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Introduction
During embryonic development, columnar epithelial cells 

polarize their plasma membrane into distinct apical and baso-

lateral domains that are separated by tight junctions. Once 

established, this polarity has to be maintained, and it has to 

be ensured that apical and basolateral transmembrane proteins 

are correctly sorted to the respective target domain (Mostov 

et al., 2003; Nelson, 2003).

Frequently, a fi rst step in basolateral sorting is the recog-

nition of a targeting determinant encoded in the cytoplasmic 

tail of transmembrane proteins. Perhaps the best-characterized 

sorting determinants are similar to endocytosis signals and con-

sist of either LL- or Y-based sorting signals. These basolateral 

signals are in general cis-dominant over apical sorting informa-

tion such as N- or O-glycosylations in a protein’s ectodomain 

(Schuck and Simons, 2004). Although it is still unclear how 

proteins with LL-based sorting signals are selected for baso-

lateral delivery, a better understanding has been achieved for 

the Y-based sorting signals (Rodriguez-Boulan et al., 2005). 

Typically, Y-based sorting signals are recognized by the me-

dium subunits of heterotetrameric clathrin adaptor protein (AP) 

complexes (Nakatsu and Ohno, 2003). There are four major 

types, AP-1 through AP-4, all sharing the same general subunit 

organization with two large subunits (γ, α, δ, ε, and β1–β4), one 

medium subunit (μ1–μ4), and one small subunit (σ1–σ4; Boehm 

and Bonifacino, 2001). Although AP-1, AP-3, and AP-4 are all 

thought to mediate cargo selection and vesicle formation at the 

TGN or endosomes, AP-2 is involved in clathrin-mediated 

 endocytosis (Brodsky et al., 2001; Robinson and Bonifacino, 

2001). Most polarized epithelial cells actually contain two 

highly similar AP-1 complexes, the ubiquitously expressed 

AP-1A, thought to mediate endosomal sorting, and the epithelial-

specifi c AP-1B complex involved in basolateral targeting 

(Fölsch et al., 1999). AP-1A and AP-1B differ only in the incor-

poration of their medium subunits μ1A or μ1B, respectively. 

Despite this close homology, AP-1A and AP-1B have largely 
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nonoverlapping functions and form distinct vesicle populations 

(Fölsch et al., 2001, 2003). The different roles of AP-1A and 

AP-1B in sorting can partially be explained by their differential 

localization to the TGN and recycling endosomes, respectively 

(Gan et al., 2002; Fölsch et al., 2003).

Besides AP-1B, the only other adaptor complex impli-

cated in basolateral sorting is AP-4 (Simmen et al., 2002). 

 Although AP-4 is thought to mediate basolateral sorting at 

the TGN, AP-1B is involved in recycling internalized cargo 

back from recycling endosomes to the basolateral membrane. 

In addition, AP-1B may also regulate basolateral delivery of 

newly synthesized proteins, which may travel through recycling 

endosomes on their way to the plasma membrane (Ang et al., 

2003, 2004; Fölsch, 2005). Despite the clear advances in our 

understanding of adaptor complexes involved, little is known 

about the relationship of sorting basolateral cargo at the TGN or 

the recycling endosomes (e.g., to what extent does biosynthetic 

cargo move through recycling endosomes?), and the interaction 

of specifi c basolateral sorting determinants with the individual 

μ-chains has not been established; however, the latter informa-

tion would add considerably to our mechanistic understanding 

of basolateral sorting pathways.

Regardless, once the basolateral transport vesicles are 

formed, tethering to and fusion with the correct target site has to 

be ensured. The mammalian exocyst, an eight-subunit complex, 

is thought to facilitate tethering of basolateral vesicles with the 

target site, and at least two of its subunits associate with AP-1B 

vesicles (Grindstaff et al., 1998; Fölsch et al., 2003). After teth-

ering, the complex may rearrange to bring vesicle and plasma 

membrane into close contact to allow for SNARE pairing and 

subsequent fusion (Munson and Novick, 2006). SNAREs are 

soluble NSF attachment protein receptors. Plasma membrane 

SNAREs of the syntaxin family (e.g., syntaxins 1, 2, 3, and 4) and 

the synaptosomal-associated protein of 23 kD (SNAP-23) form 

the so-called target SNAREs (t-SNAREs) that, upon inter-

action with the vesicle-associated membrane proteins (VAMPs/

v-SNAREs), mediate the exocytic fusion reaction (Ravichandran 

et al., 1996; Bonifacino and Glick, 2004; Jahn and Scheller, 2006).

Epithelial cells express three different t-SNAREs at the 

plasma membrane. Syntaxin 3 localizes to the apical domain, 

syntaxin 4 is basolateral, and syntaxin 2 in renal epithelial cells 

localizes either to the apical or basolateral membrane, whereas 

exogenously expressed syntaxin 2 in MDCK cells is nonpolar-

ized (Low et al., 1996; Li et al., 2002). Recently, it has been 

shown that the correct localization of syntaxin 3 is necessary for 

epithelial polarity and correct targeting of proteins to the apical 

membrane (Kreitzer et al., 2003; ter Beest et al., 2005; Sharma 

et al., 2006). The role of syntaxin 4 in basolateral sorting is sus-

pected but has not yet been demonstrated. Furthermore, the 

nature of the corresponding v-SNARE is still elusive. It has 

been shown that the addition of tetanus neurotoxin (TeNT) to 

permeabilized MDCK cells slowed the transport rate of vesicu-

lar stomatitis virus glycoprotein (VSVG) to the basolateral do-

main but not the transport of infl uenza HA to the apical domain 

(Ikonen et al., 1995). Apical targeting was then shown to involve 

the TeNT-resistant v-SNARE TI-VAMP (VAMP7) and syntaxin 3–

dependent fusion (Galli et al., 1998; Low et al., 1998; Lafont 

et al., 1999). However, the exact nature of the SNARE proteins 

involved in basolateral targeting was not determined, and it 

remains to be shown whether treatment with TeNT results in 

any sorting defects to the basolateral domain.

TeNT is a highly specifi c clostridial neurotoxin that has 

three known targets: synaptobrevin 1 (VAMP 1), synaptobrevin 2 

(VAMP 2), and cellubrevin (VAMP 3; Yamasaki et al., 1994). 

Although synaptobrevin 1 is mainly brain specifi c, synapto-

brevin 2 has a broader expression profi le, including adipocytes 

and exocrine tissues (Ralston et al., 1994; Rossetto et al., 1996). 

In contrast, cellubrevin is ubiquitously expressed and has been 

shown to play a role in epithelial cell migration (McMahon 

et al., 1993; Proux-Gillardeaux et al., 2005). Furthermore, cellu-

brevin has been implicated in recycling of transferrin recep-

tors (TfnRs) in fi broblasts and apical recycling pathways in 

MDCK cells (Galli et al., 1994; Daro et al., 1996; Steegmaier 

et al., 2000). However, because apical targeting was shown to 

be resistant to treatments with TeNT, it seems unlikely that cel-

lubrevin is involved in this pathway (Ikonen et al., 1995; Galli 

et al., 1998). Thus, questions concerning the exact role of cellu-

brevin in polarized membrane traffi cking and its potential con-

nection to adaptor complexes still remain. To better understand 

the TeNT sensitivity of basolateral sorting and the role of cellu-

brevin in polarized epithelial cells, we examined MDCK cell 

lines stably transfected with GFP-cellubrevin (GFP-cb) and 

TeNT or an enzymatic inactive mutant of TeNT.

