complexedyses (data not shown); we therefore refer to the species
are expressed in all cells while others are neuron-specific, detected by this antibody genericallpsagxpected,

it was of interest to examine the pattern of tissue expressionthe antibody did not cross-react with components of the

of theoza andasg MRNAS. Northern analyses of multiple AP-1 and AP-2 adaptor complexes (data not shown).
tissue blots revealed the presence of mMRNA species forWestern blot analyses revealed a major protein species of
both proteins in all tissues examined, although their ~20 kDa in human cells of both non-neuronal (M1, RD4,
expression levels varied widely (Figure 2). For baotdy HelLa) and neuronal (H4, SK-N-MC, SK-N-SH) origins
andosg, the mMRNAs were particularly abundant in heart, (Figure 3a), thus confirming the predicted size and the
skeletal muscle, pancreas, testis and ovary.cghgnRNA widespread distribution of these proteins. A small amount
consisted of a single species of 1.5 kb while three mRNA <5%) of faster-migrating species was observed in some
species of 2.0, 2.9 and 6.0 kb were observedotgr The cell lines, most notably in RD4 and HelLa cells (Figure
same species a3, andozg MRNAs were detected in all 3a). Recognition of both the major and the minor species
human cell lines examined, including M1 (fibroblast), by the antibody was specific, as demonstrated by inhibition
MOLT-4 and Jurkat (T-cell ymphomas), HeLa (epitheloid of antibody binding by the correspordingeptide
carcinoma), H4 (neuroglioma), RD4 (rhabdomyosarcoma) (Figure 3a). The apparent molecular mass aaf was

and NTera2 (embryonal carcinoma) (data not shown). dependent on the type of gel system used. The values
These results suggest that expressiorogf and 03g is obtained for the major species in Tricine and Laemmli
widespread among different cell types rather than restricted gels were ~20 and 23 kDa, respectively. This behavior
to a particular type, as is the case fHNAP (Newman was also observed fam vitro-translateds;, andosg (data
et al, 1995) and p47B (Pevsnet al, 1994). not shown).

Western blot analyses were used to estimate the amount
Detection of the o34 and o3g proteins using a of a3 present in M1 cells. To this end, we compared the
specific antibody signal generated from a known number of cells with a
In order to study the properties of thg, andasg proteins, calibration curve obtained using known amounts of the

we prepared a rabbit polyclonal antibody to a sequence B&(+13-193) fusion protein (data not shown). This
near the carboxy-terminus afzg (underlined in Figure method yielded a quantity of ~110° copies ofo; per

1a); this sequence is almost identical to the analogous cell. We were also interested in determining which of the
sequence iro3, but has no correlate in either, or o,. two forms ofo; (034 Or 03g) Was the predominant species
The antibody reacted with both GS33,(113-193) and in M1 cells. Fortunatelyn vitro-translated o3, and
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Fig. 3. Analysis of the expression af; species in various human cell
lines and comparison of its electrophoretic mobility with those of

in vitro-translatedos, andosg. (a) Western blot analysis. Whole-cell
lysates from the human cell lines indicated in the figure were resolved
by Tricine —SDS-PAGE (10% acrylamide) and subsequently blotted
onto PVDF membranes. The blots were probed with an affinity-
purified antibody togs, in the absence or the presence of a competing
peptide derived fronosg (0.25 mM). p) Comparison of the
electrophoretic mobilities oifh vitro-translatedo;, and osg with that

of a3 from M1 cells. Endogenous; was immunoprecipitated from
353-labeled M1 cells with the anti; antibody. A non-specific (NS)
control for the immunoprecipitation from M1 cells was performed by
using an irrelevant rabbit antibody. Samples were fractionated on a
4-20% gradient SDS-PAGE gel (Laemmli system) and protein bands
were detected by fluorography. In both (a) and (b), the positions of
molecular mass standards (in kDa) are indicated on the left.

o3p displayed different electrophoretic mobilities on both
Laemmli (Figure 3b) and Tricine (not shown) gels, with
O35 Migrating more slowly thanosg. Endogenousos
isolated from metabolically labeled M1 cells co-migrated
with o35 (Figure 3b), thus suggesting thak, is the
predominant species in M1 cells.

o3 exists as part of both a cytosolic and a
membrane-bound pool
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Fig. 4. Analysis of the association a@f; with membranes.a) M1 cells
were lysed in either buffer A (10 mM HEPES, pH 7.0, 0.15 M KCI,
1 mM EGTA, 0.5 mM MgC}, 1 mM dithiothreitol) or buffer B

(10 mM HEPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA, 0.5 mM
MgCl,). Cytosol (C) and membrane (M) fractions were prepared by
centrifugation. ) Membranes prepared in buffer A were extracted
with 0.2X buffer A containing either no additions (=) or the additives
indicated in the figure. Supernatant (S) and pellet (P) fractions were
prepared by centrifugation. In both (a) and (b), the presenas ofas
determined by Western blot analysis.

KCl-containing buffer (~65%), presumably because KCI
caused partial dissociation of the protein from membranes.
To study the nature of the association @f with mem-
branes, microsomes from M1 cells were incubated with
different concentrations of urea or salts; after centrifuga-
tion, we tested for the presence of the protein in supernatant
(S) and pellet (P) fractions. The membrane-associated
form of o3 was resistant to 3 M urea but could be extracted
with 0.2 M NaCO; and with various concentrations of
NaCl and Tris—HCI (Figure 4b), thus indicating thag
behaves as a peripheral membrane protein. Therefore, the
distribution of 3 and the nature of its association with

membranes are consistent with it being a component of a
membrane coat. Additional Western blot analyses revealed

tbogtwas barely detectable in preparations of purified
clathrin-coated vesicles, in contrast ¢eadaptin which

was highly enriched in such preparations (data not shown).
This observation suggests thaj is not associated with
clathrin-coated vesicles.

