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Abstract
Polarized epithelial cells contain apical and basolateral surfaces with distinct protein compositions.
To establish and maintain this asymmetry, newly made plasma membrane proteins are sorted in
the trans-Golgi network for delivery to apical or basolateral surfaces. Signals for basolateral
sorting are generally located in the cytoplasmic domain of the protein, while signals for apical
sorting can be in any part of the protein and can depend on N-linked glycosylation of the protein.
Signals for constitutive transcytosis to the apical surface have not been reported. Here we utilized
the polymeric immunoglobulin receptor (pIgR), which is biosynthetically delivered to the
basolateral surface. There the pIgR can bind a ligand and, with or without bound ligand, the pIgR
can then be transcytosed to the apical surface. We found that the glycosylation of the pIgR did not
affect the biosynthetic transport of the pIgR. However, glycosylation had an effect on pIgR apical
transcytosis. Importantly, analysis of the cytoplasmic tail of the pIgR suggested that a short
peptide segment was sufficient to transcytose the pIgR or a neutral reporter from the basolateral to
the apical surface. This apical transcytosis sorting signal was not involved in polarized
biosynthetic traffic of the pIgR.
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Introduction
The plasma membrane of polarized epithelial cells is divided into apical and basolateral
domains, which have very different protein compositions. Proteins reach these surfaces by
two classes of pathways (1). Newly made proteins can be sorted in biosynthetic pathways
into carriers that deliver them to the apical or basolateral surface. Once reaching a surface,
proteins can be endocytosed and then sorted in endocytic pathways for recycling to the
original surface, degradation or transcytosis to the opposite surface. A typical long-lived
plasma membrane protein may be endocytosed many times during its lifetime and so the
accuracy of its post-endocytic sorting to the recycling or transcytotic pathway is crucial to
the maintenance of the distinct compositions of the apical and basolateral surfaces.

Sorting signals within the plasma membrane protein determine its apical or basolateral
destination as the protein travels this pathway. Such sorting signals have been primarily
studied in the biosynthetic pathway. For basolateral sorting, most signals have been found to
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reside in relatively short amino acid sequences in the cytoplasmic portion of the protein (2).
This was first shown in the case of the polymeric immunoglobulin receptor (pIgR), where a
14 residue portion of its cytoplasmic domain could be transplanted to a heterologous
reporter, redirecting its biosynthetic delivery to the basolateral surface (3). Many other
cytoplasmically localized, basolateral sorting signals have been identified, some of which
(but notably not the pIgR) interact with the AP1b clathrin adaptor complex, which is
responsible for directing these proteins to the basolateral surface (4,5). In some cases, these
basolateral sorting signals also operate in the endocytic pathway to recycle proteins back to
the basolateral surface (2).

Signals for biosynthetic apical sorting are more heterogeneous and less well understood (6).
Some apical sorting signals are in the cytoplasmic domain. This has been best studied for
rhodopsin (7), whose cytoplasmic signal has been demonstrated to redirect biosynthetic
delivery of a heterologous reporter to the apical surface, as shown by metabolic pulse chase
analysis. In other cases, apical sorting depends on a membrane-spanning polypeptide
segment of a transmembrane protein (8); this segment may cause association of the protein
with specific lipid microdmains or “rafts”, which may promote apical sorting (9). Many
apical proteins are not transmembrane, but are instead anchored to the outer leaflet of the
membrane by a glycosyl phosphatidyl inositol (GPI) lipid modification, which may also lead
to raft association. This modification, together with clustering of the protein, may lead to
apical sorting (10-13). Finally, both N-linked and O-linked carbohydrates coupled to the
extracellular portion of apical plasma membrane proteins have been proposed to act as
apical sorting signals (14-17).

Signals for post-endocytic sorting to the apical surface, i.e. for transcytosis from the
basolateral to the apical surface, have been less investigated; most of the research has been
carried out in an experimental system consisting of the rabbit pIgR expressed in Madin-
Darby canine kidney (MDCK) cells (18). The pIgR contains a C-terminal cytoplasmic
domain of 103 amino acids, numbered 653-755 (numbering based on rabbit pIgR).
Phosphorylation of Ser664, which is part of the 14-residue basolateral sorting signal
mentioned above, promotes transcytosis. This basolateral sorting signal works in both the
biosynthetic and endocytic pathways and phosphorylation of Ser664 probably acts by
reducing the activity of the basolateral sorting signal in the endocytic pathway, thereby
allowing transcytosis to occur. Ordinarily in the pIgR-MDCK system, much of the pIgR
endocytosed from the basolateral surface is recycled to that surface and transcytosis is
relatively inefficient. This relatively inefficient transcytosis is considered “constitutive.”
Other than phosphorylation of Ser664, little is known about constitutive transcytosis. To our
knowledge, no specific sorting signals for constitutive transcytosis of the pIgR or other
molecules have been identified. It is not even clear that such signals exist.

The pIgR is capable of binding an extracellular ligand, polymeric IgA (pIgA). Binding of
pIgA causes “ligand-stimulated” transcytosis, so that the complex of pIgR and pIgA is more
efficiently transcytosed. Binding of pIgA causes the pIgR to initiate a signaling pathway
involving the non-receptor tyrosine kinase p62Yes, the small GTPase rab3, activation of a
phospholipase Cγ, activation of protein kinase C and elevation of intracellular free calcium,
all of which promote transcytosis (19-24). This ligand-stimulated transcytosis occurs not
only in the rabbit pIgR-MDCK system, but also in vivo in rodent liver, which transports
large amounts of pIgA from blood to bile (25,26).

Here we report the identification of a short polypeptide sequence in the cytoplasmic domain
of the pIgR that promotes constitutive transcytosis both of the pIgR and of a heterologous
reporter protein.
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Results
Deglycosylation of pIgA does not affect its endocytosis, recycling or transcytosis

As glycosylation has been shown to function as an apical signal in the biosynthetic pathway,
we investigated if glycosylation played a role in basolateral to apical transcytosis of pIgR.
The principal function of pIgR is to bind its ligand, pIgA, and carry the pIgA from the
basolateral surface to the apical surface. There the extracellular domain of pIgR is
proteolytically cleaved off from its transmembrane anchor and released together with pIgA
into secretions. This released fragment of pIgR is called secretory component (SC). Both the
pIgR and its pIgA ligand are heavily glycosylated and the sugar chains from pIgR or pIgA
could promote apical sorting and transcytosis. We focused first on the glycosylation of the
pIgA. Human IgA is produced in two isotypes, IgA1 and IgA2. IgA2 has two allotypic
variants, IgA2m(1) and IgA2m(2). One major difference between the two isotypes is the
presence of a 13 amino-acid hinge region in IgA1. This region contains five O-linked sites
absent from the IgA2. IgA1 has two N-glycosylation sites, while IgA2 contains an additional
two (IgA2m(1)) or three (IgA2m(2)) conserved N-glycans. The oligosaccharide structures of
IgA1 and IgA2 display a high degree of heterogeneity not only in the number of
carbohydrate chains, but also in their composition. Finally, the IgA J chain contains one
conserved N-glycan (27,28).

