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The influenza virus neuraminidase (NA), a type II transmembrane protein, is directly transported to the
apical plasma membrane in polarized MDCK cells. By using deletion mutants and chimeric constructs of
influenza virus NA with the human transferrin receptor, a type II basolateral transmembrane protein, we
investigated the location of the apical sorting signal of influenza virus NA. When these mutant and chimeric
proteins were expressed in stably transfected polarized MDCK cells, the transmembrane domain of NA, and
not the cytoplasmic tail, provided a determinant for apical targeting in polarized MDCK cells and this
transmembrane signal was sufficient for sorting and transport of the ectodomain of a reporter protein
(transferrin receptor) directly to the apical plasma membrane of polarized MDCK cells. In addition, by using
differential detergent extraction, we demonstrated that influenza virus NA and the chimeras which were
transported to the apical plasma membrane also became insoluble in Triton X-100 but soluble in octylglucoside
after extraction from MDCK cells during exocytic transport. These data indicate that the transmembrane
domain of NA provides the determinant(s) both for apical transport and for association with Triton X-100-
insoluble lipids.

Infection of polarized epithelial cells by enveloped viruses
and expression of viral envelope proteins have been extensively
used as a tool to study membrane biogenesis and protein sort-
ing. In polarized epithelial cells, enveloped viruses are known
to bud asymmetrically from the cell surface (41, 43, 48, 57).
Orthomyxoviruses and paramyxoviruses have been shown to
bud from the apical domain of the plasma membrane, whereas
vesicular stomatitis virus and retroviruses bud from the baso-
lateral surface. Asymmetrical budding of enveloped viruses is
considered to be an important determinant in virus biology,
including viral pathogenesis. A Sendai virus mutant which ex-
hibits bipolar budding in polarized epithelial cells was found to
be highly pathogenic and pantropic for mice, whereas the wild-
type Sendai virus exhibiting apical budding was less virulent
and pneumotropic (55, 56). The budding site of enveloped
viruses appears to be determined, at least partly, by the asym-
metrical targeting of transmembrane viral proteins; i.e., the
transmembrane viral proteins are sequestered preferentially in
the same plasma membrane domain from which the virus buds.
Furthermore, viral transmembrane proteins expressed individ-
ually from cloned cDNAs in the absence of other viral proteins
are targeted to the same membrane domain in polarized epi-
thelial cells as in virus-infected cells (8, 12, 16, 44, 45). There-
fore, each transmembrane viral protein must possess determi-
nants within the structure of the polypeptide backbone for
either apical or basolateral sorting in polarized epithelial cells.
Despite the great interest in defining the structural determi-

nants of apical and basolateral sorting signals and elucidating
the mechanism of polarized sorting of membrane proteins in
epithelial cells, little is known about the sequence or structure
requirements of sorting signals or about the mechanism of the
sorting process, including the components of the sorting appa-

ratus. For basolateral proteins of either type I or II, it appears
that the sorting signal(s) resides within the cytoplasmic tail (1,
3, 6, 7, 9, 13, 14, 23, 25, 26, 29, 40, 61) although neither a
consensus sequence nor a specific structural element of these
basolateral targeting signals has been identified but the pres-
ence of a tyrosine residue(s) and its location may provide a
critical determinant(s) for basolateral targeting of some pro-
teins (14, 22, 29, 58). However, some basolateral proteins, like
the envelope protein (gp52) of spleen focus-forming virus,
which does not contain a cytoplasmic tail, are transported to
the basolateral surface with reduced efficiency (17). Similarly,
the basolateral transport of aminopeptidase N in Caco-2 cells
is also independent of a cytoplasmic tail (60).
For apical proteins, the information about the nature of the