Results
Cellubrevin localizes to the basolateral 
membrane in polarized MDCK cells
Proux-Gillardeaux et al. (2005) established MDCK cells stably 

transfected with cDNAs encoding cellubrevin tagged with GFP 

at its N terminus (GFP-cb) and TeNT (+TeNT) or the inactive 

E234Q mutant of TeNT (+mutant TeNT). Here, we tested the 

Figure 1. Cellubrevin colocalizes with gp58 at the baso-
lateral membrane. Fully polarized MDCK cells stably express-
ing GFP-cb in conjunction with wild-type (bottom) or mutant (top) 
TeNT were fi xed, permeabilized, and processed for immuno-
fl uorescence. Fluorescent staining of gp58 was performed 
using anti-gp58 antibodies (6.23.3) followed by Alexa 594–
labeled secondary antibodies (left, red). Specimens were 
analyzed by confocal microscopy, and representative X-Z 
sections are shown. The arrow denotes endosomal structures 
positive for both gp58 and GFP-cb staining.
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polarized localization of GFP-cb in fi lter-grown, fully polarized 

MDCK cells. As shown in Fig. 1 (top), cellubrevin at least 

partially colocalized with the marker protein gp58 at the baso-

lateral membrane and in intracellular puncta most likely corre-

sponding to recycling endosomes (Fig. 1, top, arrows). The 

basolateral localization of GFP-cb may be a result of membrane 

fusion reactions; therefore, cellubrevin may localize within the 

basolateral membrane or underneath this domain as part of 

docked vesicles. It may also be present in early endosomes 

underlying the basolateral membrane (basolateral early endo-

somes) after removal from the plasma membrane. To test 

whether cellubrevin localizes at least in part within the baso-

lateral plasma membrane, we tagged cellubrevin at its luminal, 

C-terminal end with the myc-epitope (cb-myc). Cb-myc was 

transiently expressed in polarized MDCK cells. Transfected cells 

were incubated with anti-myc antibodies before fi xation to stain 

cellubrevin at the membrane. As expected, we detected a fraction 

of cb-myc at the basolateral surface (Fig. S1, available at http://

www.jcb.org/cgi/content/full/jcb.200610047/DC1), confi rming 

the localization observed for GFP-cb. Importantly, we did not 

detect any surface staining at the apical membrane (Fig. S1).

Coexpression of GFP-cb with TeNT resulted in cleavage 

of GFP-cb and cytosolic accumulation of GFP (Fig. 1, bottom; 

Proux-Gillardeaux et al., 2005). Interestingly, stably expressing 

TeNT in MDCK cells does not lead to a mislocalization of the 

basolateral marker protein gp58, indicating that overall polarity 

was not disturbed in this assay (Fig. 1, bottom). Taken together, 

these data show that cellubrevin localizes in part to the baso-

lateral membrane, where cellubrevin may be involved in fusion 

events between exocytic vesicles and the basolateral plasma 

membrane. Moreover, we conclude that the established cell 

lines coexpressing GFP-cb and TeNT are suitable for analyzing 

a potential role for cellubrevin in this process.

Cellubrevin forms SNARE complexes 
with syntaxin 4
To test whether cellubrevin plays a role in fusion events at the 

basolateral membrane, we sought to coprecipitate cellubrevin 

with the basolateral t-SNARE syntaxin 4 or the apical t-SNARE 

syntaxin 3. To this end, we used defective adenoviruses to express 

myc-tagged versions of syntaxin 4 or 3 in GFP-cb– expressing 

Figure 2. Syntaxin 4 coprecipitates with GFP-cb. MDCK cells stably 
expressing GFP-cb were grown on fi lter supports, and fully polarized cells 
were infected with defective adenoviruses expressing myc-tagged versions 
of syntaxin 3 (Syn 3) or syntaxin 4 (Syn 4). 1 d after infection, cells were 
lysed and incubated with anti-GFP antibodies. Immunoprecipitates were 
analyzed by SDS-PAGE and Western blotting using anti-myc (9E10) and 
anti-GFP antibodies. 3% total indicates 3% of the lysate used for 
immunoprecipitations.

Figure 3. TeNT inhibits basolateral sorting 
of TfnR and LDLR-CT27. MDCK cells expressing 
GFP-cb and TeNT or mutant TeNT as a control 
were seeded on polycarbonate fi lters, allowed 
to polarize, and infected with defective adeno-
viruses to drive expression of various surface 
receptors. (A) TfnR was expressed either endog-
enously or using an adenovirus vector. Cells 
were surface stained with anti-TfnR antibodies 
(OKT9). (B) RFP-tagged FcR (FcR-RFP) express-
ing cells were surface stained with anti-FcR 
antibodies (2.4G2). (C) Cells expressing GFP-
tagged VSVG or the YFP-tagged A-VSVG were 
surface stained with anti-VSVG antibodies 
(TKG). (D) LDLR, LDLR (Y18A), and LDLR-CT27 
were visualized by surface staining with anti-
LDLR antibodies (C7). After surface staining, 
cells were fi xed, permeabilized, and incubated 
with secondary antibodies labeled with Alexa 
594 (A, C, and D) or Cy5 (B). Images show 
representative confocal X-Z sections.
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MDCK cells. It has previously been shown that myc-tagged 

syntaxin 3 and 4 localize and function correctly (Kreitzer et al., 

2003; Low et al., 2006). As shown in Fig. 2, anti-GFP anti-

bodies effi ciently precipitated GFP-cb (lanes 4 and 6). Impor-

tantly, although syntaxin 4 was abundantly brought down with 

cellubrevin (lane 6), only small amounts of syntaxin 3 copre-

cipitated (lane 4). This shows that cellubrevin preferentially 

forms SNARE pairs with syntaxin 4. Therefore, we hypothesize 

that cellubrevin plays a role in some vesicle fusion events at the 

basolateral plasma membrane in MDCK cells.

TeNT expression results in missorting 
of TfnR and low-density lipoprotein 
receptor (LDLR)-CT27
To answer the question of whether cellubrevin is involved in 

membrane traffi cking to the basolateral membrane, we analyzed 

the sorting phenotypes of various cargos in the presence of 

TeNT. As shown in Fig. 3 A, endogenous as well as virally 

expressed TfnR, which have Y-based sorting motifs (Odorizzi 

and Trowbridge, 1997) and are basolateral in our control cells, 

showed a nonpolarized distribution in the presence of TeNT. In 

contrast, FcII-B2 receptors (FcRs), which have an LL-based 

sorting motif (Matter et al., 1994; Roush et al., 1998), remained 

localized to the basolateral domain in the presence of TeNT 

(Fig. 3 B). Next, we tested the surface expression of basolater-

ally localized VSVG and apical A-VSVG (Toomre et al., 1999). 

Surprisingly, even though VSVG has a Y-based sorting motif 

like TfnR (Thomas et al., 1993), this protein remained at the 

basolateral membrane in the presence of TeNT (Fig. 3 C, left). 

Importantly, A-VSVG sorting to the apical domain was also not 

disturbed (Fig. 3 C, right).

Finally, we tested the sorting of LDLR and two of its 

mutants. LDLR contains two basolateral sorting determinants 

(Matter et al., 1992). The proximal signal more closely situated to-

ward the transmembrane domain, and surrounding a tyrosine resi-

due at position 18 is an NPXY motif (Bonifacino and Traub, 2003). 