We first tested the role of pIgA glycosylation in pIgR trafficking by use of differential
enzymatic deglycosylation of the N-and/or O-linked sugars as explained in the Materials and
Methods section. The challenge was to find conditions whereby the pIgA would be
efficiently deglycosylated while under non-denaturing conditions, which would preserve its
structural and biological properties. Many different conditions were tested and the efficiency
of the deglycosylation was assessed by western-blot using lectins specific for O- or N-linked
sugars, Jacalin and Lens culinaris lectins respectively. Figure 1 shows the results of Nor/and
O-deglycosylation performed under the optimal conditions. The top panel of Fig. 1A shows
the binding of Jacalin to the N-, O- and N/O-deglycosylated pIgA compared to the control
mock-deglycosylated pIgA (gels in the upper and middle panels were run under reducing
conditions). As expected, the N-deglycosylated pIgA still bound Jacalin. The appearance of
the two bands in the N-deglycosylated sample was due to the N-deglycosylation (see right
panel) but note that both bands showed a strong binding to the O-linked sugar specific
lectin, Jacalin. In contrast, the O- and N/O-deglycosylated pIgA showed a weak signal.
Conversely, the binding of Lens culinaris was reduced in the N- and N/O-deglycosylated
pIgA but intact in the O-deglycosylated pIgA (middle panel). The efficiency of
deglycosylation is strikingly high considering that the pIgA could not be denatured to
facilitate deglycosylation. The efficiency of deglycosylation was consistently over 75% for
N-linked glycans and up to 95% for O-linked glycans. We next investigated whether the
enzymatic deglycosylation procedure altered the structural characteristics of the pIgA.

It is well known that only polymeric IgA, and not the monomeric, binds to pIgR (29). It was
therefore important to control that the deglycosylation did not affect the polymerization
status of the different preparations of pIgA. The pIgA preparations were run under non-
reducing conditions on a 5% SDS-PAGE and revealed by immunoblot with an anti-IgA
antibody to assess the degree of polymerization compared to the non-deglycosylated pIgA.
The same proportion of trimeric and dimeric forms were observed in each samples showing
that deglycosylation did not affect polymerization of the pIgA (Fig. 1A, bottom panel).
Finally, we directly tested the capability of each pIgA preparation to bind to the pIgR. In
agreement with previous studies that had shown that recombinant IgA1 lacking the N-linked
glycans was still able to bind pIgR or that IgA2, which does not have O-linked sugars, binds
as well to pIgR (27,30), we found that N- and/or O-deglycosylation did not affect the
binding capabilities of our different IgA preparations (data not shown).
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To follow their intracellular transport, the different pIgA preparations were radio-iodinated.
Endocytosis of N-, O- and N/O-deglycosylated pIgA was compared to the control of mock-
deglycosylated pIgA. We first tested the ability of the different pIgA preparations to be
endocytosed by the pIgR. Radio-iodinated pIgAs were bound to the basolateral surface for 1
hr at 4°C and then unbound material removed by extensive washing at the same temperature.
The cells were then warmed up to 37°C for 2.5 or 5 minutes to allow internalization to
occur, cooled back down to 4°C, and pIgA remaining on the surface was removed by
protease treatment at 4°C. The amount of radio-iodinated pIgA remaining associated with
the cells was taken as the amount of internalized IgA. As shown in Fig. 1B, both the initial
rate (2.5 min values) and the plateau (5 min values) of endocytosis were unchanged for each
pIgA preparation.

Next, the ability of a cohort of pIgA that had been pre-internalized from the basolateral
surface to be transcytosed to the apical surface or recycled to the basolateral surface was
measured. Radio-iodinated pIgA was pre-internalized from the basolateral surface for 10
min at 37°C, which causes accumulation of the pIgA in basolateral early endosomes. After
washing to remove non-bound pIgA, the cells were incubated at 37°C and the apical and
basolateral media were collected and replaced with fresh warm medium at various intervals
continuing for 90 min total. This assay essentially follows the post-endocytic fate of the
internalized pIgA. Figure 1C plots the cumulative radio-iodinated pIgA released into the
apical medium (i.e. transcytosed pIgA) or basolateral medium (i.e. recycled pIgA).
Transcytosis and recycling curves for the various pIgA preparations were almost super
imposable.

An additional experiment was performed to control for the possibility that in each
preparation of deglycosylated pIgA the non-or partially deglycosylated fraction might be
preferentially transcytosed, thus masking a possible defect due to glycosylation. In this
control the total radio-iodinated pIgA transported into the apical medium over the entire 90
min chase period was immunoprecipitated and run on a SDS-PAGE in parallel with the
equivalent quantity of the corresponding starting solution of radio-iodinated pIgA. As shown
in Fig. 1D the proportion of deglycosylated pIgA transcytosed into the apical medium and in
the starting solution is equivalent for both N- and O-deglycosylated pIgA indicating that the
small proportion of non-deglycosylated pIgA was not preferentially transcytosed compared
to the deglycosylated pIgA.

Finally, we analyzed the ability of the different pIgA preparations to stimulate transcytosis
of the pIgR, i.e. to cause ligand-stimulated transcytosis as described in the Introduction. As
shown in Fig. 1C, independent of the glycosylation state of the pIgA, it was still capable of
stimulating pIgR transcytosis as efficiently as the control pIgA. In addition, this stimulation
was still inhibited by the protein tyrosine kinase PP1 as previously reported (23).

Mutation of the major N-glycosylation site of a recombinant human pIgA has no effect on
pIgR intracellular transport

As an alternative approach to reduce N-glycosylation of pIgA, we used a point mutant of a
recombinant human pIgA where one of the two glycosylated asparagines was replaced by a
glutamine. IgA1 is glycosylated on N263 and N459 (28,31). N263 was mutated to glutamine
(mutant designated “NQ”). We could not mutate N459, as this is involved in interaction with
J chain and polymerization of the IgA; this interaction makes N459 less likely to be
recognized by the sorting machinery. We found that NQ was indistinguishable from wild-
type pIgR in its ability to bind to pIgR, and to be endocytosed, transcytosed to the apical
surface and stimulate transcytosis of the pIgR (Supplementary Figure 1).
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Taken together these data demonstrate that the glycosylation of the pIgA, although
important for many of its biological aspects, does not play a role in pIgR-mediated
transcytosis. Moreover, the glycosylation of pIgA cannot account even partially for the
stimulation of pIgR transcytosis by pIgA.

Mutation of the major N-glycosylation site of the pIgR reduced transcytosis
We next tested if glycosylation of the pIgR itself could be a signal that promotes transcytosis
of the pIgR. Almost all of the work in the pIgR MDCK system has utilized rabbit pIgR.
Three allotypes (t61, t62 and t63) of rabbit pIgR have been described, which display slightly
different amino acid sequences and N-glycosylation sites. The three allotypes possess a
common glycosylation site in domain 4 at Asn400 (throughout this paper, we number pIgR
residues based on the rabbit sequence). The second site is in domain 1 at Asn70 for t61 and
Asn90 for t62 and t63. Moreover, biochemical analysis revealed that 75% of the molecules
produced by the t62 allotype are not glycosylated at position 90 but solely at position 400.
Finally, it was shown that binding of IgA to purified secretory component was not
measurably affected by the variation in amino acid sequence or by the variation in degree of
glycosylation (32,33).