targeting sequence is even more sparse and varied (53). For
apical membrane proteins which are anchored by a glyco-
sylphosphatidylinositol (GPI) moiety and lack the cytoplasmic
tail, GPI appears to provide the signal for apical targeting (24,
26, 38, 62). Furthermore, clustering of GPI-anchored proteins
with Triton X-100 (T-X-100)-insoluble sphingolipid-containing
vesicles appears to provide the apical targeting mechanism for
these proteins. In type I transmembrane proteins, such as in-
fluenza virus hemagglutinin (HA), it appears that the ectodo-
main possesses a signal(s) for apical sorting (31–33, 47). We
have recently shown that type II transmembrane proteins such
as influenza virus neuraminidase (NA) possess two signals—
one in the ectodomain and the other in the cytoplasmic tail or
transmembrane domain (19, 20). In this study, we further dis-
sected the location of the apical sorting signal of NA and found
evidence that an apical sorting signal is present in the trans-
membrane domain and not in the cytoplasmic tail of NA. In
addition, we present preliminary evidence that the transmem-
brane domain of NA also provides the determinants for inter-
action with T-X-100-insoluble lipids, as has been found for
GPI-anchored proteins; this has been reported to be a critical
factor for apical targeting of these proteins (24, 26, 38, 62).
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Construction and expression of chimeric mutants. The wild-
type influenza virus and the NA and transferrin receptor (TR)
chimeric and deletion mutants of influenza virus used in these
experiments are shown in Fig. 1. The TRNAD35, NATRD90,

and TRD57 sequences have been reported previously (20).
TRNAD35 has the ectodomain of NA and the transmembrane
domain and cytoplasmic tail of TR. NATRD90 has the ectodo-
main of TR but the transmembrane domain and cytoplasmic
tail of NA. TRD57 lacks the entire cytoplasmic tail of TR
except the last four amino acids. NATRD61 was created to
swap the 6-amino-acid NA tail with the 61-amino-acid tail of
TR, and it also contained the TR transmembrane domain and
the TR ectodomain. For construction of NATRD61, a DNA
segment (1,409 bp) containing the complete influenza virus
(A/WSN/33) NA cDNA was isolated by EcoRI digestion of
pGNA (2), filled in with the Klenow fragment of DNA poly-
merase I, and cloned into the SmaI site of M13mp19. An
EcoRI site was created at the junction of the cytoplasmic tail
and the transmembrane domain of NA, and the entire NA
fragment containing the EcoRI site was cut with KpnI and
HindIII and subcloned into pRSETB (Invitrogen, San Diego,
Calif.) to create pRSETBNA. Similarly, an EcoRI site was
created at the junction of the cytoplasmic tail and transmem-
brane domain of TR in M13mp19 TR and the entire TR
fragment was cloned into pGEM3 to create pGTRD1.
pGTRD1 was digested completely with EcoRI and partially
with HindIII. The fragment obtained, containing the trans-
membrane domain and ectodomain of TR, was cloned into
EcoRI- and HindIII-digested pRSETBNA containing the cy-
toplasmic tail of NA to give plasmid pRSETBNATRD61. The
partially BamHI- and HindIII-digested DNA fragment con-
taining the cytoplasmic tail of NA and the transmembrane
domain and ectodomain of TR from pRSETBNATRD61 was
cloned into pGEM3 to give pGNATRD61. Finally, SmaI and
NheI fragments from pGNATRD61 were cloned into PvuII
and NheI sites of pMEP4 (Invitrogen).
TRD57NATR was created to swap the transmembrane do-

main of TR with that of NA. It has a 4-amino-acid TR tail, a
29-amino-acid NA transmembrane domain, and the entire TR
ectodomain. For construction of TRD57NATR, a BamHI (B)
site was created at the junction of the cytoplasmic tail and
transmembrane domain of both M13mp19 TRD57 and
M13mp19 NATRD90 to generate M13mp19 TRD57B and
M13mp19 NATRD90B, respectively. The entire TRD57 DNA
fragment from M13mp19 TRD57B containing the newly cre-
ated BamHI site was cloned into pGEM3 to generate plasmid
pGTRD57B. The BamHI-SphI fragment containing the trans-
membrane domain of NA and the ectodomain of TR was
isolated from M13mp19 NATRD90B and cloned into BamHI
and SphI sites of pGTRD57B, replacing the transmembrane
domain and ectodomain of TR while retaining the last four
amino acids of the TR cytoplasmic tail to create plasmid
pGTRD57NATR. Finally, an SmaI- and NheI-digested
TRD57NATR DNA fragment from pGTRD57NATR was
cloned into the PvuII and NheI sites of pMEP4. All plasmids
were sequenced through the chimeric junctions or deletion
points to confirm that the expected codons for amino acids
were in phase.
Wild-type and chimeric constructs were transfected into