Figure 4. TeNT-resistant cellubrevin rescues the apical missorting of LDLR-CT27 in the presence of TeNT. MDCK cells stably expressing GFP-cb and TeNT 
were seeded on polycarbonate fi lters and grown for 2 d. Cells were then transiently transfected with cDNAs encoding LDLR-CT27 and TeNT-resistant RFP-
cb-VW or RFP-syn2-VW. Transfected cells were incubated for 24 h at 37°C. Cells were either directly stained for surface expression of LDLR-CT27 using 
anti-LDLR antibodies (C7; A) or treated with 0.1 mg/ml cycloheximide for 2 h at 37°C before surface staining (B). Cells were then fi xed, permeabilized, 
and incubated with Cy5-labeled secondary antibodies. Specimens were analyzed by confocal microscopy, and representative X-Z sections are shown. 
(C) Cells expressing LDLR-CT27, GFP-cb, and TeNT (judged by cytosolic GFP staining) in conjunction with RFP-cb-VW or RFP-syn2-VW were scored for LDLR-
CT27 localization independent of RFP-cb-VW or RFP-syn2-VW expression levels. Data represent mean values from four independent experiments, and error 
bars indicate SEM.
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By contrast, the distal targeting determinant is considered a non-

canonical Y-based motif (Fölsch et al., 1999). The fi rst mutant 

receptor analyzed was LDLR(Y18A), in which the critical tyro-

sine 18 was mutated to an alanine. The second mutant construct 

was truncated at position 27, right after the proximal targeting 

determinant (LDLR-CT27). We found that sorting of LDLR 

and LDLR(Y18A) is insensitive to TeNT (Fig. 3 D, left). In 

contrast, LDLR-CT27 was missorted in the presence of TeNT 

(Fig. 3 D, right). Therefore, only basolateral targeting mediated 

by LDLR’s proximal sorting determinant is sensitive to TeNT 

expression. In summary, we found that two basolateral recep-

tors, TfnR and LDLR-CT27, are missorted to the apical domain 

when TeNT is present.

TeNT-resistant cellubrevin rescues 
missorting of LDLR-CT27 induced by TeNT
Next, we performed rescue experiments to confi rm that cleav-

age of cellubrevin is the reason for the observed TeNT sensitiv-

ity of basolateral sorting. There are only three known v-SNAREs 

that are substrates for TeNT. However, although cellubrevin and 

synaptobrevin 2 are cleaved very effi ciently, cleavage of synapto-

brevin 1 is less effi cient (Schiavo et al., 1992; Yamasaki et al., 

1994). Moreover, although cellubrevin is ubiquitously ex-

pressed, synaptobrevin 1 and 2 could not be detected in MDCK 

cells by Western blotting (Proux-Gillardeaux et al., 2005). 

Therefore, to analyze rescue, we added an N-terminal RFP tag 

to TeNT-resistant mutants of human cellubrevin (RFP-cb-VW) 

and, for control purposes, human synaptobrevin 2 (RFP-syn2-

VW) by mutating Q63/F64 or Q76/F77 to VW (Regazzi et al., 

1996), respectively. These constructs, together with LDLR-

CT27, were transiently expressed in MDCK cells stably ex-

pressing TeNT and GFP-cb. Cells were processed for surface 

staining of LDLR-CT27 with or without inhibiting protein syn-

thesis with cycloheximide for 2 h before fi xation. As shown in 

Fig. 4, RFP-cb-VW rescued the basolateral sorting of LDLR-

CT27 independently of expression levels in �70% of all 

analyzed cells (cells showing lower levels of RFP-cb-VW 

expression are shown in the left panels). Furthermore, this res-

cue was independent of ongoing protein synthesis (Fig. 4 B). In 

contrast, RFP-syn2-VW rescued only if highly overexpressed 

(Fig. 4, A and B, RFP-syn2-VW, compare right and left panels). 

Again, the same result was obtained after adding cyclohexi-

mide. Overall, RFP-syn2-VW rescued LDLR-27 sorting in 

�30% of all cells analyzed, counting cells independent of their 

expression levels (Fig. 4 C).

Next, we transiently expressed RFP-cb-VW or RPF-syn2-

VW in the cell line stably expressing GFP-cb and found that 

RFP-cb-VW colocalized with GFP-cb in endosomes and at the 

plasma membrane, whereas RFP-syn2-VW only partially co

localized with GFP-cb in endosomes (Fig. S2, available at http://

www.jcb.org/cgi/content/full/jcb.200610047/DC1). In addition, 

we could barely detect RFP-syn2-VW at the plasma membrane 

(Fig. S2), indicating that even if synaptobrevin 2 were expressed 

in MDCK cells, it is not likely to be involved in fusion events 

at the basolateral plasma membrane. In summary, from these 

rescue experiments, we conclude that cellubrevin is indeed the 

v-SNARE needed for basolateral sorting.

Biosynthetic delivery of LDLR-CT27 
is TeNT sensitive
LDLR-CT27 is a receptor that is internalized rapidly from the 

plasma membrane (Matter et al., 1992). Therefore, by analyz-

ing LDLR-CT27 missorting at steady state, we can so far 

make the conclusion that LDLR-CT27 is dependent on cellu-

brevin function during endocytic recycling. To address the 

question of whether there might already be a TeNT-sensitive 

step in LDLR-CT27 sorting during biosynthetic delivery, we 

performed radioactive pulse-chase experiments coupled to 

vectorial surface biotinylation with MDCK cells stably ex-

pressing GFP-cb and TeNT or its enzymatic mutant and virally 

expressing LDLR-CT27. Surprisingly, after a 1-h chase, newly 

synthesized LDLR-CT27 arrived directly at the apical surface 

(Fig. 5 A). The same was true for earlier time points (30 min), 

when newly synthesized LDLR-CT27 starts to appear at the 

plasma membrane (unpublished data). The overall apical mis-

sorting measured by this pulse-chase experiment is only �50% 

and seems weaker than the sorting phenotypes observed by 

immunofl uorescence. However, our cell lines were not clonal, 

as judged by the fact that not all cells in the population 

expressed GFP-cb and TeNT (compare Figs. 1, 3, and 4 for 

appearance of cells without GFP staining). As a result, the 

coinfection rate of GFP-cb– and TeNT-expressing cells with 

LDLR-CT27 virus was only �50%. As expected, LDLR-CT27 

was directly sorted to the basolateral membrane in our control 

cell lines expressing mutant TeNT (Fig. 5 B). Therefore, it 

Figure 5. TeNT leads to missorting of LDLR-CT27 during biosynthetic 
 delivery. MDCK cells expressing GFP-cb and TeNT (A) or mutant TeNT (B) 
were seeded on polycarbonate fi lters, and fully polarized cells were 
infected with defective adenoviruses encoding LDLR-CT27. 24 h after 
infection, cells were pulse-labeled with [35S]Met/Cys, followed by a chase, 
surface biotinylation, and immunoprecipitations as described in Materials 
and methods. Samples were run on SDS gels and exposed to Phosphor-
imager plates. Shown are the graphical representations of the quantifi cation 
of the surface expression of LDLR-CT27. Experiments were repeated three 
times, and error bars indicate SEM.
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seems that the sorting of LDLR-CT27 is already sensitive to 

TeNT during biosynthetic delivery in addition to missorting 

during recycling.