We therefore selectively mutated the major glycosylation site of the pIgR t62allotype at
Asn400, converting it to Ala (pIgR-N400A). (The second site is only glycosylated in 25% of
the molecules). We selectively biotinylated the apical or basolateral cell surface, precipitated
the biotinylated pIgR with streptavidin-agarose and displayed it by SDS-PAGE and
immunoblotting with antibodies to SC. Figure 2A shows that compared to pIgR-WT, the
mutated pIgR-N400A had entirely lost its highest glycosylated form (see Figure 2A,
uppermost arrow). The middle band was also significantly reduced and most likely
represents the 25% of pIgR glycosylated on a second minor site. In Figure 2A, the lanes
labeled Ap were from cells selectively biotinylated at the apical surface, whereas the lanes
labeled Ba were selectively labeled at the basolateral surface. Note that relatively
distribution of pIgR between apical and basolateral was unchanged by the N400A mutation,
suggesting that this mutation did not alter the steady state polarized distribution of pIgR.

We then compared the ability of pIgR-N400A and pIgR-WT to internalize pIgA for 5 min,
using the internalization assay described above. As shown in Fig. 2B, there was no
significant difference between pIgR-WT and pIgR-N400A.

Next, we assessed the post-endocytic transport of pIgA by pIgR-N400A, using the assay
described in Materials and Methods. We observed reduced apical transcytosis partially
compensated by increased basolateral recycling (Fig. 2C). The amount of pIgA that
remained associated with the cells at the end of the 90 min chase period was increased, as
shown in Fig. 2D. Thus, in sum the N400A mutation reduced pIgR constitutive post-
endocytic apical transport.

We then assessed the ability of pIgR-N400A to undergo pIgA-stimulated transcytosis as
described in Materials and Methods. As shown in Fig. 2E, the addition of pIgA stimulated
transcytosis of pIgR, as assayed by SC release, by an equal amount in pIgR-WT and pIgR-
N400A.

Finally, we examined whether N-glycosylation of pIgR could affect its biosynthetic delivery
(Fig. 2F). Cells were metabolically labeled with a 15 min pulse of 35S-cysteine/methionine
and then chased for 60 min. The arrival of metabolically labeled pIgR at the apical or
basolateral surface was detected by its sensitivity to V8 protease, as described in Materials
and Methods. We found no significant difference in polarized biosynthetic delivery between
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the wild type and N400A mutant suggesting that the N-glycan apical targeting signal is not
involved in polarized biosynthetic sorting.

Taken together, these data indicate that N-glycosylation of the pIgR serves as a signal to
promote basolateral to apical transcytosis of pIgR, even in the absence of bound pIgA.
Neither N-glycosylation of the pIgR nor N/O glycosylation of the pIgA appears to play a
detectable role in ligand-stimulated transcytosis.

Residues 731-741 of the pIgR are sufficient for apical transcytosis
The pIgR’s C-terminal cytoplasmic domain extends from residues 653 to 755. We have
previously made a series of truncation and deletion mutants, which have been used to define
signals in the pIgR for basolateral sorting, endocytosis and ligand-stimulated transcytosis.
We have previously reported that the truncation of the last 30 amino acids of the
cytoplasmic tail (pIgR-725t) blocks both constitutive and pIgA-stimulated apical transport
of the fully glycosylated pIgR-WT (23). This observation suggested that a signal for
basolateral to apical transcytosis was present in this region of the pIgR’s cytoplasmic tail.
Now we have addressed this possibility by analyzing two additional truncation mutants,
pIgR-737t and pIgR-747t, with truncations at residue 737 or at residue 747, respectively. We
used a post-endocytic fate assay as shown in Fig. 3A. We found that the deletion of the C-
terminal 8 amino-acids (pIgR-747t) had no effect on apical transcytosis, compared to pIgR-
WT. In striking contrast, deletion of the last 18 amino acids (pIgR-737t) inhibited
transcytosis almost as dramatically as pIgR-725t.

We have previously shown that transcytosis of the pIgR can be divided into 3 steps (34).
Step 1 is endocytosis from the basolateral plasma membrane and delivery to basolateral
early endosomes. Step 2 is the microtubule dependent translocation from basolateral early
endosomes to apical recycling endosomes. Step 3 is delivery from apical recycling
endosomes to the apical plasma membrane. Only step 3 is stimulated by pIgA binding to the
pIgR.

Endocytosis of the pIgR is controlled by Ser726, Tyr734 and to a lesser extent by Tyr668
(35,36). We have previously shown that deletion at 725t or point mutation of Ser726
decreased basolateral endocytosis and consequently apical transcytosis of pIgA (37). We
suspected that deletion at 737t would also affect pIgR endocytosis, i.e. step 1. We measured
the endocytosis of pre-bound radio-iodinated pIgA at the basolateral surface. At 5 min, pIgA
endocytosis was equivalent to control in pIgR-747t MDCK cells, but severely impaired by
deletion at 737t similarly to the 725t deletion (Fig. 3B).

To determine whether the 737t deletion also affected the post-endocytic traffic of pIgA we
performed a modified transcytosis assay where the cells were allowed to accumulate radio-
iodinated pIgA in the basolateral endosome for 30 min at 17°C Fig. 3C. The cells were then
transferred to 4°C and treated basolaterally with trypsin to remove any remaining pIgA
bound at the basal surface. The cells were then washed with soybean trypsin inhibitor and
MEM-BSA to eliminate the trypsin. We then placed the cells back at 37°C to chase the pre-
internalized pIgA and thus measure the post-endocytic transport of the radio-iodinated pIgA.
This assay measures both steps 2 and 3 of transcytosis, but measures only constitutive pIgA
transcytosis. We observed a decreased in pIgA transcytosis in both 725t and 737t cells, but
not in 747t cells, which behave as cells expressing full-length pIgR. We have shown
previously that deletion at 737t does not affect step 3 of pIgR transcytosis (23). These data
are summarized in Fig. 4A. We conclude that 737t deletion affects steps 1 and 2 of pIgR
transcytosis. Taken together with our previous results, this data suggests that the segment
737-747 contains a signal for transcytosis to the apical surface.
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To analyze this potential apical transcytosis signal, we aligned the sequences of all of the
known pIgRs from diverse species from primates to Xenopus. This revealed the presence of
a highly conserved sequence FLLQ (737-740) with the first leucine being 100% conserved
(Fig. 4B). The conserved upstream sequence starting at 725 is the consensus sequence for
the phosphorylation of serine 726; this has been shown to be involved in regulating
internalization via clathrin-coated pits (36). Thus, based on the sequence homology we
transferred onto the C-terminal, cytoplasmic tail of the normally basolateral protein, CD7,
which we used here as a neutral reporter, the sequence DLAYSAFLLQS (pIgR residues
731-741; Fig. 4C) to make the chimeric protein CD7-pIgR731-741.