MDCK cells with a pMEP4 expression vector, and stable hy-
gromycin-resistant clones of cells expressing the desired pro-
teins were obtained as described previously (20). For expres-
sion, hygromycin-resistant cells were induced with CdCl2 (2
mM) and pulse-labeled for 2 h with [35S]cysteine and
tran[35S]label and cell lysates were immunoprecipitated with
appropriate antibodies. The results showed that the wild-type
and mutant proteins were expressed efficiently in stable
MDCK cell lines after CdCl2 induction (data not shown). A
lower level of the expressed protein was observed in trans-
fected cells before induction. Next, the intracellular transport

FIG. 1. Schematic representation of the primary structures of NA, TR,
TRNAD35, NATRD90, TRD57, NATRD61, and TRD57NATR as predicted
from the DNA sequences. (A) Dotted boxes and single lines represent the
influenza virus NA sequence, and open boxes and double lines represent the
human TR sequence. A, apical; B, basolateral. (B) The expected amino acid
sequences at the junction sites of the proteins diagrammed in panel A. Vertical
arrows indicate junction sequences. Extra or mutated amino acids introduced at
the junction site as a result of the construction strategy are underlined. Amino
acids are numbered in accordance with wild-type NA or TR. (C) Hydropathy
profile and sequence comparison of the transmembrane domains of WSN NA
and TR.
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and cell surface expression of the wild-type and chimeric pro-
teins were determined as reported previously (19, 20). Accord-
ingly, we examined each protein for endonuclease H (endo H)
resistance, which indicates the acquisition of complex carbo-
hydrates and transport through the medial Golgi during intra-
cellular transport through the exocytic pathway. The pattern of
endo H resistance depends on the nature of the ectodomain.
For example, WSN NA has four potential N-linked glycosyla-
tions and exhibits heterogeneous endo H resistance in both
virus-infected cells (11) and cells expressing NA from cloned
cDNA (19). On the other hand, the TR ectodomain possesses
two N-linked carbohydrates, only one of which acquires endo
H resistance. To determine the endo H resistance pattern of
the expressed proteins, MDCK cell lines were induced, labeled
for 90 min, and chased for 90 min. Cell lysates were then
immunoprecipitated and treated with endo H. The results ob-
tained (Fig. 2A) show that NA and TRNAD35, both containing

the NA ectodomain, exhibited complex heterogeneous endo H
resistance patterns. The fastest-migrating band after endo H
treatment (1) indicates the position of the completely endo
H-sensitive protein (11). Densitometric analysis showed that
approximately 70 to 80% of both NA and TRNAD35 became
partially endo H resistant. Proteins which possessed the TR
ectodomain (TR, TRD57, NATRD61, and TRD57NATR) all
exhibited similar levels of endo H resistance, and over 85% of
the protein became partially endo H resistant.
We further analyzed the kinetics by which TRD57NATR,

possessing the NA transmembrane domain and the TR ectodo-
main, acquires endo H resistance. Induced cells expressing the
chimeric protein were pulse-labeled for 20 min and chased for
various times before being lysed for immunoprecipitation. The
results obtained (Fig. 2B) show that TRD57NATR became
partially endo H resistant less than 1 h into the chase, indicat-
ing that the chimera was transported efficiently through the
exocytic pathway. The kinetics of TRD57NATR was essentially
same as that of the wild-type TR reported previously (19).
These results show that mutant proteins exhibit transport be-
havior similar to that of the wild-type proteins through the
exocytic pathway.
Next we determined the amount of the wild-type and chi-

meric proteins present on the cell surface. Accordingly, cells
expressing different chimeric and wild-type proteins were la-
beled for 90 min and chased for 90 min. Parallel dishes were
either mock treated or treated with proteinase K (19). We and
others have previously determined that proteinase K treatment
removes all cell surface protein, leaving only the internal pro-
teins, and the mock-treated cells represent the total (internal
and cell surface) protein (19, 27). The amount of cell surface
protein was determined by subtraction of the internal (protein-
ase K-treated) protein from the total protein. The results ob-
tained (Fig. 3) show that most of the protein (.65%) was
present on the cell surface. Similar results were obtained after