Cellubrevin colocalizes with TfnR and AP-1B
To further analyze which basolateral sorting pathways might 

depend on cellubrevin, we analyzed cellubrevin’s subcellular 

localization by indirect immunofl uorescence. We found that in 

addition to the plasma membrane, GFP-cb localized to a perinu-

clear region distinct from the Golgi complex, as demonstrated by 

costaining with the cis-Golgi marker GM130 (unpublished data) 

and on endosomal populations throughout the cells. Fur-

thermore, cellubrevin showed in �60% of all cells analyzed 

staining patterns distinct from TGN38, a marker for AP-1A–

positive TGN subdomains (Fölsch et al., 2003; Fig. 6, A and E). 

In contrast, in virtually all cells analyzed, cellubrevin showed 

colocalization with TfnR accumulated in recycling endosomes 

by incubating the cells for 2 h at 20°C before fi xation (Fig. 6, 

B and E). Moreover, cellubrevin partially colocalized with 

γ-adaptin, one of the large subunits of AP-1A and AP-1B 

(unpublished data). To directly compare cellubrevin’s localiza-

tion relative to AP-1A or AP-1B, we used defective adeno-

viruses to express HA-tagged μ1A or myc-tagged μ1B (Fölsch 

et al., 2003). Again, there was only limited colocalization 

between GFP-cb and AP-1A–HA (only in �15% of the cells 

analyzed), but we observed colocalization between GFP-cb 

and AP-1B–myc in 90% of the cells expressing both markers 

(Fig. 6, C, D, and E). Finally, as additional controls, we analyzed 

cellubrevin tagged at the N or C terminus with the myc epitope 

transiently expressed in MDCK cells (myc-cb and cb-myc). The 

myc-tagged cellubrevin proteins confi rmed our analysis with 

GFP-cb. Myc-cb and cb-myc both colocalized with TfnR and 

showed essentially the same endosomal and plasma membrane 

staining pattern as GFP-cb (unpublished data).

In addition to immunofl uorescence analysis, we investigated 

the colocalization of cellubrevin and AP-1B ultrastructurally by 

immuno-EM on specimens stably expressing GFP-cb and tran-

siently expressing μ1B-myc. As shown in Fig. 7, we detected 

Figure 6. Cellubrevin localizes to AP-1B–positive recycling endosomes. 
(A and B) MDCK cells expressing GFP-cb were grown on coverslips for 2 d 
and then transfected with cDNA expressing TGN38 or TfnR. After a 24-h 
incubation, TGN38-expressing cells were fi xed directly, and coverslips with 
cells expressing TfnR were incubated for 2 h at 20°C before fi xation. Fixed 
cells were immunolabeled for TGN38 (A, red) or TfnR (H68.4 antibodies; 
B, red). (C and D) MDCK cells expressing GFP-cb were grown on coverslips 
for 2 d and then infected with defective adenoviruses expressing μ1A-HA or 
μ1B-myc. After a 36-h incubation, cells were fi xed, permeabilized, and 
immunolabeled for HA (C, red) or myc (D, red). Specimens were analyzed 
by confocal microscopy, and representative images are shown. Bars, 10 μm. 
(E) Cells with similar expression levels of GFP-cb and various marker proteins 
were scored for colocalization of both markers. Data represent mean values 
from at least three independent experiments. Error bars indicate SEM.

Figure 7. Cellubrevin localizes to AP-1B–positive endosomes and clathrin-
coated vesicles. MDCK cells stably expressing GFP-cb were grown to con-
fl uency in T25 fl asks and infected with defective adenoviruses encoding 
μ1B-myc. 36 h after infection, cells were fi xed and prepared for immuno-
EM as described in Materials and methods. Specimens were labeled for 
myc (10 nm gold) and GFP (15 nm gold) staining. Arrows denote structures 
showing colocalization of GFP-cb and μ1B-myc. MVB, multivesicular body. 
Bar, 100 nm.
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colocalization of cellubrevin (15 nm gold) and AP-1B–myc 

(10 nm gold) in endosomes (Fig. 7, A and B, arrows) and in 

clathrin-coated vesicles (Fig. 7, C and D, arrows). As expected 

from the immunofl uorescence data, we also found cellubrevin 

in endosomal populations negative for AP-1B labeling, which 

perhaps represent early endosomes. In summary, we conclude 

that cellubrevin colocalizes with AP-1B in recycling endosomes 

and clathrin-coated vesicles.

TeNT expression disrupts the perinuclear 
localization of AP-1B
Given that TfnR, cellubrevin, and AP-1B all localize to re-

cycling endosomes, we asked whether cleavage of cellubrevin 

by TeNT interferes with the colocalization of TfnR and AP-1B 

in this compartment. Thus, we virally expressed μ1A-HA or 

μ1B-myc in MDCK cells stably expressing GFP-cb (false color 

blue) and TeNT or mutant TeNT. As shown in Fig. 8 A, TeNT 

expression had no effect on the perinuclear localization of 

AP-1A–HA in �90% of the cells analyzed (data counts 

not depicted). However, AP-1B–myc staining was scattered 

throughout the cell in >95% of the cells analyzed (Fig. 8 B; 

data counts not depicted). Moreover, costaining for TfnR (false 

color green) revealed that TfnR staining was also more dis-

persed in cells stably expressing TeNT as compared with the 

control cells without TeNT. Most important, although in control 

cells AP-1B–myc and TfnR colocalized at recycling endosomes 

together with GFP-cb (Fig. 8 C; note extensive yellow staining 

in magnifi ed inset), AP-1B–myc and TfnR no longer colocal-

ized after cleavage of cellubrevin (Fig. 8 B; note distinct red and 

green staining in magnifi ed inset). Therefore, in addition to cel-

lubrevin’s role in membrane fusion at the basolateral plasma 

membrane, as evidenced by observed SNARE pairing between 

cellubrevin and syntaxin 4 (Fig. 2), cellubrevin may be required 

for the homeostasis of recycling endosomes. Furthermore, the 

selective disruption of AP-1B staining suggests that cellubrevin 

plays a role in AP-1B–mediated basolateral targeting.

TfnR and LDLR-CT27 are AP-1B–dependent 
basolateral cargos
Because AP-1B’s localization at recycling endosomes depends 

on functional cellubrevin, we asked which cargos analyzed in this 

study are AP-1B dependent and whether there is a correlation 

between AP-1B dependency and TeNT sensitivity in basolateral 

sorting. In the past, we designated basolateral transmembrane 

proteins as AP-1B dependent for sorting based on their behavior 

in the μ1B-negative porcine kidney epithelial cell line LLC-PK1 

(Fölsch et al., 1999). In this cell line, receptors with Y-based sort-

ing motifs, such as TfnR, LDLR, and VSVG, were missorted to 

the apical domain, and this sorting phenotype was reversed by 

exogenously expressing μ1B in LLC-PK1 cells (LLC-PK1::μ1B; 

Fölsch et al., 1999, 2003; Table I). In contrast, receptors with 

LL-based signals, such as FcR, remained located to the basolateral 

domain independent of μ1B expression (Roush et al., 1998). How-

ever, the sorting data available in LLC-PK1 cells were not com-

plete. Therefore, we investigated sorting behaviors of additional 

cargos in LLC-PK1::μ1A, LLC-PK1::μ1B, or LLC-PK1 cells 

expressing a mutated μ1B (LLC-PK1::μ1Bmut). μ1Bmut has four 

mutations (F172A, D174A, W408A, and R410A), which abolish 

μ1B’s binding to sorting peptides (Sugimoto et al., 2002).