A characteristic of both clathrin and non-clathrin coats is o3 is a component of a large-sized complex
that they cycle between cytosolic and membrane-bound To determine whetheos is part of a complex, cytosol

pools (Rothman and Wieland, 1996; Schekman and Orci,

1996). To assess whetheg could potentially share this

property with other coat proteins, we determined the

relative amounts ofi; in cytosol (C) and total membrane
(M) fractions. After homogenization of M1 cells in either

from M1 cells was fractionated by gel filtration on
Superose 6 andr; was detected by Western blotting
(Figure 5a). The vast majority of cytoselas found
to elute as a homogeneous, large-sized species with a
Stokes’ radius of ~85 A. A small amouoy peaked at

a KCl-containing (Figure 4a, A) or a sucrose-containing later fractions, corresponding to a Stokes’ radius of ~28 A
buffer (Figure 4a, B)g5 partitioned into both the cytosolic (Figure 5a); extracted from membranes behaved sim-

and membrane fractions. The amount of membrane-associ-larly to cytosolicas, except for the absence of the smaller
atedo; was higher in lysates prepared with the sucrose- species (Figure 5b). Thus, both the soluble and membrane-
containing buffer (~80%) than in those obtained with the associated forms af; are components of a large complex.
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Fig. 5. Gel filtration analysis ob3. (a) Cytosol from M1 cells was
fractionated by gel filtration on Superose 6. Fractions 25 to 50 were
analyzed by SDS—-PAGE and Western blotting. The blots were divided
into three horizontal strips that were probed with antibodiesz{op47
or a-adaptin, as indicated in the figurda) (A membrane pellet from
M1 cells was extracted with 02 buffer A containing 0.5 M Tris—
HCI, and the solubilized material was fractionated on a Superose 6
column. The column fractions were analyzed for the presenag af
described above. The elution positions of thyroglobulin (Thy),
apoferritin (Apo), bovine serum albumin (BSA), carbonic anhydrase
(Anh) and cytochrome c (Cyt) are indicated; their Stokes’ radii are
given in Angstroms.

Theoz-containing complex appears to be larger than AP-2
(Stokes’ radius ~66 A), as demonstrated by probing of
the same blots with an antibody ¢eadaptin (Figure 5a).

Components of the cz-containing complex

To identify other components of thes-containing com-
plex, we took advantage of the fact that our antibody to
03 is capable of immunoprecipitating the metabolically
labeled protein from M1 cells (Figure 3b). In order to

A ubiquitous adaptor-like complex
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Fig. 6. Immunoprecipitation of as-containing complex from

cytosolic samples fractionated on a 5—20% linear sucrose gradient. A
cytosolic extract of $S]methionine-labeled M1 cells was fractionated
by centrifugation on a 5-20% linear sucrose gradient. Fractions were
collected from the bottom of the gradients and immunoprecipitated
with either an irrelevant antibody (control) or an antibodyotp
Immunoprecipitates were resolved by 4-20% SDS—PAGE (Laemmli
system). The positions of molecular mass markers (in kDa) are
indicated on the left. Notice the co-precipitation of a complex of
proteins of apparent molecular masses 160, 140, 47 and 23 kDa in
fractions 9-11 of the gradient.

(data not shown). This anti-p47 antibody recognized on

Western blots a ~47 kDa protein from M1 cells which co-
eluted withon Superose 6 gel filtration (Figure 5a).

separate background bands, cytosol from metabolically Further evidence that p47A is a component of the

labeled M1 cells was fractionated on a linear sucrose

gradient before immunoprecipitation af; from each
fraction. Using this method, we could clearly see that the
anti-o; antibody immunoprecipitated, in addition tm;,

three other species of apparent molecular masses 47, 140

containing complex was obtained from immunoprecipi-
tation—recapture experiments. In these experiments, the

complex was first isolated with the; amtibody and
then denatured to induce dissociation of the complex and

unfolding of the polypeptide chains. The denatured sample

and 160 kDa (Figure 6, lower panel). Immunoprecipitation was subjected to re-precipitation with either irrelevant

of the three new species was specific, as demonstrated by antibodies or antiboshesr tp47. The negative and

their absence in the non-specific control immunoprecipi- positive control re-precipitations gave the expected results:

tation (Figure 6, upper panel). These three species co- no bands were seen in the lanes corresponding to the

sedimented witlo; on the gradients, further demonstrating irrelevant antibodies (to TGN38 or BSA), while a 23 kDa

that they are all part of a single complex. Thus, the subunit protein band was seen in tg lamiés (Figure 7).

composition of theoz-containing complex resembles that Variable amounts of high-molecular-mass (140-160 kDa)

of AP-1 and AP-2 as well as that of the neuron-specific, species were observed in the lane corresponding to the

