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Lysosomal membrane glycoproteins carry targeting
nformation in cytoplasmic regions. Two distinct tar-
eting motifs in these regions, GY (glycine-tyrosine)
nd LI (leucine-isoleucine), have been identified and
haracterized. Accumulating evidence suggests that
he adaptor complexes (AP-1, AP-2, and AP-3) recog-
ize this information in cytoplasmic tails of trans-
embrane proteins. Here we report two different in

itro analyses (affinity beads and surface plasmon res-
nance) which revealed specific interaction between
he cytoplasmic tail of LGP85 and AP-1 but not so with
P-2. We also noted requirement of the LI motif of the
GP85 tail in binding to the AP-1 complex. Our data
nd others which indicated the binding of AP-3 to the
IMP II (synonym of LGP85) tail suggest that the cy-

oplasmic tail of LGP85 interacts with AP-1 at the
rans-Golgi network (TGN) and AP-3 at late endo-
omes, respectively. We propose that this sequential
nteraction between the lysosomal targeting signal
nd distinct APs along its transport pathway is re-
ponsible for the critical sorting of lysosomal mem-
rane proteins and/or the potential proofreading sys-
em of mistargeted molecules. © 1999 Academic Press

There are two distinct targeting signals of lysosomal
embrane proteins, so-called tyrosine based motif and

i-leucine based motif (1–12). Both signals are neces-
ary for intracellular sorting of membrane proteins to
ysosomes, however, cytoplasmic molecules which rec-
gnize these signals have remained to be identified.
here are numerous coats for vesicle formation, even

rom one compartment, and it has been postulated that
ost of membrane proteins which carry targeting in-
1 To whom correspondence should be addressed. Fax: 81-92-642-

545. E-mail: himeno@bioc.phar.kyushu-u.ac.jp.
Abbreviations used: TGN, trans-Golgi network; AP, adaptor pro-

ein; LGP, lysosomal glycoprotein; LAP, lysosomal acid phosphatase;
M, plasma membrane; CCV, clathrin coated vesicle; GST, glutathi-
ne S-transferase; SPR, surface plasmon resonance.
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he coat molecules at the cytoplasmic face of the mem-
ranes (13–17).
Clathrin coated vesicles (CCVs) are one of the well

haracterized coated vesicles and originate from either
GN or plasma membrane (PM) (18, 19). The AP-1
omplex is restricted to the CCVs from TGN, whereas
he AP-2 complex contributes to the formation of CCVs
nd clathrin coated pits from PM. It was also reported
hat CCVs bud from endosomal compartments (20),
herefore the involvement of CCVs for vesicle transport
teps are more complicated than heretofore considered
o be. Recent studies revealed novel adaptor related
omplexes, AP-3 as a coat for vesicles derived from
GN/endosomes to lysosomes (21–24). Although AP-3
hares structural composition similar to AP-1/AP-2
omplexes (heterotetramer), it has no affinity for the
lathrin lattice. In the fruit fly (Drosophila melano-
aster) (22), yeast cells (Saccharomyces cerevisiae) (21,
5), and coat color mutation mouse (26), genetic defects
n one of AP-3 subunits lead to a significant perturba-
ion in vesicle transport steps after TGN/late endoso-
al compartments. These genetic evidences and data

btained in immuno-localization studies of AP-3
trongly suggest the involvement of AP-3 in vesicle
ormation at TGN and/or late endosomes.

LGP85 (LIMP II) has a lysosomal targeting signal,
eucine-isoleucine motif, at carboxyl terminal of cyto-
lasmic domain (7–9, 11, 27). Although recent study
ndicated the cytoplasmic tail of LIMP II was recog-
ized by AP-3 at endosomal compartment (28), we hy-
othesized that LGP85 is segregated from secretory
athway at TGN, the primary sorting station for the
ysosomal membrane proteins with AP-1 binding prior
eaching to the second station, endosomes. Here we
ested the in vitro AP-1 binding to the LGP85 tail and
e propose such specific signal recognition performed
y AP-1 is apparently responsible for sorting and
ransport of some lysosomal membrane proteins at
GN.
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Reagents and antibodies. Synthetic peptides (LGP85 tail:
RGQGSTDEGTADERAPLIRT, mutated LGP85 tail: CRGQGST-
EGTADERAPAART, control peptide (corresponding to an extracel-