First, we analyzed LDLR and its mutants LDLR-CT27 

(proximal signal intact) and LDLR(Y18A) (distal signal intact). 

As shown in Table I and Fig. S3 (available at http://www.jcb

.org/cgi/content/full/jcb.200610047/DC1), we found that LDLR 

and LDLR-CT27, which are basolateral in MDCK cells, are 

apical in LLC-PK1::μ1A cells. In both cases, basolateral sort-

ing was restored in LLC-PK1::μ1B cells (Table I; Fölsch et al., 

1999). However, only LDLR-CT27 showed a missorting pheno-

type in LLC-PK1::μ1Bmut cells. The different sorting behaviors 

of LDLR and LDLR-CT27 might be explained if the distal sig-

nal is AP-1B independent. Indeed, LDLR(Y18A) was localized 

to the basolateral membrane independent of μ1B expression 

(Table I; Gan et al., 2002). Next, we analyzed TfnR and VSVG. 

Both cargos are apical in LLC-PK1::μ1A cells and basolateral 

in LLC-PK1 cells expressing μ1B. Surprisingly, basolateral 

sorting of TfnR and VSVG was also restored in LLC-PK1 cells 

expressing μ1Bmut (Table I; Fölsch et al., 1999, 2003; Sugimoto 

et al., 2002). The reason for this lack of missorting could be 

either that μ1Bmut still binds to the respective sorting signals or 

that TfnR and VSVG interact with putative (AP-1B) coadaptors 

instead. As expected, FcR and A-VSVG were sorted to the 

basolateral or apical domain, respectively, in all cell lines tested 

(Table I; Roush et al., 1998; Fölsch et al., 2003).

Figure 8. AP-1B localization is dispersed in TeNT-expressing cells. MDCK 
cells stably expressing GFP-cb (false color blue) and TeNT or mutant TeNT 
were grown on coverslips for 2 d and infected with defective adenoviruses 
expressing μ1A-HA or μ1B-myc. 36 h after infection, cells were fi xed and 
processed for immunofl uorescence staining with antibodies against HA 
(16B12 ® goat anti-mouse Alexa 594; A) or myc (A-14 ® goat anti-rabbit 
Alexa 594) and TfnR (H68.4 ® goat anti-mouse Cy5; false color green; 
B and C). Specimens were analyzed by confocal microscopy, and repre-
sentative images are shown. The boxed areas are shown enlarged as in-
sets in the top right corner of the merged image showing only red (μ1B-myc) 
and green (TfnR) staining. Bars, 10 μm.
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To gain a better understanding of which alternative 

adaptor complexes might be involved in basolateral sorting of 

LDLR(Y18A), TfnR, and VSVG, we tested by yeast two-hybrid 

assay the interactions of individual sorting signals with various 

μ-chains (μ1A, μ1B, μ1Bmut, μ2, μ3A, or μ4). To this end, we 

analyzed the proximal and distal sorting determinants of LDLR 

and TfnR, as well as the sorting signal of VSVG. As a positive 

control, we also analyzed the sorting signal of TGN38 (Table II 

and Fig. S4, available at http://www.jcb.org/cgi/content/full/

jcb.200610047/DC1). For LDLR, we found that the distal tar-

geting signal GYSY (present in LDLR[Y18A]) interacted with 

μ2, μ3A, and μ4, suggesting that LDLR(Y18A) may use AP-3 

or AP-4 to exit the TGN. In contrast, the proximal targeting 

signal of LDLR, NPXY (present in LDLR-CT27), does not 

interact with any of the μ-chains. However, it should be noted 

that although the NPXY signal is a well-established endocytic 

signal, AP-2 does not bind directly to NPXY. In the case of 

LDLR, this interaction is bridged by the coadaptors ARH/Dab2/

numb (Traub, 2003). Perhaps similar coadaptors are involved in 

LDLR sorting from recycling endosomes.

TfnR also has two sorting determinants. One is the proxi-

mal, endocytic signal YTRF, and the other is the distal signal 

GNDS, thought to be involved in correct recycling of TfnR 

(Odorizzi and Trowbridge, 1997). We found no interactions be-

tween the GNDS signal and any μ-chains. In contrast, we found 

interactions for the YTRF motif with all μ-chains tested. The 

strongest interactions were observed between YTRF and μ2/μ4, 

suggesting that TfnR may use AP-4 to exit the TGN during bio-

synthetic delivery. As expected, we detected no interactions 

with the mutant μ1Bmut (Fig. S4 B). The situation was similar 

for TGN38, whose sorting signal (Bos et al., 1993) also inter-

acted with all tested μ-chains (strongest with μ3A and μ4). 

Finally, the YTDI signal of VSVG (Thomas et al., 1993) inter-

acted with μ1B and, to a weaker extent, with μ4. Interestingly, 

the interaction between YTDI and μ1B was not disrupted when 

tested against μ1Bmut (Fig. S4 B), which may explain why VSVG 

is not missorted to the apical domain in LLC-PK1::μ1Bmut cells.

In summary, we observed that most of the basolateral 

sorting signals interact with multiple adaptor complex μ-chains, 

including μ1B. The interaction with alternative adaptor com-

plexes, most notably AP-4, may be involved in basolateral tar-

geting during biosynthetic delivery, whereas AP-1B may be 

used during recycling (TfnR, LDLR-CT27, and VSVG) and 

biosynthetic delivery (LDLR-CT27 and VSVG). Interestingly, 

with the exception of VSVG, AP-1B dependency seems to cor-

relate well with sensitivity to TeNT.

Discussion
SNARE proteins are fundamentally important for all known 

intracellular fusion events between transport vesicles and tar-

get membranes. For example, apical targeting depends on the 

correct sorting of syntaxin 3 to the apical domain, and its mis-

sorting to the basolateral domain results in loss of cellular po-

larity (Kreitzer et al., 2003; ter Beest et al., 2005; Sharma et al., 

2006). Furthermore, at the apical membrane syntaxin 3 forms 

SNARE pairs with the v-SNARE, TI-VAMP, and SNAP-23 

(Galli et al., 1998). The SNARE pairs involved in basolateral 

sorting, however, remained elusive. Using TeNT-expressing MDCK 

cells, we have now provided evidence that at least a subset of 

basolateral vesicles uses cellubrevin for basolateral sorting. 

Moreover, we were able to coprecipitate cellubrevin with the 

basolaterally localized syntaxin 4, indicating that syntaxin 4 

and cellubrevin form SNARE pairs during exocytosis at the 

basolateral membrane.