B-NAP-containing complex (Simpsaoet al, 1996). anti-oz antibody (Figure 7), presumably reflecting an
What are the other components of tlyg-containing incomplete dissociation of the complex during the dena-

complex? The recently described medium-chain homolog, turation step. As hypothesized, the anti-p47 antibody

p47A, is a likely candidate for the ~47 kDa species recognized the ~47 kDa subunit of the complex isolated

because it has a predicted molecular mass in the regionfrom both M1 fibroblasts and HelLa cells (Figure 7),

of 47 kDa and, unlike its closely related homolog p47B, suggesting that p47A is a componenbgicthrdaining

it is expressed in all tissues examined so far (Pevsnercomplex. A similar result was obtained with the neuro-

et al, 1994). To address this issue experimentally, we blastoma-derived cell line SK-N-SH (Figure 7), although

prepared a polyclonal antibody to residues 393—404 of in this case it is uncertain whether the ~47 kDa subunit

p47A. The affinity-purified antibody reacted on Western
blots with both GST—p47A and GST—p47B but did not
cross-react with the adaptor medium chajmsand .,

corresponds to p47A or p47B.
In a recent report (Simpsoet al, 1996), p47B was
shown to be a component of a protein complex with
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e ... B - to 03 and p47 (data not shown). These constructs were
g . L g < . 3 P i 8 tested for interaction with the tyrosine-based signal,
aos~ BRe3IE 8piif des it YQRL, from TGN38 (Boset al, 1993; Humphreet al.,
200- 200 o 200 - 1993) and with a mutant of this signal, AQRL, both
o7. e % | . . presented in the context of the GAL4 DNA binding
:‘:: x - :: domain. Interactions were evidenced by growth of the co-
:: i i transformed yeast cells on histidine-deficient plates and
:':: - 2. W ! 5. by the expression op-galactosidase activity. As shown
14- 14- 18- in Figure 8, p47A, but noto;, and oz, was able to
_ o o interact specifically with the tyrosine-based signal in both
i';'ﬁhJr-]Ldperggif;;g't?onnﬁecgg&?ge’%fg‘_’;g%;ﬁ?nngac'g'rg%Iggn\j\ggx by assays. The magnitude of the interaction of p47A with
immunoprecipitated from metabolically labeled M1, HeLa and SK-N- the Y_QRL signal was Comp?‘rable with tha:t, Opserved_for
SH cells with an antibody ta@s. The immunoprecipitated complex Hz (Figure 8). p47B also displayed specific interaction
was denatured by heating in the presence of SDS. After dilution with ~ with the YQRL signal, but only in the growth assay and
bu:_fgrydaliqté?tSTVée’\:gssubjgcstzgi to :%P(;?Cilgatiortl Wizfl?i”elevam not in thep-galactosidase assay (Figure 8). This different
an! odies (to pr , anti 0 les X orto p4/, an r |V| in h Wi | r | h
antiserum tq_3-NAP or its corresponding preimmune serum (Pre). fg?tc tthz:)t/ the t fovtltho aassszaysis anF:’eObsaebn)s/iti(\j/getl‘;[gn ttl?e
Bound proteins were resolved by 4-20% gradient SDS-PAGE ! g y -
(Laemmli system) and visualized by fluorography. The positions of B-galactosidase assay. Thus, the affinity of p47B for the
molecular mass markers (in kDa) are indicated on the left of each YQRL signal seems to be relatively low. Nevertheless,
panel. these observations suggest that both p47A and p47B share

with y; andy, the property of recognizing tyrosine-based
the neuron-specifif-adaptin homologB-NAP (Newman sorting signals.
et al, 1995). It is thus possible that an as yet unknown,
ubiquitous-NAP-like protein might be a component of Immunofluorescence microscopy localization of o3
the o5- and p47A-containing complex in non-neuronal in cultured cells
cells. We prepared an antiserum against a GBT- In order to examine the subcellular localizationaf we
NAP(647-796) fusion protein and used this antiserum performed indirect immunofluorescent staining of fixed-
to probe the identity of thesz-associated proteins by permeabilized HelLa cells using an antibody. tdhe
immunoprecipitation—recapture. As shown in Figure 7, the cells displayed a punctate staining of the cytoplasm that
antiserum recognized the ~140 kDa subunit of the complex was more pronounced in a juxtanuclear area but extended
from M1, HeLa and SK-N-SH cells. The specificity of towards the periphery of the cell (Figure 9a). Incubation
the interaction was evidenced by the absence of bands in with a spegiffeptide but not with an irrelevant
the lanes corresponding to the preimmune serum (Figurepeptide inhibited staining of both the juxtanuclear and the
7), and by the fact that the immunoprecipitation of the peripheral structures, indicating that they both represent
~140 kDa species could be blocked by an excess of GST—specific labeling (data not shown). A similar pattern was
B-NAP(647-796) but not GST (data not shown). Thus, observed in M1 cells (data not shown). Treatment of HeLa
the ~140 kDa subunit of thes-containing complex from  cells with brefeldin A (BFA), a fungal metabolite that
the non-neuronal M1 and Hela cells is likely to be a triggers dissociation of COPI and AP-1 from their target
ubiquitous counterpart of-NAP that is recognized by = membranes (Donaldsat al., 1990; Robinson and Kreis,
our anti3-NAP antiserum. In SK-N-SH cells, the ~140 1992; Wong and Brodsky, 1992), resulted in substantial
kDa polypeptide could correspond to eitfeNAP or its dissociation ofo; from its membranes within 5 min
widespread homolog. (Figure 9b). The dissociation was more pronounced after
15 min of BFA addition, at which time most of the protein
Analysis of the interaction of o35, o35 p47A and was found distributed throughout the cytoplasm in a
p47B with tyrosine-based sorting signals diffuse or finely punctate pattern (Figure 9c). The effects
One of the functions of the clathrin-associated adaptor of BFA were reversible, awj returned to its original
complexes AP-1 and AP-2 is to recognize tyrosine-based distribution at 40 min after BFA removal (Figure 9d).
sorting signals present in the cytoplasmic domain of Double staining with antibodies t@; (Figure 9e)
integral membrane proteins (Pearse, 1988; Glickata, and to an epitope-tagged form of TGN38 expressed by
1989; Changet al, 1993; Sorkin and Carpenter, 1993; transfection (Figure 9f) showed that the juxtanuclear
Sosaet al, 1993; Bollet al, 1995; Gilboaet al,, 1995; concentration ob; was in the area housing the TGN,
Ohnoet al, 1995; Sorkinet al, 1995). This recognition  although much of thes;-positive structures appeared to
is a property of the respective medium chaipgand 1, be scattered throughout the cytoplasm, well beyond the
(Ohnoet al, 1995). Since p47A and p47B are members TGN. We also compared the distribution of with that
of the medium-chain family (Pevsnet al, 1994) and of the transferrin receptor, a marker of early endosomes.
bothos, andosg have significant homology to the amino-  Interestingly, we observed partial co-localization of the two
terminal half of the medium chains (this study), we decided proteins in most cells; the co-localization was particularly
to test whether these proteins are capable of interactingnoticeable in the largess-containing structures found in
with tyrosine-based signals. This was done using a yeast the periphery of the cells (Figure 9g and h). The co-
two-hybrid approach (Ohnet al, 1995), in which p47A, localization ofag; with the transferrin receptor was even
p47B, a3, and o3z were expressed as fusions with the more evident in cells that had undergone BFA treatment
GAL4 activation domain. Expression of the fusion proteins for 15 min followed by removal of BFA for 40 min
was confirmed by Western blot analysis using antibodies (Figure 9i and j) and in nocodazole-treated cells (data
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Growth (+His) Growth (-His) B-galactosidase
AQRL YQRL AQRL YQRL AQRL YQRL
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Fig. 8. Two-hybrid analysis demonstrating interaction of p47A and p47B buibggtand osg with a tyrosine-based sorting signal. Yeast cells were
co-transformed with plasmids encoding p47A, p4¥B, osa Or 03p fused to the GAL4 DNA binding domain and plasmids encoding the sequences
AQRL or YQRL after residues 329-352 of the TGN38 tail fused to the GAL4 transcription activation domain. Three independent clones derived
from each co-transformation were tested for their ability to grow on plates lacking histidine (—His) and for expre§sigalaitosidase activity