We first measured the polarized biosynthetic delivery of CD7 and CD7-pIgR731-741. As
shown in Fig. 5A, CD7 is very accurately delivered to the basal surface and the addition of
the pIgR peptide did not seem to affect this polarized biosynthetic delivery. Next, we
compared the steady state distribution of CD7 and CD7-pIgR731-741 at the apical and
basolateral surfaces, as determined by cell surface biotinylation. While CD7 is mostly
expressed at the basal surface (81% basolateral, 19% apical), the CD7-pIgR731-741 chimera
was now found equally distributed between the basolateral (48%) and apical (52%) surfaces.
We also examined the steady state polarized distribution of CD7 and CD7-pIgR731-741 by
confocal immunofluorescent microscopy, detecting the proteins with an antibody against
CD7. Fig. 5C shows reconstructed X-Z (vertical) sections through the monolayer. CD7 itself
was only seen at the basolateral surface, while CD7-pIgR731-741 was observed at both the
apical and basolateral surfaces of the cells in the monolayer.

Thus, both CD7 and CD7-pIgR731-741 are accurately delivered almost exclusively to the
basolateral surface. However, at steady state CD7 is found only at the basolateral surface,
while CD7-pIgR731-741 is found at both surfaces in approximately equal amounts.

In order to explain this difference, we investigated the endocytosis and post-endocytic
sorting of CD7 and CD7-pIgR731-741, using an antibody directed against the extracellular
domain of CD7 as a “pseudo-ligand”. This antibody was bound to CD7 or CD7-pIgR731-741

at the basolateral surface for 60 min at 4°C, unbound material washed away and the cells
warmed up to 37°C for 30 min. Cells were then cooled back to 4°C and antibody remaining
on the cell surface removed by incubation at 4°C with trypsin for 45 min. Figure 6A shows
that there was no significant difference in internalization between CD7 and CD7-pIgR731-741

by this assay.

Next we compared the post-endocytic fate of CD7 and CD7-pIgR731-741 using an assay
similar to that employed in Fig. 3A, except that the antibody to the ectodomain of CD7 was
used instead of pIgA. As shown in Fig. 6B, basolateral recycling of CD7-pIgR731-741 was
reduced relative to CD7, with 68% recycled at 120 min for CD7-pIgR731-741 compared to
92% for CD7. Transcytosis to the apical surface was increased ~three fold, to 14.25% at 120
min for CD7-pIgR731-741 versus 4.5% for CD7. Transcytosis was replotted in an enlarged
scale in Fig. 6C to better show this increase. Fig. 6D shows that more of the pIgR731-741 was
also retained intracellularly, consistent with the increased apical transcytosis and even larger
decrease in basolateral recycling. We propose that the resolution of the issue raised above is
that both CD7 and CD7-pIgR731-741 are initially targeted to the basolateral surface and then
endocytosed equally. However, only CD7-pIgR731-741 is then transcytosed to the apical
surface. This transcytosed CD7-pIgR731-741 accounts for the material detected at the apical
surface. Some of the pIgR731-741 may recycle to the basolateral surfaces for multiple cycles
before eventually being transcytosed to the apical surface. These experiments suggest that
the 11 amino-acid segment, residues 731-741, of pIgR cytoplasmic tail contains an apical
targeting signal that specifically operates in a post-endocytic sorting pathway, rather than in
a biosynthetic pathway.
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As discussed above, transcytosis of the pIgR to the apical surface has two components, a
constitutive component and a component that is stimulated by binding of the ligand, pIgA,
to the pIgR. This latter, stimulated transcytosis is the result of a signaling pathway initiated
by pIgA binding, which leads to activation of p62Yes, a Src-family non-receptor tyrosine
kinase and then to downstream signaling events (38). To test if this pathway was involved in
apical transcytosis of CD7-pIgR731-741, we treated cells with PP1, a specific inhibitor of the
Src family of non-receptor tyrosine kinases. As shown in Fig. 6C, PP1 had no effect on
transcytosis of CD7-pIgR731-741. Furthermore, it has previously been shown that brefeldin A
(BFA), an inhibitor of certain ARF1 guanine nucleotide exchange factors involved in
vesicular traffic, inhibits transcytosis of pIgA by the pIgR (39,40). We tested the effect of
BFA on transcytosis of CD7-pIgR731-741 and found no effect (our unpublished data). Taken
together, these data suggest that the signal contained in residues 731-741 of pIgR codes for
constitutive transcytosis, and not for ligand-stimulated transcytosis.

Discussion
Our most important finding is the identification of an 11 amino acid segment within the
cytoplasmic domain of the pIgR (residues 731-741) that represents a novel class of sorting
signal, which is sufficient basolateral to apical transcytosis. This signal acts on molecules
that have been endocytosed at the basolateral surface and promotes their post-endocytic
delivery to the apical surface. This sequence is highly conserved among pIgR’s from
humans through birds and amphibians. Importantly, it can be transplanted to a heterologous
reporter molecule, CD7. Both CD7- and CD7-pIgR731-741 are efficiently sent in the
biosynthetic pathway to the basolateral surface and subsequently endocytosed. After
endocytosis, CD7 is almost entirely recycled to the basolateral, whereas a significant
fraction of CD7-pIgR731-741 is transcytosed to the apical surface. The novel transcytosis
signal that we have identified therefore appears to work mainly in a post-endocytic pathway
and not in the biosynthetic pathway.

This novel transcytotic signal can be contrasted with previously identified signals for
biosynthetic sorting to the apical surface. It is largely unknown whether or not these signals
also function in the post-endocytic pathway(s). Many signals for apical sorting in the
biosynthetic pathway have been proposed to be weaker than basolateral sorting signals, so
that apical sorting may only become apparent when the basolateral sorting signal is removed
from a protein that contains both types of signals (41,42). This does not appear to be the case
for the transcytotic sorting signal described here, in that it directs the post-endocytic apical
sorting of proteins that contain signals for biosynthetic delivery to the basolateral surface.

It is also interesting to compare the transcytotic signal identified here to signals for
basolateral sorting, which are largely the best understood polarized sorting signals. In
several cases, such basolateral sorting signals cause basolateral sorting in both the
biosynthetic and post-endocytic sorting pathways (1). This originally led to the idea that the
same machinery is responsible for basolateral sorting in both the biosynthetic and post-
endocytic pathways. One possible reason for this is that in some cases, there is evidence that
the biosynthetic pathway passes through endocytic compartments, at least in part, on the
way to the basolateral surface. Furthermore, the AP1b clathrin adaptor, which is responsible
for basolateral sorting of many proteins, is present in and functions in both the biosynthetic
and post-endocytic pathways (43). In contrast, the transcytotic signal identified here
apparently works only after endocytosis. We do not know what machinery recognizes this
transcytotic signal, but presumably it is only present or at least only active in some portion
of the endocytic pathway and not in the biosynthetic pathway. Another possibility is that
transcytotic sorting signal is activated (e.g. by covalent modification or association with
another protein) after delivery to the basolateral surface. The ability of this transcytotic
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signal to function even when transplanted to a completely heterologous reporter, CD7,
makes this possibility seem less likely, though it cannot be ruled out.