Besides the basolateral membrane, we found cellubrevin 

localizing to different endosomal populations, including TfnR 

and AP-1B–positive recycling endosomes. These data fi t very 

well with previous studies demonstrating a role for cellubrevin 

in TfnR recycling from recycling endosomes in fi broblasts  

(Galli et al., 1994; Daro et al., 1996). In addition, by immuno-

EM, we found cellubrevin colocalizing with AP-1B in endo-

somes and clathrin-coated vesicles. It has previously been shown 

that some v-SNAREs directly interact with APs. For example, 

the TGN-localized VAMP 4 has an LL-based motif needed for 

interaction with AP-1 (Peden et al., 2001). Similarly, TI-VAMP 

interacts with δ-adaptin/AP-3 through its aminoterminal longin 

domain (Martinez-Arca et al., 2003). However, we found no 

Table I. Sorting phenotypes in different epithelial cell lines

LLC-PK1 MDCK

𝛍1A 𝛍1B 𝛍1Bmut TeNT

LDLR Aa,b BLa,b BLb BLe

LDLR(Y18A) BLe BLe BLe BLe

LDLR-CT27 Ae BLe Ae Ae

TfnR Aa,b BLa,b BLb Ae

VSVG Ac BLc BLe BLe

A-VSVG Ae Ac Ae Ae

FcR BLd,e BLe BLe BLe

Sorting phenotypes of cargo receptors in individual cell lines were obtained as described in Materials and methods. A, apical localization; BL, basolateral localization.
aFölsch et al., 1999.
bSugimoto et al., 2002.
cFölsch et al., 2003.
dRoush et al., 1998.
eThis study. Representative images of confocal X-Z sections are shown in Fig. S3 (available at http://www.jcb.org/cgi/content/full/jcb.200610047/DC1).
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evidence that AP-1B directly recognizes cellubrevin and, at 

least by yeast two-hybrid assay, cellubrevin failed to interact 

with μ1B (unpublished data). Therefore, we propose that cellu-

brevin is incorporated into AP-1B vesicles through interactions 

with putative coadaptors. For instance, in mammalian cells, 

EpsinR helps incorporating Vti1b into AP-1A vesicles at the TGN 

(Chidambaram et al., 2004; Hirst et al., 2004). Likewise, in 

yeast cells, the EpsinR homologue Ent3p interacts specifi cally 

with Vti1p (Chidambaram et al., 2004). Future experiments will 

be aimed at identifying putative coadaptors for AP-1B coats that 

might help incorporating cellubrevin into AP-1B vesicles.

Interestingly, the cleavage of cellubrevin by TeNT re-

sults not only in a more scattered endosomal staining of TfnR 

but also in a loss of perinuclear AP-1B staining. Because the 

colocalization of TfnR and AP-1B was lost also, these data 

suggest a role for cellubrevin in maintaining functional re-

cycling endosomes. It seems that without cellubrevin, cargo 

such as TfnR can no longer enter this compartment. Alterna-

tively, fusion- incompetent AP-1B vesicles may titer out com-

ponents needed to generate new vesicles, also leading to a 

disruption of recycling endosomes (indicated in Fig. 9 B as 

isolated entities as opposed to the normal tubular network 

[Fig. 9 A]). Without functional (AP-1B–positive) recycling 

endosomes, however, cargo that is normally sorted into AP-

1B vesicles at recycling endosomes for basolateral delivery 

will be missorted to the apical membrane if no alternative 

pathways can be used instead.

It has been noted that the rate of basolateral delivery of 

VSVG, but not the apical delivery of infl uenza HA protein, is 

sensitive to treatment with TeNT (Ikonen et al., 1995). In this 

study, we show that apical cargos (A-VSVG) and AP-1B–

 independent basolateral cargos (LDLR[Y18A] and FcR) are 

sorted correctly to the apical or basolateral domain, respectively, 

independent of functional cellubrevin. Although we still do not 

know which adaptor complex sorts FcR to the basolateral mem-

brane, based on yeast two-hybrid interactions, we propose that 

LDLR(Y18A) is sorted by AP-4, as has been suggested previ-

ously for wild-type LDLR (Simmen et al., 2002). In contrast, 

we observed apical missorting of the AP-1B–dependent cargos 

TfnR and LDLR-CT27. Surprisingly, however, VSVG, the 

protein perhaps most often used in the literature as “AP-1B–

 dependent” cargo, was not missorted. These data are summa-

rized in Fig. 9. Although Fig. 9 A shows the situation without 

TeNT, Fig. 9 B shows the scenario with TeNT. For simplicity, 

we are omitting sorting into lysosomes and retrieval pathways.

We found that LDLR-CT27 is missorted during recycling 

at steady state (Figs. 3 and 4) and directly during biosynthetic 

delivery (Fig. 5). The latter fi nding suggests that LDLR-CT27 

normally traffi cs to the basolateral surface via recycling endo-

somes and that no alternative pathways exist. Indeed, we found 

no interaction between LDLR-CT27 and any adaptor complex 

μ-chains, and this receptor was entirely dependent on AP-1B for 

basolateral sorting (Tables I and II). In agreement with this, we 

previously demonstrated that LDLR specifi cally cross-linked to 

AP-1B (Fölsch et al., 2001). In addition, LDLR-CT27’s AP-1B 

dependence was recently underlined by its apical missorting 

in MDCK cells, in which μ1B was knocked down by siRNA 

(Maday, S., and I. Mellman, personal communication). Like 

LDLR-CT27, TfnR is missorted during recycling. However, un-

like LDLR-CT27, TfnR interacted well with alternative adaptor 

complex μ-chains (Table II). We propose that during bio-

synthetic delivery, TfnR is sorted via AP-4 directly from the TGN 

to the basolateral membrane. In agreement with this, a small 

fraction of TfnR was missorted in MDCK cells incubated with 

μ4 anti-sense RNA (Simmen et al., 2002). Furthermore, Gravotta 

et al. (2007) showed that knock down of μ1B in MDCK cells 

by siRNA resulted in missorting of TfnR during recycling, but 

not during biosynthetic delivery, also indicating that newly 

synthesized TfnR may be sorted directly from the TGN to the 

basolateral membrane.

Figure 9. Model of cellubrevin function in polarized epithelial cells. 
Depicted in this model are the main sorting pathways relevant for the fate 
of the analyzed cargo. (A) Situation without TeNT; (B) alteration of sorting 
pathways after cleavage of cellubrevin by TeNT. Note that retrieval path-
ways to the TGN as well as lysosomal sorting have been omitted from the 
model for reasons of simplicity. The red lines in B denote pathways that are 
blocked (two lines) and most likely blocked (one line) when cellubrevin is 
cleaved. CT27, LDLR-CT27; RE, recycling endosomes; BEE, basolateral 
early endosome; Syn, syntaxin.

Table II. Yeast two-hybrid interactions of 𝛍-chains with sorting signals

Protein Signal Growth on TDO Growth on TDO + 1 mM 3-AT Growth on QDO

LDLR (proximal) NPVYQKT — — —

LDLR (distal) QDGYSYPSR μ2, μ3A, and μ4 — —

TfnR (proximal) PLSYTRF μ1A, μ1B, μ2, μ3A, and μ4 μ2 and μ4 μ4
TfnR (distal) VDGNDSHV — — —