ular loop of cholecystokinin receptor A): QTANMCRFLLPND-
MQQ) were provided by TANA Laboratories, L.C. (Houston, TX).
ll other reagents and compounds were of the highest purity avail-
ble and were purchased from commercial sources. Monoclonal an-
ibody against a-adaptin (Clone 100/2) was obtained from SIGMA
Tokyo, Japan). Monoclonal antibody against g-adaptin (Clone 88) or
lathrin-heavy chain (Clone 23) was obtained from Transduction
aboratories (Tokyo, Japan). Anti-m3 polyclonal (rabbit) antibody

29) was kindly provided by M. S. Robinson (Cambridge, UK).

Plasmid construction and purification of GST fusion proteins in E.
oli. Constructs encoding the cytoplasmic domain of LGP85 (amino
cids 458–478) were generated by polymerase chain reaction (PCR)
ith oligonucleotides corresponding to the amino- and carboxyl-

erminal regions of cytoplasmic domains. Primers (Hokkaido System
cience, Hokkaido, Japan) were designed according to the rat LGP85
DNA sequence to obtain an SmaI site at the 59 end (59-
GAGCCCGGGATGTCGAGGACAGGGGTCTAC-39) and a SalI site
t the 39 end (59-AGAGGTCGACTTAGGTCCGTATGAGGGGTG-39).
o substitute the LI sequence of the cytoplasmic portion of LGP85
ith AA (alanine-alanine), a 39 end primer was designed as (AGAG-
TCGACTTAGGTCCGTGCGGCGGGTG). The PCR fragments were
irectionally cloned into the corresponding sites of pGEX-KG vector
30). Expression and purification of GST fusion protein in E. coli was
escribed elsewhere (31).

Preparation of adaptor complexes from rat liver clathrin-coated
esicles. Clathrin coated vesicles fraction was obtained according to
he methods of Campbell et al (32) with minor modifications and
daptor proteins were extracted from CCVs according to Sosa et al
16).

In vitro binding studies (batch affinity beads analysis). GST or
ST-fusion proteins were coupled to CNBr activated Sepharose 4B

Pharmacia) at 1 mg protein/ml beads (33). Prior to use, the beads
ere blocked with BSA (0.5 mg/ml) for 4–5 h at 4°C. 100 ml of the
xtracted adaptor proteins fraction (0.38 mg/ml) were incubated with
n equal volume of GST or GST-fusion proteins beads, overnight at
°C, with gentle rotation. The incubated beads were sedimented by
rief centrifugation (for 3 min at 750g) and then washed 3 times with
50 ml of Mes buffer containing 1 mM Chaps. The washed fractions
2.25 ml) were saved and precipitated by TCA for quantitative im-
unoblotting. The binding proteins were eluted by boiling with
aemmli’s sample buffer containing SDS. Adequate amounts of
hree fractions were subjected to SDS–PAGE (34) followed by immu-
oblotting (35) with an antibody to g-adaptin (AP-1) or a-adaptin
AP-2), respectively, and quantitated by NIH-image. Recoveries of all
hree fractions varied with the experiment (71–114%).

SPR measurements by IAsys cuvette system. GST and GST-fusion
roteins were immobilized on an IAsys cuvette coated with
arboxymethyl-dextran according to the manufacturer’s instruction.
he cuvette was equilibrated with PBS–Tween (0.1%) and the ex-
racted APs were added to a final concentration of 35 mg/ml in a total
olume of 150 ml. Changes in the resonant angle were monitored at
-s intervals for about 300 s, then the cuvette was washed with
BS–Tween to remove non-specific interacting proteins, for the next
00 s. Subsequently, specific antibody against either g-adaptin or
-adaptin was added to a final concentration of 0.1 mg/ml and re-
ponses were monitored for the next 100 s. Experiments were done at
oom temperature with a stirrer speed of 80 rpm. For peptide com-
etition experiments, APs were preincubated with various amounts
f peptide (0.5–62.5 mM) for 1 h on ice before application to the
uvette.
55
ESULTS