We have previously described (34) that transcytosis of the pIgR involves three
distinguishable steps, i.e. endocytosis and delivery to basolateral early endosomes (step 1),
microtubule dependent movement from basolateral early endosomes to apical recycling
endosomes (step 2) and movement from apical recycling endosomes to apical plasma
membrane (step 3). We found that truncation of pIgR at residue 725 and 737 blocked steps 1
and 2 but not step 3. This raises the possibility that the region of pIgR residues 731-741 may
contain two adjacent or overlapping determinants. We were unable to analyze this further
using the CD7-pIgR731-741 fusion, due to technical reasons. It is worth noting that some
basolateral sorting signals also seem to consist of two closely adjacent regions (44). The
apical sorting mechanisms are poorly understood. However, there is accumulating evidence
that microtubule motors might promote the directional apical transport (6). We and others
have shown that step 2 of pIgR transcytosis is sensitive to microtubule disrupting agents
(34,45). The cytoplasmic tail of rhodopsin that contains the apical determinant binds to the
microtubule motor dynein, which mediates the translocation of rhodopsin to the apical
membrane in MDCK cells (46). Similarly, one could speculate that the determinant
identified in pIgR mediates binding to microtubule motors for its apical transport

The pIgR is constitutively transcytosed from the basolateral to the apical plasma membrane
by a mechanism that utilizes the novel transcytotic sorting signal described above. Binding
of the ligand, pIgA, to the pIgR, activates a signaling network, which further stimulates
transcytosis. This ligand-stimulated transcytosis mechanism does not seem to involve or
depend on the transcytotic sorting signal that we describe here, as indicated by the lack of
effect of PP1 or BFA, both of which are known to selectively block pIgA-stimulated
transcytosis.

Apical sorting signals in the biosynthetic pathway have been shown to involve
carbohydrates in a number of cases. We investigated if the glycosylation of either the pIgR
itself or the pIgA ligand of the pIgR played any role in polarized sorting. We mutated a
major site of Asn-linked glycosylation in the pIgR (pIgR-N400AP). Transcytosis of pIgR-
N400A was reduced relative to wild-type pIgR, suggesting that N-linked glycosylation of
the pIgR plays a role in its constitutive transcytosis. Ligand-stimulated transcytosis was not
affected. It may be that this N-linked glycosylation and the transcytotic signal that we have
identified cooperate and/or operate at different steps to promote transcytosis. However, it is
difficult to rule out that the effect of N-glycosylation is only indirect, e.g., on protein folding
(14).

We also tested if glycosylation on the pIgA ligand might be involved in ligand-stimulated
transcytosis, acting as an apical sorting signal. We used pIgA lacking N- and/or O-linked
carbohydrates. We found no evidence that glycosylation of the pIgA played any role in
transcytosis. Altered glycosylation of pIgA has been implicated in several major disease
processes, including IgA nephropathy, Henoch-Schonlein Purpura, primary Sjögren’s
syndrome and complement activation (47,48). Our data suggest that the altered
glycosylation of pIgR does not act through stimulation of pIgR transcytosis to cause these
disease processes.

In conclusion, we have identified a novel class of sorting signal involved in transcytosis
from the basolateral to the apical surface. This pathway therefore cannot be assumed to
operate by default, but rather like most other pathways is signal mediated.
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Materials and Methods
Cells, antibodies and reagents

MDCK cell strain II cell line and its transfectants were maintained in MEM supplemented
with 5% fetal calf serum, penicillin (50 U/ml) and streptomycin (50 μg/ml). For cell polarity
studies, MDCK cells were grown on 0.4-μm pore polycarbonate Transwell filters (Corning-
Costar, Cambridge, MA) as previously described for a minimum of 3 days before assays
(49). MDCK cells expressing the rabbit pIgR allotype t62 and the truncated mutants 725t,
737t and 747t have been described elsewhere (23). The pIgR-N400A, CD7 and CD7-
pIgR731-741 constructs were transfected into MDCK cells by calcium precipitation and
individual clones screened by immunoblot. For each cell line, several clones were isolated
and analyzed. The results shown are for one representative clone. The sheep anti-SC pIgR
antibody was previously described (50) and the monoclonal antibody (clone SC166) directed
against the cytoplasmic tail of pIgR was a kind gift from Prof. Anne Hubbard, Johns
Hopkins Univ, Baltimore, MD. Note that the SC166 antibody recognizes the 11 amino-acid
fragment 731-741 of pIgR (see below). The anti-CD7 monoclonal antibody (clone
CD7-6B7) used for transport assays was from Caltag Laboratories (Burlingame, CA) and the
anti-CD7 monoclonal antibody (clone T3-3A1) used for immunofluorescence was a gift
from Dr. C. -H. Sung. The glycosidases were from Boehringer Ingelheim (Germany) and the
biotinylated lectins from Vector Laboratories (Burlingame, CA). The sulfo-NHS-biotin and
biotin-LC-hydrazide-were obtained from Pierce (Rockford, IL), and the nocodazole from
Calbiochem (La Jolla, CA). EXPR35S35S protein labeling mix was purchased from NEN™
Life Science Products (Boston, MA). All chemicals and other reagents were from Sigma (St
Louis, MO).

DNA constructs
PIgRN400A: The substitution of the residue asparagine by an alanine at position 400 was
done by PCR mutating the asparagine AAT codon into the GCT alanine codon. The 5’
forward oligonucleotide was AGGCTGGCCCTGTTCGAAGAGCCTGGCGCTGGCACC
and the 3’ reverse oligonucleotide was
TGTGTGCCTAGGCCTCCTTGGGGCCATCTTGGTGCTCAGC. Underlined are the
restriction sites BstBI and AvrII in the forward and reverse oligonucleotides, respectively. In
the forward oligonucleotide the mutated codon is indicated in bold. The sequence AvrII is
placed at the extremity of the pIgR coding region and contains the stop codon TAG
indicated in bold in the reverse oligonucleotide. The last nucleotides coding for pIgR are in
italic in the reverse oligonucleotide. The amplified PCR fragment was digested with BstBI
and AvrII, and was subcloned into the digested BstBI/AvrII mammalian expression vector
pCB7-pIgR containing the hygromycin selective marker.

CD7-pIgR731-741: The 11 amino-acids 731 to 741 from pIgR cytoplasmic tail have been
fused to CD7 C-terminal extremity by PCR amplification of the last 78 nucleotides of CD7
from nucleotide 642 to 720 using a 3’ oligonucleotide containing the sequence encoding for
pIgR731-741. The plasmid CD7BB1 containing the CD7 transcript was obtained from Dr. C.-
H. Sung and described elsewhere (7,51). The 5’ forward oligonucleotide was
GGGTGGCGTGTGTGCTGGCGAGGACACAGATAAAGAAACTGTGCTCGTGGCGG
GATAAGAATTCGG and the 3’ reverse oligonucleotide was
TCTAGATCTAGACGGATTGGAGCAGGAAAGCTGAGTAGGCCAGGTCCTGGTA
CTGGTTGGGGGAGG. Underlined are the restriction sites EcoRI within CD7 in the 5’
oligonucleotide and XbaI in the 3’ oligonucleotide. The sequence XbaI is present in the 3’
untranslated region of the CD7 insert. In bold is the sequence coding for the 11 amino acids
of pIgR (731-741) with an extra codon overlapping the XbaI restriction site and coding for a
valine at the most C-terminal position. The stop codon TAG is present within the XbaI
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restriction site in frame with the CD7-pIgR731-741 insert. In italics is the sequence of the last
21 nucleotides of CD7 in frame with the sequence encoding for pIgR731-741 fragment. The
amplified PCR fragment was digested with EcoRI and XbaI and inserted into digested
EcoRI/XbaI CD7BB1 plasmid containing the geneticin selective marker.