(blue color), as shown in the figure.

not shown). In contrast to the transferrin receptor, the like complex (AP-3) which may be a component of a
lysosomal membrane protein Lamp-1 was not observed novel membrane coat.
in the peripheral structures that stained @r(Figure 9k The key to the identification of this complex was the

and i). Instead, most of the Lamp-1 staining was confined cloning and sequencing of two cDNAs encoding closely
to juxtanuclear vesicles that did not appear to coincide related proteinsds, andosg) that are homologous to the
with gs-positive structures. These results suggest that ao; subunit of AP-1 and to the, subunit of AP-2. The
substantial amount ob; is either associated with or 03x and oz gene products were expressed in all tissues
adjacent to peripheral endosomal structures containing theand cell lines examined, both at the mRNA and protein
transferrin receptor. In addition, a portion of the, levels. In addition, close homologs o, and osg exist
population exists within a juxtanuclear location, in an area in S.cerevisia@andS.pombefurther suggesting that these
of the cell that contains the TGN (Figure 9f), lysosomes proteins must play a role in some basic transport or sorting
(Figure 9i), and both recycling and late endosomes process common to all cells.

(Yamashiroet al, 1984; Geuzeet al, 1988; Griffiths The o3 proteins were found to be components of a
et al, 1988). complex with a subunit composition reminiscent of AP-1

and AP-2 and very similar to that of the neurofiaNAP-

containing complex (Simpsoat al, 1996). In all cells
Discussion examined in this study, the complex consisted of a ~23 kDa

] . ) . ~ protein O35 Or O3g), & ~47 kDa protein recognized by

Cytoplasmic protein coats play major roles in the formation antibodies to p47A and p47B (Pevsner al, 1994), a
of transport vesicles and in the selection of integral ~140 kDa protein cross-reactive with the neuron-specific
membrane proteins for inclusion into those vesicles B-NAP (Newman et al, 1995) and an unidentified
(Rothman and Wieland, 1996; Schekman and Orci, 1996). ~160 kDa protein. In non-neuronal cells, the ~47 kDa
Some coats, such as COPI, COPII, clathrin-AP-1 and protein probably corresponds to p47A, while the ~140 kDa
clathrin-AP-2, are present in all cells, where they par- protein is likely to be a homolog of-NAP. Based on
ticipate in general transport and sorting processes. Otherinformation found in expressed sequence tag databases,
coats, such as the recently described neuron-specificwe have recently identified a non-neuronal protein that
B-NAP-containing coat, have a more restricted pattern of displays significant homology tB-NAP over the region
tissue expression, and are probably involved in specializedused to raise our polyclonal antibodie3tdNAP. Northern
sorting functions. In the present study, we demonstrate blot analyses show that the mRNA for this novel protein
the existence of another ubiquitously expressed adaptor-is expressed in both neuronal and non-neuronal cell lines
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Fig. 9. Subcellular localization 063 examined by immunofluorescence microscopy. (a—d) Effect of BFA on the distributiog iofHeLa cells.