TGN38 ASDYQRL μ1A, μ1B, μ2, μ3A, and μ4 μ2, μ3A, and μ4 μ3A and μ4

VSVG RQIYTDI μ1B, μ1Bmut, and μ4 μ1B and μ1Bmut —

Data were obtained as described in Materials and methods, and images of yeast plates showing growth of cotransformants on selective media are shown in Fig. S4 
(available at http://www.jcb.org/cgi/content/full/jcb.200610047/DC1). TDO, triple dropout; QDO, quadruple dropout. 3-AT, 3-amino-1,2,4-triazole.
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We previously found that VSVG sorting to the basolateral 

membrane was AP-1B dependent (Fölsch et al., 2003), and this 

cargo was used in studies to link small GTPases to the AP-1B 

pathway (Ang et al., 2003). Furthermore, we showed that VSVG 

moves through recycling endosomes during biosynthetic deliv-

ery in semipolarized MDCK cells, indicating an involvement of 

AP-1B during biosynthetic delivery (Ang et al., 2004). There-

fore, we expected to see a missorting phenotype for VSVG in 

TeNT-expressing MDCK cells. It should be noted however, that 

tailless VSVG or VSVG with a mutated Y-based motif showed 

only weak apical missorting (33 and 37%, respectively; Thomas 

et al., 1993). Furthermore, in MDCK cells incubated with μ1B 

siRNA, biosynthetic delivery of VSVG to the basolateral mem-

brane still occurred at �60% (Gravotta et al., 2007). Therefore, 

VSVG may use alternative sorting pathways in the absence of 

AP-1B or functional sorting signals. The use of alternative 

adaptor complexes by VSVG may be more pronounced in cells 

with dysfunctional recycling endosomes because of the expres-

sion of TeNT. Indeed, when recycling endosomes were inacti-

vated enzymatically, the majority of VSVG was retained within 

the cells, but a small fraction was delivered to the basolateral 

membrane (Ang et al., 2004). VSVG was shown to interact with 

δ-adaptin/AP-3 (Nishimura et al., 2002); however, AP-3’s main 

function is to facilitate lysosomal sorting and not plasma mem-

brane delivery. Here, we show by yeast two-hybrid analysis that 

VSVG interacts with μ4 (Table II). Thus, we propose that 

VSVG may use AP-4 as an alternative adaptor complex to reach 

the basolateral membrane. The interplay and possible competi-

tion of the different adaptors binding VSVG (AP-1B, AP-3, and 

AP-4) should now be sorted.

In conclusion, we found that, in general, cellubrevin is 

needed for basolateral sorting of AP-1B–dependent cargo. In 

addition, this v-SNARE is required for maintaining functional 

(AP-1B–positive) recycling endosomes. Collectively, these data 

strongly suggest a functional connection between cellubrevin 

and AP-1B in membrane traffi cking to the basolateral domain.

Materials and methods
Cloning RFP-tagged TeNT-resistant cellubrevin and synaptobrevin 2 
and myc-tagged cellubrevin
RFP-tagged versions of TeNT-resistant cellubrevin and synaptobrevin 2 
were cloned by PCR-based site-directed mutagenesis using human cellu-
brevin cDNA (Proux-Gillardeaux et al., 2005) and human synaptobrevin 2 
cDNA (OriGene Technologies) as templates using the following C-terminal 
5′-C T T G G C T G C G C T C G T T T C C C A T A C A G A A G C G C C T G C C T G C A G -3′ and 
N-terminal primers 5′-C T G C A G G C A G G C G C T T C T G T A T G G G A A A C G A G-
C G C A G C C A A G -3′ to generate cellubrevin(Q63V/F64W) and C-terminal 
5′-G C T T G G C T G C G C T T G T T T C C C A C A C G G A G G C C C C C G C C T G G A G -3′ 
and N-terminal primers 5′-C T C C A G G C G G G G G C C T C C G T G T G G G A A A-
C A A G C G C A G C C A A G C -3′ to generate synaptobrevin 2(Q76V/F77W). 
Subsequently, mutated cellubrevin or synaptobrevin 2 was amplifi ed by 
PCR and cloned into pRKV-RFP as BamHI–HindIII fragments. PRKV-RFP was 
generated by amplifying RFP as EcoRI–BamHI PCR fragments using FcR-RFP 
as template. PCR products were verifi ed by sequencing, and no errors 
were found.

N- and C-terminal myc tags were introduced into cellubrevin by PCR 
using human cellubrevin cDNA as template as above and exchanging the 
N- or C-terminal primers with 5′-G C G C G G A T C C G A A C A A A A G C T G A T T T-
C T G A A G A A G A C T T G A T G T C T A C A G G T C C A A C T G C T G C C -3′ or 5′-G C G-
C A A G C T T T C A C A A G T C T T C T T C A G A A A T C A G C T T T T G T T C T G A A G A G A C A-
A C C C A C A C G A T G A T G -3′, respectively.

Cloning sorting peptides for yeast two-hybrid analysis
Sorting peptides as indicated in Table II were translated into DNA se-
quences and amplifi ed by PCR as overhangs introducing an EcoRI site at 
the N terminus for cloning into the multiple cloning site of pAS2-1. As 
C-terminal primer, we used a sequence priming �1 kbp downstream of the 
multiple cloning site: 5′-C C T G T T A C T A G T G G C T G C T G C C A G –3′. The PCR 
products were cloned as EcoRI–SpeI fragments into pAS2-1. As a result, 
the sorting peptides were fused in frame with the Gal4 binding domain. 
The constructs were verifi ed by sequencing, and no errors were found. The 
different μ-chains cloned into pACT-2 as fusions with the Gal4 activating 
domain, were a gift from J. Bonifacino (National Institutes of Health, 
Bethesda, MD). μ1Bmut was amplifi ed using PCR from cell extracts of 
LLC-PK1::μ1Bmut cells and cloned into pACT2.

Plasmids were cotransformed into the yeast AH109, and positive 
transformants were selected for growth on plates minus Trp and Leu. Sub-
sequently, positive interactions between bait and prey constructs were 
tested on selective media lacking, in addition, His or His and Ade. If indi-
cated, 1 mM 3-amino-1,2,4-triazole was added.

Recombinant adenoviruses, constructs, and antibodies
Defective adenoviruses encoding LDLR, TfnR, VSVG-ts045-GFP, or A-VSVG-
ts045-YFP were as described previously (Fölsch et al., 1999, 2003). 
Defective adenoviruses encoding LDLR(Y18A), LDLR-CT27, or FcR-RFP were 
prepared by homologous recombination as described previously (Fölsch 
et al., 1999). FcR-RFP cDNA in pShuttle was a gift from I. Mellman (Yale 
University, New Haven, CT), and myc-tagged syntaxin 3 or 4 in pShuttle 
was a gift from T. Weimbs (University of California, Santa Barbara, Santa 
Barbara, CA).

Mouse monoclonal antibodies were purchased as follows: anti-HA 
(16B12) from BabCo, anti-GM130 (610822) and anti-TGN38 (T69020) 
from BD Biosciences, anti-γ (100:3) from Sigma-Aldrich, and anti-TfnR 
(OKT9) from eBioscience. Rabbit polyclonal anti-GFP antibodies were 
purchased from Abcam, and rabbit anti-myc antibodies (A-14) were 
purchased from Santa Cruz Biotechnology, Inc. Hybridomas producing 
anti-hTfnR (H68.4), anti-myc (9E10), anti-LDLR (C7), or anti-FcR (2.4G2) 
antibodies were purchased from American Type Culture Collection. 
Hybridomas producing antibodies directed against gp58 (6.23.3) were 
generated in the laboratory of K. Simons (Max Planck Institute, Dresden, 
Germany), and hybridomas producing anti-VSVG antibodies (TKG) were 
obtained from the late T. Kreis (University of Geneva, Geneva, Switzerland). 
Secondary antibodies labeled with Alexa fl uorophores were purchased 
from Invitrogen, and HRP- or Cy5-conjugated secondary antibodies were 
obtained from Jackson ImmunoResearch Laboratories.