Deglycosylation and characterization of the pIgA preparations
The human pIgA was purified as previously described (52). N-deglycosylation was
completed using N-glycosidase F. Briefly, 1mg of human pIgA was incubated 16 h at 37°C
on a head-to-head rotator in 20mM sodium phosphate buffer pH 7.2 with 80 U of N-
glycosidase F and 2 mM PMSF in a total volume of 3 ml. O-deglycosylation was performed
by incubating 1 mg of pIgA 16 h at 37°C on a head-to-head rotator in 20 mM sodium
phosphate buffer pH 7.2 with 100 mU of neuraminidase, 85 mU of O-glycosidase and 2 mM
PMSF in a total volume of 5 ml. Deglycosylation of both O- and N-linked sugars was
achieved by successive O- and N-deglycosylation. These procedures yield approximately
90% of O-deglycosylation and 80% N-deglycosylation. A mock-treated pIgA was prepared
under the same conditions but the enzymes were omitted. At the end of each treatment the
pIgA, preparations were concentrated using a centricon-100, 100,000 MW cut-off (Amicon,
Beverly, MA) and analyzed after SDS-PAGE by western-blots using biotinylated lectins
revealed by streptavidin-HRP (Jackson ImmunoResearch, West Grove, PA) and ECL
(Amersham, Arlington Heights, IL). The anti-IgA antibodies used in immunoblot were from
Cappel (Durham, NC) and revealed with an HRP-conjugated secondary antibody (Jackson
ImmunoResearch).

Ligand transcytosis and endocytosis
PIgA transcytosis and endocytosis were assayed as previously described (23). The pIgA
preparations were iodinated by the ICl method and stored at a concentration of 75 μg/ml and
1 × 106 cpm/μl. For transcytosis assay, MDCK cells cultured on 12-mm Transwell filters
were allowed to internalize iodinated pIgA (1 × 106 cpm in a 10 μl drop of MEM-BSA)
from the basolateral surface for 10 min at 37°C. The filters were rapidly washed four times
with MEM-BSA, transferred into a 12-well culture plate and fresh 37°C MEM-BSA was
added to both the apical (300 μl) and basolateral (500 μl) chambers. The medium was
collected and replaced after 7.5, 15, 30, 60 and 90 or 120 min. At the end of the chase at
37°C, the filters were cut out from the holders and the radioactivity in all fractions (cells,
apical and basolateral media) was counted in a Packard γ-counter (Packard Instrument,
Downers Grove, IL). The percentage of transcytosis or basolateral recycling was the percent
of counts released into the apical or basolateral medium relative to total counts present in all
fractions, respectively. Where indicated the media collected from the apical chamber at the
indicated times were pooled and precipitated in TCA 15% at 4°C for 1 h. The TCA insoluble
iodinated pIgA was collected after centrifugation at 14,000 × g for 15 min at 4°C and
resuspended by 10-min boiling in Laemmli buffer. The TCA-insoluble iodinated pIgA was
analyzed by SDS-PAGE and the radioactivity visualized by fluorography. To analyze the
transcytosis of the CD7 proteins a slightly modified procedure was adapted. Similarly to the
pIgA, the monoclonal anti-CD7 antibody (clone CD7-6B7) was iodinated by the ICl
method. Cells cultured on 12-mm Transwell filters were allowed to bind the iodinated
antibody (0.2 × 106 cpm in a 10 μl drop of MEM-BSA) from the basolateral surface for 1 h
at 4°C. The filters were rapidly washed four times with ice-cold MEM-BSA, transferred into
a 12-well culture plate and fresh 37°C MEM-BSA was added to both the apical (300 μl) and
basolateral (500 μl) chambers. In addition, trypsin (10 μg/ml) was present in the apical
medium during the chase to release any apically transcytosed antibody. The rest of the assay
was conducted as described above for pIgA.
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For endocytosis assay, cells grown on 12-mm Transwell filters were incubated at 4°C for 1 h
on a 30μl-drop containing the iodinated pIgA (1 × 106 cpm in MEM-BSA) or CD7-6B7
antibody (0.2 × 106 cpm in MEM-BSA). The unbound ligand was washed away by four 5-
min washes in ice-cold MEM-BSA and endocytosis followed by incubating the cells 1, 2.5,
5 min (pIgA) or 5, 15, 30 min (CD7) at 37°C. After cooling down the cells in ice-cold
MEM-BSA, the basolateral surface was trypsinized to remove non-internalized ligand. The
basolateral trypsin washes and the intracellular counts were determined in a Packard γ-
counter. The amount of internalized ligand was plotted as the percentage of total initial
binding of the iodinated ligand to the basolateral surface.

Domain selective cell surface biotinylation
To determine the steady-state cell surface distribution on the apical and basolateral domain
of the pIgR and CD7 proteins, a domain selective biotinylation followed by
immunoprecipitation was performed. Briefly, the MDCK cells grown on 12-mm Transwell
filter for three days were quickly washed in ice-cold PBS. The basolateral or apical cell
surface was biotinylated for 30 min at 4°C with 1 ml (basal) or 0.3 ml (apical) of a solution
containing either 0.2 mg/ml of sulfo-NHS-biotin (pIgR) or 0.2 mg/ml of biotin-LC-
hydrazide (CD7) freshly dissolved in PBS. Biotin-LC-hydrazide was used instead of sulfo-
NHS-biotin to biotinylate the carbohydrates of the extracellular domain of CD7 that does not
possess lysine residues. During the basal or apical biotinylation, 0.3 ml or 1 ml of MEM-
BSA (MEM, 0.35g/liter NaHCO3, 20mM Hepes-Na, 6mg/ml BSA, and antibiotics) were
present on the opposite side, respectively. After biotinylation, the cells were quickly washed
three times in MEM-BSA and twice in PBS before solubilization in 1 ml of lysis buffer
(NP-40 1%, 150mM NaCl, Hepes 20mM pH 7.4, protease inhibitors). The lysates were pre-
cleared and the pIgR or CD7 proteins immunoprecipitated using a sheep anti-rabbit SC
antiserum or the monoclonal anti-CD7 antibody T3-3A1. The immunoprecipitates were
resolved by SDS-PAGE transferred onto a PVDF membrane and the biotinylated proteins
revealed by probing the membrane with streptavidin-HRP and ECL.