FIG. 2. Acquisition of endo H resistance by wild-type and mutant proteins.
(A) Transfected MDCK cell lines were cultured for 48 h and induced with CdCl2
for 16 h, labeled with 200 mCi each of [35S]cysteine and [35S]methionine for 90
min, and chased for 90 min. Cells were lysed and immunoprecipitated (20). The
immunoprecipitates were split in half and treated with endo H (1) or mock
treated (2) (19). Samples were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (21) and fluorography. The fluorographs were quan-
tified by densitometric analysis (50). The percentages of endo H-resistant (solid
bars) and -sensitive (shaded bars) proteins were calculated from the endo H-
treated (1) lanes by using the fastest-migrating band as the endo H-sensitive
band and the bands above this as endo H-resistant forms of the proteins. Note
that for NA and TRNAD35, all bands above the fastest-migrating band were
considered endo H resistant. For TR and constructs containing the TR ectodo-
main, which are efficiently transported, the completely endo H-sensitive form
was hardly visible after the chase. Similar results were obtained in four indepen-
dent experiments with a standard deviation of less than 10% of the mean. (B)
MDCK cells expressing TRD57NATR were induced as described above, pulse-
labeled for 20 min with 400 mCi each of [35S]cysteine and [35S]methionine, and
chased for the times indicated above the lanes. Cells were lysed and immuno-
precipitated, and one half was treated with endo H (1) and the other half was
mock treated (2). The fastest-migrating band immediately after the chase in the
endo H-treated (1) sample shows the position of the endo H-sensitive form; the
intermediate band is partially the endo H-resistant form, as only one of the two
carbohydrate moieties of TR acquires endo H resistance. The topmost band
shows the position of the protein before endo H treatment. The numbers on the
right are molecular sizes in thousands. The arrowheads indicate the positions of
partially endo H-resistant proteins.

FIG. 3. Surface expression of NA, TR, TRNAD57, NATRD61,
TRD57NATR, and TR in transfected MDCK cells. Transfected MDCK cell lines
were cultured for 48 h and induced overnight with CdCl2. Cells were then
pulse-labeled with 200 mCi each of [35S]cysteine and [35S]methionine for 90 min,
followed by a 90-min chase. Cells were then treated with proteinase K (0.8
mg/ml) at 48C for 60 min (19). Mock-treated (2) and proteinase K-treated (1)
cells were then lysed with radioimmunoprecipitation assay buffer. Lysates were
clarified, immunoprecipitated, and analyzed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. Autoradiograms were quantified by densitometry
as described previously (19, 20). One-fifth of the total (T) samples and all of the
proteinase K-treated samples were analyzed by polyacrylamide gel electrophore-
sis. For quantification, values were normalized. Proteinase K-treated samples
represented the internal (I) protein, and the cell surface (S) protein as a per-
centage of the total protein was calculated as follows: S 5 {[(T 3 5) 2 I]/(T 3
5)]} 3 100. Similar results were obtained in three independent experiments with
a standard deviation of less than 9% of the mean.
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surface biotinylation (data not shown), provided that the bi-
otinylation data were appropriately corrected since surface
biotinylation measures only 20 to 30% of the surface protein
(19, 23, 27). Taken together, these results show that the dele-
tion mutants and chimeras tested exhibit transport behavior
through the exocytic pathway to the cell surface similar to that
of the wild-type proteins.
NA tail does not possess an apical sorting signal. Since in