Subcellular fractionation of clathrin-coated vesicles
rom rat liver. We prepared CCVs from rat liver (see

aterials and methods) and quantitative immunoblot-
ing revealed that clathrin heavy chain and g-adaptin,
ne of the subunits from the AP-1 complex, were en-
iched in the final fraction (CCVs) about 40–46 times
elative to those in the homogenate (Fig. 1). a-Adaptin,
art of the AP-2 complex, was concentrated in the

FIG. 1. Subcellular fractionation of clathrin-coated vesicles from
at liver. Fractionated samples were applied to SDS–PAGE and
nalyzed by immunoblotting with antibody to Clathrin heavy chain,
-adaptin, a-adaptin and m3-chain, respectively (A) and quantitated.
ane 1, homogenate; lane 2, 19,000g supernatant; lane 3, 43,000g
ellet; lane 4, 43,000g Ficoll/sucrose supernatant; lane 5, clathrin
oated vesicle fraction. Enrichments of each fraction (B) are ex-
ressed as a fold-increased over the specific activities (a.u./mg pro-
ein) to homogenate. Data shown are mean 6 SE for n 5 3.
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CVs as well, albeit to a slightly lower extent (about 23
imes over homogenate) than those of clathrin and
P-1. Although a fair amount of the m3 subunit, a
edium chain of the AP-3 complex, was expressed in

he rat liver, it was hardly detectable in the CCVs (Fig.
; AP-3). Since AP-3 is a novel coat protein which does
ot bind to the clathrin lattice and may locate in late
ndosomes, our prepared CCVs showed high homoge-
eity in terms of clathrin-coat and did not contain AP-3
oated vesicles. Recoveries of clathrin, g-adaptin and
-adaptin in the CCVs were 7.9, 9.0, and 4.7%, respec-
ively (data not shown). AP complexes were effectively
nearly 90%, data not shown) extracted from rat liver
CVs with 0.5 M Tris–HCl buffer and dialyzed against
ES-buffer for further in vitro binding experiments.

In vitro reconstituted binding of AP-1 complexes to
he cytoplasmic portions of LGP85. To analyze the in
itro interaction between AP-1 and LGP85 tail, we
eveloped the batch analysis method using affinity
eads coupled with various GST fusion proteins (see
aterials and methods). An adequate volume of three

ractions, unbound (sup), washing and elution (beads)
ere subjected to SDS–PAGE followed by immunoblot-

ing with the antibody against g-adaptin (for AP-1; Fig.
A) or a-adaptin (for AP-2; data not shown). Quantita-

FIG. 2. In vitro binding of AP-1 to the affinity beads of GST
GP85 tail. Adaptor proteins (35 mg of protein) were incubated with
he affinity beads coupled with GST, GST-LGP85tail (85) or GST-
GP85mutant tail (85M), respectively. After the incubation, three

ractions, unbound; lanes 1, 4, 7, bound; lanes 2, 5, 8, and washing;
anes 3, 6, 9, were applied to SDS–PAGE and analyzed by immuno-
lotting with anti g-adaptin (for AP-1; A) and quantitated (B). B was
xpressed as a percentage of the total APs added to the binding
ssay, and these values are the mean 6 SE for n 5 3–4.
56
P-1 complex bound to GST-LGP85 tail specifically but
ot to the GST alone or GST-LAP tail (data not shown).
bout 10–13% of total AP-1 was recovered in the GST-
GP85 tail beads fraction. The significant redistribu-
ion of AP-1 from the unbound fraction to the washing
raction in the GST-LGP85 tail expressed the existence
f a weak but specific interaction between AP-1 and
GP85 tail. Disruption of the LI motif in the cytoplas-
ic portion of LGP85 led to loss of AP-1 binding to the

eads, a finding indicating that this interaction was in
n LI motif dependent manner. Interestingly, no AP-2
inding to GST-LGP85 tail beads was observed (data
ot shown). The recoveries of AP-1 and AP-2 from all
hree fractions varied with the experiment but ranges
ere reasonably small (between 71 and 114%).