(a) Untreated cells;H) cells treated for 5 min with 21.g/ml BFA; (c) cells treated for 15 min with fig/ml BFA; (d) cells treated for 15 min with

2 pg/ml BFA followed by 40 min in the absence of BFA. After each treatment, cells were fixed with formaldehyde, permeabilized with saponin, and
stained with rabbit antibodies m; and Cy3-conjugated antibodies to rabbit IgG. (e-l) Comparison of the co-localizatimgnweith various

organellar markers in HeLa cells. (e, f) Normal cells stained éiog and ) an epitope-tagged form of TGN38. (g and h) Normal cells stained for

(9) o3 and ) transferrin receptor. (i and j) Cells treated for 15 min with BFA and 40 min in the absence of BFA stainéddgraqd

(i) transferrin receptor. (k, I) Normal cells stained f&) @3 and () Lamp-1. Cells were fixed with formaldehyde, permeabilized with saponin, and
stained with rabbit antibodies ; and mouse antibodies to the other markers, followed by Cy3-conjugated antibodies to rabbit IgG and fluorescein-
conjugated antibodies to mouse IgG. Arrows point to structures in wddcnd the transferrin receptor co-localize. Bars, 0.
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(E.Dell’Angelica and J.Bonifacino, unpublished observa- may be associated with some compartment of the endo-
tions). Thus, we suggest that tHisNAP homolog is a somal system. The exact nature of this compartment will
likely candidate for the ~140 kDa component of the non- have to be established by immunoelectron microscopy;
neuronal complex. In neuronal cellsz, or o35 could be our attempts to perform immunoelectron microscopy with
components of both a neuron-specific complex (containing the antibodies; thave so far been unsuccessful,
p47B andB-NAP) and a ubiquitous complex (containing probably because of the lower sensitivity of the techniques
p47A and aB-NAP homolog). The subunits of both employed with respect to immunofluorescence micro-
complexes could be interchangeable, as is the case for thescopy. Nevertheless, the association of thecontaining
closely relatedB;- and B,-adaptin (Page and Robinson, complex with endosome-like structures observed by
1995). immunofluorescence microscopy suggests that the com-
Essential to the function of organellar coats is the ability plex may play a role in protein sorting in peripheral
to undergo reversible association with membranes. Theregions of the cell.
og-containing complex was found to share this property Two sorting processes that depend at least in part on
with all other known coats, as it was found to be tyrosine-based sorting signals deserve consideration as
partially associated to membranes and to be susceptible to processes that may be mediatedrjpgomnteaning
dissociation from membranes by treatment with moderate complex: basolateral targeting (reviewed by Matter and
concentrations of salt. Moreover, tlag-containing com- Mellman, 1994) and transport from early to late endosomes
plex was reversibly dissociated from membranes upon (Rohreret al, 1996). Targeting of some proteins to the
treatment of intact cells with BFA. In this respect, the basolateral plasma membrane of polarized epithelial cells
containing complex behaves like COPI and AP-1, both of has been shown to be dependent on tyrosine-based sorting
which are sensitive to BFA (Donaldsoet al, 1990; signals; some of these signals are indistinguishable from
Robinson and Kreis, 1992; Wong and Brodsky, 1992), endocytic signals, whereas others are not active in endo-
and unlike AP-2, which is not affected by BFA (Robinson cytosis (Matter and Mellman, 1994). The sorting events
and Kreis, 1992; Wong and Brodsky, 1992). The sensitivity that direct transport to the basolateral plasma membrane
of the os-containing complex to BFA suggests that the are thought to occur at both the TGN and endosomes
regulation of its recruitment to membranes is similar to (Matter et al, 1993), locations that are compatible with
that of COPI and AP-1 and may involve small GTP the apparent distribution obkmntaining complex.
binding proteins belonging to the ARF family (Klausner Transport of some proteins from early to late endosomes
et al, 1992). may also be dependent in part on tyrosine-based signals.
What could be the function of the AP-3 complex? By This includes lysosomal proteins such as Lamp-1 (Harter
analogy with AP-1 and AP-2, we speculate that one and Mellman, 1992; Rattalgri996) and TGN proteins
function might be the recognition of sorting signals at such as TGN38 (Bost al,, 1993; Humphreet al, 1993)
some site of transport vesicle formation. In support of this and furin (Bcle al, 1995; Voorheest al, 1995).
idea, our results show that both p47A and p47B, the All of these proteins undergo rapid internalization from
medium chains of the ubiquitous and the neuron-specific the plasma membrane together with recycling receptors
forms of the complex, respectively, bind the tyrosine- such as the transferrin receptor. At some early endosomal
based signal YQRL from TGN38 in a tyrosine-dependent location, however, those intracellular proteins must be
fashion (Figure 8). The fact that; and |, also interact segregated from recycling receptors, so that they can travel
specifically with tyrosine-based sorting signals (Ohno to their respective destinations deeper into the endocytic
et al, 1995) suggests that this property is characteristic pathway. We speculate that such a sorting event might
of members of the medium-chain family of adaptor sub- take place in some early endosomal compartment. Both
units. This conservation of function is remarkable since the potential of thers-containing complex for recognizing
p47A, p47B,u; andy, are only 30-40% identical to one tyrosine-based sorting signals and its apparent localization
another. Experiments are now under way to determine to endosomes would be compatible with such a role.
whether the complete complex also binds tyrosine-based
sorting signals and to establish the structural features of .
the signals that interact preferentially with p47A. Despite MViaterials and methods
the homology ofoz, and o3 to the amino-terminal half  ceys
of p47A and p47B (Figure 1b), the two small chains do All cells used in this study were of human origin. HeLa, H4, SK-N-MC

not bind tyrosine-based signals, suggesting that they mustand SK-N-SH cells were obtained from the American Type Culture
play another role within the complex. Collection (ATCC, Rockville, MD). M1 fibroblasts were kindly provided