Cell culture
Stably transfected MDCK cells were maintained in MEM containing 7% 
(vol/vol) fetal bovine serum, 2 mM L-glutamine, 200 μg/ml geneticin, 
4 μg/ml puromycin, and 100 μg/ml penicillin/streptomycin as previously 
described (Proux-Gillardeaux et al., 2005). LLC-PK1 cells stably transfected 
with μ1A, μ1B, or μ1Bmut were maintained as described previously (Fölsch 
et al., 1999; Sugimoto et al., 2002). To allow for polarization, cells were 
seeded on polycarbonate membrane fi lters at a density of 4 × 105 cells 
per 12-mm fi lter (for immunofl uorescence) or 8 × 105 cells per 24-mm fi lter 
(for biochemical experiments; 0.4-μm pore size; Corning-Costar transwell 
units) and cultured for 4–6 d with changes of medium in the basolateral 
chamber every day.

For intracellular localization experiments, cells were seeded on 
Alcian blue–coated coverslips and cultured for 2–4 d. For anti–γ-adaptin 
staining, cells were fi xed in –20°C methanol for 5 min followed by a 5-min 
incubation in PBS2+ (PBS [0.2 g/liter KCl, 0.2 g/liter KH2PO4, 8 g/liter 
NaCl, and 2.17 g/liter Na2HPO4 × 7 H2O] plus 0.1 g/liter CaCl2 and 
0.1 g/liter MgCl2 × 6 H2O). Otherwise, cells were fi xed in 3% (wt/vol) 
PFA for 15 min at RT. After fi xation, cells were processed for immuno-
fl uorescence essentially as described previously (Fölsch et al., 2003).

For infection of fi lter-grown MDCK cells with defective adenoviruses, 
cultures were washed once in serum-free and calcium/magnesium-free me-
dium, and 50–100 plaque-forming units (pfu) of the viruses was added to 
the apical chamber. After a 2-h incubation at 37°C, the medium was ex-
changed with normal growth medium. The cells were prepared for immuno-
fl uorescence analysis 2 d after infection. To express VSVG or A-VSVG, 
corresponding defective adenoviruses were applied to cells as described 
followed by a 5-h incubation at 37°C. Cells were then shifted to 39°C for 
16 h, followed by a 2-h incubation at 31°C. Infection of LLC-PK1 cells was 
essentially done as described for MDCK cells, with the exception that cells 
were washed in serum-free α-MEM containing calcium/magnesium before 
infection in serum-free α-MEM.
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For cell surface staining, the cultures were washed once with PBS2+ 
and incubated with antibodies applied to apical and basolateral sides for 
7.5 min at RT. Cultures were washed three times with ice-cold PBS2+ and 
fi xed in 3% PFA for 15 min at RT. Filters were then cut out and stained for 
immunofl uorescence microscopy essentially as described.

To perform rescue experiments, 2 d after seeding, fi lter-grown MDCK 
cells were transiently transfected with LDLR-CT27 cDNA and either RFP-
cb-VW or RFP-syn2-VW cDNA using Lipofectamine (Invitrogen) according 
to the manufacturer’s protocol and incubated overnight at 37°C. Before sur-
face staining, cells were treated with or without 0.1 mg/ml cycloheximide 
for 2 h at 37°C. Surface staining was performed as described. All immuno-
fl uorescence preparations were analyzed using a confocal microscope 
(Microsystem LSM; Carl Zeiss MicroImaging, Inc.) with a microscope (Axio-
vert 100; Carl Zeiss MicroImaging, Inc.) and a Plan-Apochromat 63× 
objective. Images were enhanced and combined using Photoshop (Adobe).

GFP-cb immunoprecipitations from MDCK cells
2 d after seeding, fi lter-grown MDCK cells were infected with defective 
adenoviruses encoding double myc-tagged syntaxin 3 or double myc-
tagged syntaxin 4 (Low et al., 2006) as described. 1 d after infection, fi l-
ters were washed three times in ice-cold PBS and cut out, and cells were 
lysed with 1.25 ml solubilization buffer (50 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 1% Triton X-100, and 1× protease inhibitor cocktail [Roche Pharma-
ceuticals]), passed four times through a 22.5-gauge needle and a 1-ml sy-
ringe, and incubated for 30 min on ice followed by a clarifying spin at 4°C 
in an centrifuge (13,200 rpm for 15 min; Eppendorf). The resulting super-
natant was incubated with anti-GFP antibodies bound to protein A beads 
and rotated end-over-end overnight at 4°C. Immunoprecipitates were 
washed three times in lysis buffer and eluted with 100 mM glycine, pH 
2.7, and 0.5% Triton X-100. The eluate was neutralized with Tris base and 
supplemented with SDS sample buffer, boiled for 5 min, and run on SDS-
PAGE gels followed by blotting onto nitrocellulose membranes and Western 
blot analysis.

Immuno-EM
MDCK cells expressing GFP-cb were infected with defective adenoviruses 
encoding μ1A-HA or μ1B-myc as described. Infected cells were incubated 
at 37°C for 36 h and subsequently fi xed for 1 h with 4% PFA (Electron Micros-
copy Sciences) and 0.25 M Hepes, pH 7.4, at RT. Cells were then left 
overnight in 8% PFA and 0.25 M Hepes, pH 7.4. Preparation for immuno-
chemistry was as described previously (Fölsch et al., 2001) using rabbit 
anti-myc (A-14) and anti-GFP (Invitrogen) antibodies, respectively, followed 
by 10 and 15 nm protein A–gold, respectively (Cell Microscopy Center, 
Utrecht University, Netherlands). Sections were observed in an electron 
microscope (Tecnai 12; FEI Company), and images were captured using a 
charge-coupled device camera (Morada; Olympus) and saved as TIF fi les. 
Images were assembled using Photoshop without any alteration other than 
contrast and brightness.

Pulse-chase biotinylation
3 d after seeding, MDCK cells were infected at 14 pfu/cell as described. 
16 h after infection, cells were pulse-labeled, chased, subjected to either 
apical or basolateral biotinylation, and harvested essentially as previously 
described (Anderson et al., 2005). Postlysis supernatant was spun at 
100,000 g for 30 min (TLA 55 rotor [Beckman Coulter]; MaxE tabletop 
ultracentrifuge). The supernatant was then incubated with C7 antibodies 
coupled to protein G beads, and resulting immunoprecipitates were used 
for subsequent precipitation of biotinylated material essentially as previ-
ously described (Anderson et al., 2005). Samples were subjected to SDS-
PAGE and autoradiography. Radioactive counts were detected using a 
Phosphorimager (model FLA-5100; Fujifi lm). The resultant signals were 
analyzed using Multi Gauge Version 3 software (Fujifi lm). Surface proteins 
were normalized against the total protein. The data are expressed as a 
percentage of LDLR-CT27 protein reaching each surface relative to the total 
amount of surface LDLR-CT27 at each time point.

Online supplemental material
Fig. S1 shows the expression of myc-tagged cellubrevin at the basolateral 
membrane of MDCK cells. Fig. S2 shows the intracellular localization of 
RFP-tagged TeNT-resistant cellubrevin or synaptobrevin 2. Fig. S3 shows 
the sorting of selective cargos to the basolateral or apical plasma mem-
brane in LLC-PK1 cell lines. Fig. S4 shows the yeast two-hybrid interactions 
of basolateral sorting signals with adaptor complex μ-chains. Online sup-
plemental material is available at http://www.jcb.org/cgi/content/full/
jcb.200610047/DC1.
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