SPR measurements for binding of AP-1 to the cyto-
lasmic tail of LGP85. We monitored real time bind-
ng of APs to the cuvette which had been coupled with
ST-LGP85 tail up to 300 s, then washed the cuvette
ith PBS–Tween (see Materials and Methods). The
ashing significantly reduced signals from the non-

pecific interaction but retained the specific response
etween APs and GST-LGP85 tail. Subsequently, we
dded a specific antibody to each subunit of APs (a-
daptin or g-adaptin, respectively) and followed bind-
ng of the antibody to APs on the cuvette, through
ST-LGP85 tail. We noted that signals derived from

nteraction with AP-1 but not with AP-2 (Fig. 3). The
ubstitution of LI with AA significantly decreased the
esponse to APs (about 70% of LI-motif’s one) and
bolished the following response to the AP-1 antibody
Fig. 4). These data were consistent with data obtained
rom affinity beads analysis (Fig. 2). Preincubation of
Ps fraction with LGP85 tail peptide inhibited the

nteraction with GST-LGP85 tail, in a concentration
ependent manner (Fig. 5). Over 12.5 mM LGP85 tail
eptide inhibited AP-1 binding to the cuvette, 2.5 mM
eptide showed about 30% of maximum binding, while
ess than 0.5 mM peptide had no apparent effect on the
inding. Control peptide (Fig. 5) and mutated LGP85
ail peptide (data not shown) had no significant effect
n the response at the maximum concentration (62.5
M), which meant that this interaction was specific
nd LI-motif dependent. By using same SPR measure-
ent, we also observed the specific interaction between
ST-LAP tail and AP-2 but not with AP-1 as previ-
usly reported by different methods and the specificity
f these interaction was confirmed by the peptide com-
etition as shown in Fig. 5 (data not shown).

ISCUSSION

LGP85 (7, 10), also known as LIMP II (8, 9), is one of
he major lysosomal membrane glycoproteins and is
elivered to lysosomes LI-motif dependently (11, 27),
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owever the synthetic route of LGP85 has heretofore
ot been characterized. We have shown here that spe-
ific binding of the LGP85 tail to AP-1 provides related

FIG. 3. Analysis of APs (AP-1/AP-2) binding to the immobilized
ST-LGP85 tail by IAsys. GST-LGP85tail was immobilized on a

arboxymethyl dextran cuvette surface (see Materials and Methods).
hanges in resonant angle were monitored continuously for 5 min

ollowing the addition of adaptor proteins (final 35 mg/ml in PBS–
ween buffer). Subsequently the unbound materials were washed-
ut with PBS–Tween buffer and then the bound APs were probed
ith either anti g-adaptin (for AP-1) or a-adaptin (for AP-2) antibody

0.1 mg/ml). GST-cuvette was analyzed by the same way as control
data not shown).

FIG. 4. Binding analysis of AP-1 to the immobilized GST-LGP85
ail mutant (LI/AA) by IAsys. GST, GST-LGP85tail and GST-LGP85
utant were immobilized on the cuvette surface, respectively.
hanges in resonant angle were monitored continuously for 5 min

ollowing the addition of adaptor proteins (final 35 mg/ml in PBS–
ween buffer). Subsequently the unbound materials were washed-
ut with PBS–Tween buffer and then the bound AP-1 was probed
ith anti g-adaptin antibody (0.1 mg/ml).
57
lues as to how lysosomal membrane proteins are
orted and delivered to lysosomes. We used two differ-
nt methods, the affinity beads and SPR measure-
ents for in vitro binding analysis. Both analysis re-

ealed specific interactions between LGP85 tail and
P-1, in a LI-motif dependent manner. This seems to
e the first observation of AP-1 binding to the LGP85
ytoplasmic tail and suggests that transport steps of
GP85 to lysosomes involves a clathrin/AP-1 mediated
udding from TGN.
Based on our data and others (28), we proposed that

equential interaction of AP-complexes (AP-1 and
P-3) with LGP85 tail facilitated their targeting routes

o lysosomes. The specific interaction of AP-1 with the
GP85 tail suggests that LGP85 is packed into CCVs
t TGN and then transported to late endosome. Sub-
equently LGP85 is sorted from recycling receptors