. ) . by E.Long [National Institutes of Health (NIH)]. RD4 cells were a gift
In add|t'|on t?’ the ab'“ty of tth'Conta;'n.'ng cor.nple_x' from J.Harford (NIH). NTera-2 cells were kindly provided by K.Ozato

to recognize signals, another characteristic that is critical (NIH). Al of the above cell lines were maintained in Dulbecco’s

for establishing the function of the complex is its sub- modified Eagle’s medium (DMEM) supplemented with 9% (v/v) fetal

cellular localization. Our immunofluorescence microscopy ﬁﬁ"'”:nfgﬁgﬁ 1(%%5”&5333'2%10“‘;9&# Z”Zf\té’fg{fr:(”af“cdelfsﬂ%ere

analyses show that the endernmoma.mmg complex obtegned from the AT%C and cultured in RPMI 1640 medium supple-

seems to be more concentrated in a juxtanuclear areamented with 9% (v/v) fetal bovine serum, 100 U/ml penicillin and 100

suggesting that the protein might be associated with someug/mi streptomycin.

central organelle such as the TGN. However, the staining )

extends far beyond the TGN into the periphery of the Cloning of o3s and o35 cDNAs

; i ~ At The human cDNA clone 131033 (Washington University-Merck EST
cells. The partial but significant co-localization of the Project) was obtained from the IMAGE Consortium. The clone consisted

peripheral 03-conta_ining structures with the transferrin  of 4 fragment of the full-lengtiwss cDNA spanning nucleotide 268 to
receptor observed in our studies suggests that the complexne start of the poly(A) tail. The missing portion of the cDNA was
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isolated from both human brain and human pancreas Marathon-Ready™
cDNA libraries (Clontech, Palo Alto, CA) by two rounds of RACE

PCR amplification. The specific primers used in the first and second
(nested) 5 RACE reactions were complementary to nucleotides 849—
873 and 624-648, respectively. The clone c-2rd10 from the Genexpress
cDNA Program, comprising nucleotides 190-1829 of the full-lermh
cDNA, was obtained from Genethon (Cedex, France). The missing 5
segment was isolated from a human brain Marathon-Ready™ cDNA
library by using a single 5SRACE reaction. The specific primer was
complementary to nucleotides 665-690. EachRACE product was
cloned into the pNoTA/T7 shuttle vector (5 Prime 3 Prime, Boulder,

CO). In each case, at least three independent clones were selected and

sequenced. Identical sequences were obtained for tHmdments of
the a3x cDNA which had been isolated from either the brain or
pancreas libraries.

Northern blot analysis

Human multiple tissue Northern blots were purchased from Clontech.
For the analysis ofi34 andozg MRNAs in human cell lines, total RNA
was isolated using the TRIzol™ reagent (Gibco-BRL, Gaithersburg,
MD), fractionated by denaturing agarose electrophoresis and sub-
sequently blotted onto nylon membranes. A fragment ofakecDNA
spanning nucleotide 518 to the start of the poly(A) tail was obtained by
digestion of clone 131033 witPvul and Notl. For osp, the fragment
comprising nucleotides 641-1102 was obtained by digestion of clone c-
2rd10 withAflll and Bglll. A second probe corresponding to nucleotides
60-640 of theosg cDNA was prepared by digestion of thé RACE
product (see above) withicd and Aflll. Probes were®2P-labeled by
using the Megaprime™ DNA labeling system (Amersham, Arlington
Heights, IL) and diluted in Hybrisol™ | (Oncor, Gaithersburg, MD)
before hybridization for 16—-24 h at 42°C. Blots were washed four times
with 2X SSC, 0.05% (w/v) SDS for 5 min at room temperature, and
then twice with 0.X SSC, 0.1% (w/v) SDS for 30 min at 55°C. For
the probes derived from the;g cDNA, an additional 30-min incubation

at 60°C in 0.X SSC, 0.5% (w/v) SDS was performed.

Production of fusion proteins

In order to prepare glutathion&transferase (GST) fusion proteins
containing amino acid residues 113-193gf, andosg, the correspond-

ing segments of the cDNAs (including the stop codon) were engineered
by PCR to be cloned into thBamHI-EcadRl sites of the pGEX-5X-1
vector (Pharmacia Biotech, Uppsala, Sweden). A GST-fusion protein
containing residues 647-796 of hum@fNAP (Newmanet al, 1995)

was generated by PCR amplification of the corresponding fragment from
the cDNA clone 165789 (Washington University-Merck EST Project,
obtained from the ATCC) and subsequent directional cloning of the PCR
product into theBanmHI-EcaRlI sites of the pGEX-5X-1 vector. The
cDNAs encoding rat p47A and p47B [kindly provided by J.Pevsner and
R.Scheller, Stanford University (Pevsretral, 1994)], were engineered

by PCR for directional cloning into thEcdRI-Xhd and BanHI-Sal

sites of pGEX-5X-1 vector, respectively. The sequence of all the
constructs was verified by manual sequencing. For protein expression
and purification, competerischerichia colistrain DH5x cells (Gibco-
BRL) were transformed with the above constructs. Cell culture, induction
of fusion protein expression and batch purification using glutathione—

Sepharose 4B beads (Pharmacia Biotech) were performed according to

the manufacturer’s instructions.