Domain selective cell surface delivery assay
Filter grown MDCK cells were incubated in MEM-cys/met (MEM without cysteine and
methionine) for 15 min and then pulse-labeled in MEM-cyst/met containing 5% dialyzed
FCS with 50μCi of EXPRE35S35S on a 25-μl drop for 15 min. After four quick washes the
cells were incubated at 37°C in MEM-BSA supplemented with non-radioactive methionine
and cysteine.

PIgR proteins—The pulse-chase analysis of pIgR proteins was performed as previously
described (53). Following four washes, the cells were chased in MEM-BSA supplemented
with non-radioactive methionine and cysteine for 60 min with or without V8 protease (25
μg/ml) in the basolateral medium. At the end of the chase, the apical and basal media were
collected and the cells quickly washed three times in MEM containing 10% horse serum and
twice in PBS. The filters were cut out, transferred into an Eppendorf tube and the cells
boiled 5 min in 1 ml SDS lysis buffer (0.5% SDS, 150 mM NaCl, 5 mM EDTA, 20 mM
triethanolamine pH 8.1, 100 U/ml Trasylol). The tubes were then vigorously vortexed for 20
min and 0.5 ml of Triton dilution buffer (5% Triton X-100, 100 mM NaCl, 50 mM
triethanolamine pH 8.1, 5 mM EDTA, 2 mM PMSF, 100 U/ml Trasylol) was added. The SC
was immunoprecipitated from the apical and basolateral medium, and the pIgR was
immunoprecipitated from the cells using a sheep anti-rabbit SC antiserum coupled to protein
G sepharose beads. After four washes, the immuno-complexes were resolved by SDS-
PAGE, revealed by fluorography and quantitated using a PhosphorImager.

Luton et al. Page 12

Traffic. Author manuscript; available in PMC 2010 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD7 proteins—A detailed procedure was described elsewhere (7). In brief, at various
times of the chase the cells were cooled-down, quickly washed in ice-cold PBS and
biotinylated with biotin-LC-hydrazide from the basolateral or apical surface as described
above. After biotinylation, the cells were solubilized in Triton lysis buffer (1% Triton
X-100, 50 mM Tris pH 7.5, 150mM NaCl, 2mM EDTA and protease inhibitors), centrifuged
20 min at 14,000 × g, the lysates pre-cleared and the CD7 proteins immunoprecipitated
using the anti-CD7 monoclonal antibody (clone T3-3A1). The immuno-complexes were
recovered by boiling in 40 μl 5% SDS for 10 min and diluted in 460 μl lysis buffer. A 25-μl
aliquot was saved to estimate the total initial radioactivity in CD7 proteins. The biotinylated
CD7 proteins were then recovered by streptavidin agarose beads, resolved by SDS-PAGE
and revealed by fluorography. The cumulative radioactivity in biotinylated CD7 quantitated
using a PhosphorImager was plotted as a percentage of total initial radioactivity in CD7.

PIgA-stimulated transcytosis assay
In this assay, the third step of pIgR transcytosis, i.e. from the apical recycling endosomes
(ARE) to the apical plasma membrane, the only one stimulated by pIgA, is measured (49).
This assay has been described in detail elsewhere (34,54). MDCK cells grown on 12-mm
Transwell filter for three days were quickly washed in ice-cold PBS. The basolateral cell
surface was biotinylated for 30 min at 17°C with 1 ml of a solution containing 0.2 mg/ml of
sulfo-NHS-biotin freshly dissolved in PBS. During the biotinylation 300 μl of MEM-BSA
were present on the apical surface. The cells were then quickly washed three times in MEM-
BSA to quench the excess of biotin. The filter units were then placed onto a 30-μl drop
containing or not 0.3 mg/ml of pIgA and incubated at 17°C for 10 min. At 17°C the
basolateral-to-apical transcytosis of the pIgR was shown to be largely blocked so that the
empty or pIgA-bound biotinylated pIgR accumulates in the basolateral early endosomal
compartment (55). The cells were then further incubated for 15 min at 37°C to accumulate
the biotinylated pIgR, bound or not to pIgA, into the ARE. During this chase, 300 μl of
MEM-BSA containing trypsin (25 μg/ml) were present in the apical chamber to cleave off
any biotinylated pIgR reaching the apical surface. The chase was stopped by transferring the
filter units into ice-cold MEM-BSA. The cells were then quickly washed three times in cold
MEM-BSA containing 15% horse serum to neutralize the apical trypsin. The cells were then
incubated for 1 h at 4°C in MEM-BSA containing 33 μM nocodazole. During this period,
the microtubules were depolymerized to prevent further basolateral-to-apical transcytosis, a
step that was shown to be microtubule-dependent and to be efficiently blocked by
nocodazole treatment (49). The cells are then placed in MEM-BSA plus nocodazole (33 μM)
at 37°C for 20 min to allow for the transport of the biotinylated pIgR from the ARE to the
apical plasma membrane. During this chase, soybean trypsin inhibitor (125 μg/ml) was
added in the basolateral medium and trypsin (25 μg/ml) in the apical medium to cleave off
the apically transported pIgR. The rest of the experiment was carried out at 4°C. At the end
of the chase, the cells were washed twice in MEM-BSA 15% horse serum and incubated 30
min in MEM-BSA containing 125 μg/ml soybean trypsin inhibitor to quench the trypsin.
The cells were washed three more times in MEM-BSA 15% horse serum and twice in PBS
before solubilization in 1 ml of lysis buffer (NP-40 1%, 150 mM NaCl, Hepes 20mM pH
7.4, protease inhibitors). The lysates were pre-cleared and the pIgR immunoprecipitated
using a sheep anti-rabbit SC antiserum. The immunoprecipitates were resolved by SDS-
PAGE, transferred onto a PVDF membrane and the biotinylated pIgR was revealed by
probing the membrane with streptavidin-HRP and ECL. The amount of pIgR was
quantitated using a Molecular Dynamics densitometer. A set of filters was used as a standard
and lysed after the nocodazole treatment. The amount of biotinylated pIgR in these samples
was considered as 100%. In the samples subjected to the final chase, the percentage of pIgR
transported to the apical surface was estimated by subtracting the percentage of remaining
biotinylated pIgR. Each experiment was repeated 3 to 7 times in either triplicates or
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quadruplicates. The results represent the mean of all experiments ± SD. Statistical
significance was evaluated by the Student’s t test.