FIG. 5. Peptide competition of AP-1 binding to the immobilized
ST-LGP85 tail. Adaptor proteins (15 ml) were preincubated in the
resence of the synthetic LGP85 tail peptide or control peptide with
he indicated concentrations for 1 hr and then applied to the cuvette
hich is immobilized GST-LGP85 tail. Subsequently the unbound
aterials were washed out with PBS–Tween buffer and then the

ound adaptor proteins were probed with anti g-adaptin antibody
0.1 mg/ml).
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osomes by the interaction with AP-3 and then deliv-
red to lysosomes. We propose that this two steps sort-
ng mechanism might be required for the direct
argeting of LGP85 to lysosomes. On the other hand,
AP is exiting TGN by the bulk flow because of no

nteraction of its tail with AP-1 at TGN and once LAP
eaches the PM, the cytoplasmic tail is recognized by
P-2 and selectively enriched into CCV (16, 37). Then
AP takes the endocytic route to lysosomes. Recently it
as been reported the binding of LL-motif to b-subunit
f AP-1 complex (38). It remains to be elucidated which
ubunit of AP-1 interact with LGP85 tail. Further
nalysis, such as yeast two hybrid systems and photo-
ross linking are needed to elucidate the answer.

CKNOWLEDGMENTS

We thank Dr. M. S. Robinson for kindly providing anti-m3 anti-
ody, M. Tsurumaru for helpful assistance and discussion on SPR
easurements, and M. Ohara for comments on the manuscript. This
ork was supported in part by CREST grant from the Sciences and
echnology Corporation of Japan and Grants-in-Aid for Scientific
esearch from the Ministry of Education, Science, Sports, and Cul-

ure of Japan.

EFERENCES

1. Williams, M. A., and Fukuda, M. (1990) J. Cell Biol. 111(3),
955–966.

2. Noguchi, Y., Himeno, M., Sasaki, H., Tanaka, Y., Kono, A.,
Sakaki, Y., and Kato, K. (1989) Biochem. Biophys. Res. Commun.
164, 1113–1120.

3. Himeno, M., Noguchi, Y., Sasaki, H., Tanaka, Y., Furuno, K.,
Kono, A., Sakaki, Y., and Kato, K. (1989) FEBS Lett. 244(2),
351–356.

4. Waheed, A., Gottschalk, S., Hille, A., Krentler, C., Pohlmann, R.,
Braulke, T., Hauser, H., Geuze, H., and von Figura, K. (1988)
EMBO J. 7(8), 2351–2358.

5. Himeno, M., Fujita, H., Noguchi, Y., Kono, A., and Kato, K.
(1989) Biochem. Biophys. Res. Commun. 162, 1044–1053.

6. Peters, C., Braun, M., Weber, B., Wendland, M., Schmidt, B.,
Pohlmann, R., Waheed, A., and von Figura, K. (1990) EMBO J.
9(11), 3497–3506.

7. Fujita, H., Ezaki, J., Noguchi, Y., Kono, A., Himeno, M., and
Kato, K. (1991) Biochem. Biophys. Res. Commun. 178, 444–452.

8. Vega, M. A., Rodriguez, F., Segui, B., Cales, C., Alcalde, J., and
Sandoval, I. V. (1991) J. Biol. Chem. 266(25), 16269–16272.

9. Vega, M. A., Segui-Real, B., Garcia, J. A., Cales, C., Rodriguez,
F., Vanderkerckhove, J., and Sandoval, I. V. (1991) J. Biol.
Chem. 266(25), 16818–16824.