Antibodies

Monoclonal antiei-adaptin antibody (clone 100/2) was purchased from
Sigma Chemical Co. (St Louis, MO). Anti-transferrin receptor antibody
(clone B3/25) was obtained from Boehringer Mannheim (Indianapolis,
IN). The anti-HA epitope antibody was from BabCo (Richmond, CA).
The anti-Lamp-1 antibody clone H4A3 was obtained from the Develop-
mental Studies Hybridoma Bank (John Hopkins University, Baltimore,
MD). The sequence corresponding to residues 166-18Q©ofvas used

to raise anti-peptide antibodies in rabbits. The amtiantibodies were
purified by affinity chromatography (Harlow and Lane, 1988) using as
a matrix GSTe35(113-193) which had been coupled to Affi-Gel
15 (Bio-Rad, Hercules, CA). Anti-p47 antibodies were obtained by
immunizing rabbits with a peptide corresponding to residues 393-404
of rat p47A (Pevsneet al, 1994), and were affinity-purified using as
the ligand the peptide immobilized to SulfoLikcoupling gel (Pierce,
Rockford, IL). Antibodies againsB-NAP were raised in rabbits by
immunization with the GSTB-NAP(647-796) fusion protein. The pres-
ence of antibodies with specificity fg-NAP was tested by Western
blot analysis of bovine brain cytosol and of a peptide comprising residues
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647-796 of fxiNAdm the latter was obtained by digestion of the
GST-B-NAP(647-796) fusion protein with factor Xa (Sigma) and

subsequent purification by SDS—PAGE. FFNARndintiserum was
used without further purification. Preimmune sera and antibodies to

either TGN38 (Betsaha994) or to bovine serum albumin (BSA;
Cappel, Cochranville, PA) were used as irrelevant antibody controls.

Preparation and fractionation of lysates from M1 cells

M1 cells were grown to almost confluence and then washed twice with
ice-cold phosphate-buffered saline (PBS). Subsequently, cells were

scraped and lysed in ice-cold buffer by 15 passages through a 25-gauge

consisted of 10 mM HEPES, pH 7.0, 0.15 M KCI, 1 mM EGTA, 0.5 mM
Mg@hd 1 mM dithiothreitol, while buffer B contained 10 mM
HEPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA and 0.5 mM Mg@i
both cases, the following protease inhibitors were used:ug0ml
aprotinin, 2 pg/ml leupeptin, 1ug/ml pepstatin A and 1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride. To obtain cytosolic and total
membrane fractions, the lysate was centrifuged at 120g0@® 90 min
at 4°C in a Beckman TLA 45 rotor (Beckman Instruments, Palo Alto,
CA). Alternatively, the lysate was first centrifuged at 8)€r 15 min,
and the resulting supernatant was further centrifuged at 12@000
90 min in order to obtain a fraction enriched in microsomal membranes.
For extraction experiments, the fraction enriched in microsomes was
resuspended in buffer A with the aid of a Potter homogenizer fitted with
a Teflon pestle. Aliquots of the resuspended membranes were incubated
for 1 h atroom temperature in 022 buffer A alone or in 0.X buffer
A containing either 3 M urea, 0.2 MJ8®; (pH 11.3), NaCl (0.3 or
1 M) or Tris—HCI (0.3, 0.5 or 1 M, pH 7.4). After the incubation period,
samples were centrifuged at 129f@0®0 min, and both pellets and
supernatants were collected for further analysis.
For gel filtration experiments, 0.1 ml of either cytosol or the material
extracted from membranes with &2buffer A/0.5 M Tris—HCI were
loaded onto a Superose 6 colun¥6dlcm, Pharmacia Biotech)
equilibrated and eluted at 4°C with 0<2buffer A containing 0.3 M
Tris—HCI, pH 7.4. The flow rate was 0.4 ml/min. Fractions (0.4 ml)
were collected and analyzed by Western blotting. The following proteins
were used as standards (Stokes’ radii are given in parentheses): bovine
thyroglobulin (85 A), horse spleen apoferritin (61 A), BSA (36 A),
carbonic anhydrase (24 A) and horse heart cytochrome ¢ (17 A).

In vitro translation of o35 and o3
The complete open reading frames (ORFs) ayy and ozg were
subcloned iNottHECORI sites of the pBluescript Il KS phagemid
(Stratagene, La Jolla, CA). Eukaryoftic vitro translation was carried
out by using tfeCoupled Reticulocyte Lysate System (Promega,
Madison, WI). The translated material was immunoprecipitated with the
aaraintibody and then analyzed by SDS-PAGE.