Immunofluorescence
The procedure followed was previously described except that we omitted the
permeabilization step (55). MDCK cells grown on 12-mm Transwell filters for 5 days were
fixed in 4% paraformaldehyde after 3 quick washes in PBS-CM (PBS supplemented with 1
mM CaCl2, 0.5 mM MgCl2). The cells were then exposed to the indicated primary
antibodies diluted in PBS-CMF (PBS-CM containing 0.7% fish skin gelatin) for 1 h at 37°C
in a humid chamber. The cells were then washed four times 5 min in PBS-CMF and
incubated with the fluorescent secondary antibodies in PBS-CMF for 45 min at 37°C. The
cells were then washed four times 5 min in PBS-CMF and twice in PBS-CM. The filters
were mounted in Vectashield (Vector Laboratories, Burlingame, CA) and analyzed with a
Bio-Rad MRC1024 laser scanning confocal microscope.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Biochemical and functional characterization of the enzymatically deglycosylated human
purified pIgA.
A) pIgA was mock treated, N-deglycosylated (N-degly.), O-deglycosylated (O-degly.) or N-
and O-deglycosylated (N/O-degly.) using specific glycosydases as described in the Material
and Methods section. 10μg of each pIgA solution was resolved under reducing conditions by
SDS-PAGE and transferred onto a nitrocellulose membrane. The glycosylation status of the
IgA heavy chain (IgA HC) was analyzed by probing the membrane with the O-glycan
specific lectin Jacalin (top panel) or the N-glycan specific lectin Lens Culinaris (middle
panel) coupled to HRP. The oligomerization of the pIgA was analyzed by SDS-PAGE and
anti-IgA immunoblot under non-reducing conditions to reveal the dimeric oligomers bottom
panel). Small amounts of larger oligomers are also visible near the top of the gel. (The
results shown are representative of three independent preparations of deglycosylated pIgA.
B) Each pIgA preparation was iodinated and tested for their pIgR-mediated endocytosis
from the basolateral surface of polarized MDCK cells. The experiment was performed three
times in triplicate, and data from all experiments were combined. Values are mean ± SD.
C) Basolateral recycling and apical transcytosis of iodinated wild-type and deglycosylated
pIgA endocytosed from the basolateral surface. The experiment was performed five times in
triplicate and one representative experiment is shown.
D) The radioactive pIgA collected in the apical media at the end of the transcytosis assay
presented in (C) were analyzed after TCA precipitation by SDS-PAGE under reducing
conditions and revealed by fluorography. The arrowhead points to glycosylated IgA heavy
chain, while the bracket indicates the position of the deglycosylated heavy chain.
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E) The ability of the deglycosylated pIgA to stimulate pIgR transcytosis was assessed in the
absence or presence of the protein tyrosine kinase inhibitor PP1. The experiment was
performed three times in triplicate, and data from all experiments were combined. Values
are mean ± SD. Statistical analysis was done by ANOVA followed by Tukey’s multiple
comparison test to determine the statistical significance of the differences between each
sample group. Statistically significant differences (p<0.01) were found between the sample
“No pIgA” versus each pIgA preparations in the absence of PP1. For each pIgA
preparations, the differences were also significant (p<0.01) when comparing the samples
“without PP1” versus “with PP1”. In all other cases no statistically significant difference
was found.
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Figure 2.
Mutation of the major N-glycosylation site of pIgR hinders its constitutive apical
transcytosis.
A) Apical (Ap) or basolateral (Ba) cell surface biotinylation of untransfected MDCK control
cells (cont.) and cells expressing either the pIgR-WT or the mutated pIgR-N400A. The
arrows point to the three major bands immunoprecipitated using the sheep anti-rabbit pIgR
antibody from pIgR-WT expressing cells. The control cells were not transfected with rabbit
pIgR. The pIgRN400A mutant is found as a doublet with a majority of the protein visualized
as the lowest band demonstrating its weak glycosylation. The highest of the three bands is
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not seen with the pIgRN400A mutant, indicating that this highest band is the result of
glycosylation at the N400 site.
B) Basolateral endocytosis of iodinated pIgA at 5 min mediated by the pIgR-WT and pIgR-
N400A. The experiment was performed twice in triplicate, and data from both experiments
were combined. Values are mean ± SD.
C) Apical transcytosis and basolateral recycling of iodinated pIgA endocytosed from the
basolateral surface of MDCK cells expressing pIgR-WT or pIgRN400A. The experiment
was performed three times in triplicate and one representative experiment is shown.
D) Percentage of pIgA remaining in the cells at the end of the 90 min chase of the
experiment presented in C).
E) PIgA-stimulated transcytosis of pIgR-WT and pIgR-N400A. The experiment was
performed four times in triplicate, and data from all experiments were combined. Values are
mean ± SD. For each cell line, data were compared between +/- pIgA by using a paired
Student’s t-test. We determined a statistically significant difference with p<0.01 for both
pIgR-WT and pIgR-N400A.
F) Apical (Ap) and basolateral (Ba) cell surface delivery of pIgR-WT and pIgR-N400A. The
experiment was performed three times in triplicate, and one representative experiment is
shown.
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Figure 3.
The pIgR cytoplasmic tail of pIgR contains a putative apical targeting signal.
A) Apical transcytosis of iodinated pIgA in MDCK cells expressing pIgR-WT or the C-
terminal truncated mutants pIgR-725t, pIgR-737t and pIgR-747t. The experiment was
repeated at least 5 times in triplicate for each mutant, and one representative experiment is
shown.
B) Basolateral endocytosis of iodinated pIgA at 5 min mediated by the pIgR-WT or the C-
terminal truncated mutants pIgR-725t, pIgR-737t and pIgR-747t. The experiment was
performed twice in triplicate, and data from both experiments were combined. Values are
mean ± SD.
C) Post-endocytic traffic (combined step 2 and 3 of pIgA apical transcytosis) of iodinated
pIgA in MDCK cells expressing pIgR-WT or the C-terminal truncated mutants pIgR-725t,
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pIgR-737t and pIgR-747t. The experiment was repeated 3 times in triplicate for each mutant,
and one representative experiment is shown.
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Figure 4.
PIgR putative apical targeting signal.
A) Summary of the apical transcytotic properties of pIgR-WT and the indicated mutants
suggesting the presence of a cytoplasmic apical targeting signal encompassing the region
737-747.
B) Alignment of all the known sequences of the C-terminus of pIgR cytoplasmic tail starting
at serine 725. The box surrounds the highly conserved sequence FLLQ (737-740) and the
arrow points to the totally conserved leucine residue 738.
C) Schematic representation of the chimeric protein CD7-pIgR731-741 construct that
comprises the most conserved sequence around the FLLQ motif.

Luton et al. Page 24

Traffic. Author manuscript; available in PMC 2010 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
The 731-741 domain of pIgR cytoplasmic tail targets CD7 to the apical surface
A) TGN delivery to the apical (Ap) or basolateral (Ba) cell surface of CD7 and CD7-
pIgR731-741. The experiment was performed three times in triplicate, and one representative
experiment is shown.
B) Apical (Ap) or basolateral (Ba) cell surface biotinylation of untransfected MDCK cells,
or CD7 and CD7-pIgR731-741 MDCK expressing cells.
C) Immunofluorescence analysis of the steady-state distribution of CD7 and CD7-
pIgR731-741 in polarized MDCK cells.
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Figure 6.
The 731-741 pIgR sequence contains an apical targeting signal.
A) Basolateral endocytosis of CD7 and CD7-pIgR731-741. The experiment was performed
twice in triplicate, and data from both experiments were combined. Values are mean ± SD.
B) Apical transcytosis of iodinated anti-CD7 monoclonal antibody endocytosed from the
basolateral surface of MDCK cells expressing the wild-type CD7 or the CD7-pIgR731-741.
The experiment was performed four times in triplicate, and one representative experiment is
shown.
In C) is presented the apical transcytosis of the same experiment shown in B).
D) Intracellular accumulation of pIgA at the end of the transport assay presented in A) and
B).
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