0. Fujita, H., Takata, Y., Kono, A., Tanaka, Y., Takahashi, T.,
Himeno, M., and Kato, K. (1992) Biochem. Biophys. Res. Com-
mun. 184(2), 604–611.
58
5217.
2. Kornfeld, S., and Mellman, I. (1989) Annu. Rev. Cell Biol. 5,

483–525.
3. Pearse, B. M. (1988) EMBO J. 7(11), 3331–3336.
4. Glickman, J. N., Conibear, E., and Pearse, B. M. (1989) EMBO J.

8(4), 1041–1047.
5. Beltzer, J. P., and Spiess, M. (1991) EMBO J. 10(12), 3735–3742.
6. Sosa, M. A., Schmidt, B., von Figura, K., and Hille-Rehfeld, A.

(1993) J. Biol. Chem. 268(17), 12537–12543.
7. Letourneur, F., Gaynor, E. C., Hennecke, S., Demolliere, C.,

Duden, R., Emr, S. D., Riezman, H., and Cosson, P. (1994) Cell
79(7), 1199–1207.

8. Robinson, M. S. (1994) Curr. Opin. Cell Biol. 6(4), 538–544.
9. Schmid, S. L. (1997) Annu. Rev. Biochem. 66, 511–548.
0. Stoorvogel, W., Oorschot, V., and Geuze, H. J. (1996) J. Cell Biol.

132(1–2), 21–33.
1. Stepp, J. D., Huang, K., and Lemmon, S. K. (1997) J. Cell Biol.

139(7), 1761–1774.
2. Simpson, F., Peden, A. A., Christopoulou, L., and Robinson, M. S.

(1997) J. Cell Biol. 137(4), 835–845.
3. Dell’Angelica, E. C., Ooi, C. E., and Bonifacino, J. S. (1997)

J. Biol. Chem. 272(24), 15078–15084.
4. Dell’Angelica, E. C., Ohno, H., Ooi, C. E., Rabinovich, E., Roche,

K. W., and Bonifacino, J. S. (1997) EMBO J. 16(5), 917–928.
5. Vowels, J. J., and Payne, G. S. (1998) EMBO J. 17(9), 2482–

2493.
6. Kantheti, P., Qiao, X., Diaz, M. E., Peden, A. A., Meyer, G. E.,

Carskadon, S. L., Kapfhamer, D., Sufalko, D., Robinson, M. S.,
Noebels, J. L., and Burmeister, M. (1998) Neuron 21(1), 111–122.

7. Sandoval, I. V., Arredondo, J. J., Alcalde, J., Gonzalez Noriega,
A., Vandekerckhove, J., Jimenez, M. A., and Rico, M. (1994)
J. Biol. Chem. 269(9), 6622–6631.

8. Honing, S., Sandoval, I. V., and von Figura, K. (1998) EMBO J.
17(5), 1304–1314.

9. Simpson, F., Bright, N. A., West, M. A., Newman, L. S., Darnell,
R. B., and Robinson, M. S. (1996) J. Cell Biol. 133(4), 749–760.

0. Guan, K. L., and Dixon, J. E. (1991) Anal. Biochem. 192, 262–
267.

1. Fujita, H., Tuma, P. L., Finnegan, C. M., Locco, L., and Hubbard,
A. L. (1998) Biochem. J. 329, 527–538.

2. Campbell, C., Squicciarini, J., Shia, M., Pilch, P. F., and Fine,
R. E. (1984) Biochemistry 23(19), 4420–4426.

3. March, S. C., Parikh, I., and Cuatrecasas, P. (1974) Anal. Bio-
chem. 60, 149–152.

4. Laemmli, U. K. (1970) Nature 227(259), 680–685.
5. Towbin, H., Staehelin, T., and Gordon, J. (1979) Proc. Natl.

Acad. Sci. USA 76(9), 4350–4354.
6. Lobel, P., Fujimoto, K., Ye, R. D., Griffiths, G., and Kornfeld, S.

(1989) Cell 57(5), 787–796.
7. Braun, M., Waheed, A., and von Figura, K. (1989) EMBO J.

8(12), 3633–3640.
8. Rapoport, I., Chen, Y. C., Cupers, P., Shoelson, S. E., and Kirch-

hausen, T. (1998) EMBO J. 17(8), 2148–2155.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