Immunoprecipitation experiments
Cells were metabolically labeled for 14-16 h at 37°C with 2.5 mCi
35gfmEthionine (Express Protein Label, Dupont-New England
Nuclear, Boston, MA) in a mixture of methionine-free and regular
DMEM (91:9, v/v) supplemented with 9% (v/v) bovine fetal serum,
100 U/ml penicillin, 100 pg/ml streptomycin. After the labeling
period, cells were washed twice with ice-cold PBS and then used
immediately for the preparation of cytosol (see above) or total cell
lysate. The latter was prepared by incubation for 15 min on ice with
buffer C [1% (w/v) Triton X-100, 0.3 M NaCl, 50 mM Tris—HClI,
10 mM iodoacetamide, 5 mM EDTA, 0.1% (w/v) BSA, 0.02% (w/
v) NaNs, pH 7.4] containing 1 mM 4-(2-aminoethyl)-benzenesulfonyl
fluoride angdn2l leupeptin. The lysate was cleared by centrifugation
at 150009 for 15 min at 4°C followed by filtration through a 0.45
um filter unit (Millipore, Bedford, MA).
For sucrose gradient fractionation, 350l of cytosol from
metabolically labeled cells was layered on top of a linear 5-20% (w/
V) sucrose gradient (total volume 12 ml) in buffer A. The sample
was centrifuged in an SW-41 rotor (Beckman Instruments) at 39 000
r.p.m. for 13 h at 4°C. Sixteen 0.76-ml fractions were collected from
the bottom of the tube and diluted with 0.5 ml of buffer C prior to
immunoprecipitation.
Immunoprecipitations were carried out by incubating the samples
for 1 h at 4°C with antibodies that had been previously bound to
1Rl of protein A—Sepharose beads. Subsequently, the beads were
washed four times with 0.1% (w/v) Triton X-100, 0.3 M NaCl, 50
mM Tris—HCI, pH 7.4 and once with PBS. Bound proteins were
eluted from the beads by treatment for 5 min at 95°C with either

syringe. Two alternative homogenization buffers were used: buffer A
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Laemmli buffer (for SDS—-PAGE analysis) or 0.1 M Tris—=HCI, pH adaptor (AP2) components of clathrin-coatedEMiBO J, 12,
7.4, 1% (wi) SDS and 10 mM dithiothreitol (for recapture 2169-2180.
experiments). In the latter case, the eluted material was diluted 20- Cosson,P., Demolliere,C., Henecke,S., Duden,R. and Letourneur,F.

fold with buffer C, centrifuged at 150003 for 15 min to (1996) Delta- and zeta-COP, two coatomer subunits homologous to
remove aggregates, and then subjected to a second round of clathrin-associated proteins, are involved in ER retrieE\BO J,
immunoprecipitation before SDS-PAGE analysis. 15, 1792-1798.

Davis,C.G., Lehrman,M.A., Russell,D.W., Anderson,R.G., Brown,M.S.
Electrophoresis and Western blotting and Goldstein,J.L. (1986) The J.D. mutation in familial
SDS-PAGE analysis was performed by using either the Laemmli  hypercholesterolemia: amino acid substitution in cytoplasmic domain
system (Laemmli, 1970) or the Tricine system (Syer and von impedes internalization of LDL receptor@ell, 45, 15-24.

Jagow, 1987).%S-labeled samples were detected by fluorography. Donaldson,J.G., Lippincott-Schwartz,J., Bloom,G.S., Kreis T.E. and
Electroblotting onto either nitrocellulose or PVDF membranes and  Kjausner,R.D. (1990) Dissociation of a 110-kD peripheral membrane
incubations of the memb_ranes with primary and secondary antlbodlles protein from the Golgi apparatus is an early event in brefeldin A
were performed as described by Harlow and Lane (1988). Horseradish  action.J. Cell Biol, 111, 2295—2306.

peroxidase-labeled antibodies were detected by using the ECL systemggze H.J. Stoorvogel,W., Strous,G.J., Slot,J.W., Bleekemolen,J.E. and
(Amersham). Mellman,l. (1988) Sorting of mannose 6-phosphate receptors and

lysosomal membrane proteins in endocytic vesicle€ell Biol, 107,
Yeast two-hybrid analyses 2y 491—2501. P n

The constructs GAL4bd-YQRL and GAL4bd-AQRL have been Gilboa.L.. Ben Lev .

h > L., y,R., Yarden,Y. and Henis,Y.l. (1995) Roles for a
described previously <Oh’?et al, 1995). The comp_lete_ ORFs of rat cytoplasmic tyrosine and tyrosine kinase activity in the interactions
p47A and p47B were _engmeered .by PCR for cloning into .I_ of Neu receptors with coated pit3. Biol. Chem.270, 7061-7067.

Xhd and BanHI-Sal sites, respectively, of the pACTIl vector (kindly Glickman,J.N., Conibear,E. and Pearse,B.M. (1989) Specificity of

provided by S.Elledge, Baylor CoII_ege of Medicine, Houston, TX)' binding of clathrin adaptors to signals on the mannose-6-phosphate/
The ORFs ofog, and ogg were engineered by PCR and cloned into insulin-like growth factor Il receptoEMBO J, 8, 1041-1047.

the BanHI-Xhd sites of the same vector. Yeast transformation and A .
two-hybrid assays were performed according to the instructions for Gldstein.J.L., AndersonR.G. and Brown,M.S. (1979) Coated pits,

the MATCHMAKER two-hybrid system (Clontech). g(;gtegssvesicles, and receptor-mediated endocytdéiure 279

Immunofluorescence microscopy Grah_am,F._L: and van der Eb,A.J_. (1973) A new technigue for the assay
HeLa cells were grown to 50-80% confluence on glass coverslips. _ Of infectivity of human adenovirus 5 DNA/irology, 52, 456-467.

In some experiments, cells were transiently transfected (Graham and C'iffiths,G., Hoflack,B., Simons,K., Meliman,I. and Kornfeld,S. (1988)
van der Eb, 1973) with a construct containing TGN38 tagged with The mannose 6-phosphate receptor and the biogenesis of lysosomes.
the HA epitope (kindly provided by J.Lee, NIH). In another set of  Cell, 52, 329-341. o

experiments, cells were incubated at 37°C withug@/ml BFA in Harlow,E. and Lane,D. (1988ntibodies: A Laboratory ManualCold
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