most basolateral proteins, including TR, cytoplasmic tails have
been shown to possess the sorting signal for basolateral trans-
port (3, 7, 9, 13, 14, 23, 37, 39, 40), we wanted to determine if
the cytoplasmic tail of NA also possesses an apical sorting
signal. We have previously shown that tail-free TR (TRD57,
possessing only 4 of the 61 amino acids of the cytoplasmic tail)
lacks a sorting signal (20). The protein was missorted, i.e.,
present equally in both apical and basolateral plasma mem-
branes (Fig. 4A, column 3). TRD57 also lacks the sequence
required for endocytosis, which is present in amino acid resi-
dues 19 to 28 with tyrosine at position 20 (15). We therefore
created NATRD61 (Fig. 1), in which the four amino acids
present in the cytoplasmic tail of TRD57 were swapped with
the six amino acids which constitute the entire cytoplasmic tail
of NA. Polarized MDCK cells expressing NATRD61 were la-
beled for 90 min and chased for 90 min, and the expression of
proteins on the apical and basolateral surfaces of parallel cul-
tures was analyzed by biotinylation and immunoprecipitation
as reported previously (20). The results obtained show that
NATRD61 containing the cytoplasmic tail of NA when ex-
pressed in polarized MDCK cells was also missorted (Fig. 4A,
column 4) and present, like TRD57 (Fig. 4A, column 3),
equally on both apical and basolateral plasma membranes,
implying that the NA tail, unlike the cytoplasmic tail of baso-
lateral proteins, does not provide the determinants for apical
sorting in polarized MDCK cells.
NA transmembrane domain possesses an apical sorting sig-

nal. Since the NA tail does not possess an apical sorting signal,
we wanted to determine whether the NA transmembrane do-
main provides the determinant for apical sorting or both the
transmembrane domain and cytoplasmic tail function cooper-
atively in apical sorting. Accordingly, we swapped the trans-
membrane domain of TRD57 with that of NA to create
TRD57NATR (Fig. 1). Polarized MDCK cells expressing
TRD57NATR were labeled and analyzed for domain-specific
expression by biotinylation (20). The results obtained show
that TRD57NATR (Fig. 4A, column 5), unlike TRD57, was
sorted apically in polarized MDCK cells, implying that the
transmembrane domain of NA possesses an apical sorting sig-
nal. The level of apical-basolateral membrane expression of
TRD57NATR was essentially the same as that of the wild-type
NA or NATRD90 (20), possessing both the transmembrane
domain and cytoplasmic tail of NA attached to the ectodomain
of TR. These results obtained with a TRD57NATR chimeric
protein were surprising, since the transmembrane polypeptide
domain has not been implicated in either apical or basolateral
membrane sorting. We confirmed these results by using mul-
tiple clones, as well as uncloned hygromycin-resistant MDCK
cells transfected with TRD57NATR cDNA.
We have previously reported that NA and NATRD90 are

directly transported to the apical plasma membrane, whereas
TR and TRNAD35 are directly targeted to the basolateral
membrane (20). To determine if TRD57NATR is sorted di-
rectly to the apical surface in MDCK cells or if the protein
reaches first the basolateral surface and then the apical surface
by transcytosis, we did pulse-chase experiments and deter-
mined the kinetics of appearance of the protein at the apical
and basolateral surfaces. The results obtained (Fig. 4B) show

that TRD57NATR, containing the transmembrane domain of
NA, was first detected on the apical plasma membrane and
reached a maximum by 60 min of the chase. A small amount of
protein reached the basolateral surface with a peak at 2 h of
the chase. However, at no time during the chase did the
amount of the protein at the basolateral surface exceed that
present on the apical surface. Similar results were obtained in
another, independent experiment. These results and the kinet-
ics of apical transport are similar to those of NATRD90, which
we have reported previously (20). NATRD90 contains both the
cytoplasmic and transmembrane domains of NA attached to
the ectodomain of TR. We conclude from these results that
TRD57NATR, containing only the transmembrane domain of
NA, was targeted directly to the apical surface and not by
transcytosis via the basolateral surface. This conclusion is fur-
ther supported by the fact that TRD57NATR lacks the endo-
cytic signal present in its cytoplasmic tail (15) and that endo-
cytosis is required for transcytosis of any protein. For the same
reason, we think that slow accumulation of the small amount of
TRD57NATR at the basolateral surface is due not to transyc-
tosis from the apical to the basolateral surface but to partial
missorting, as has been observed for most apical proteins.
Association of the apical proteins with T-X-100-insoluble

lipids. Since GPI-linked proteins are sorted apically (24, 26, 38,
62) and have been shown to associate with T-X-100-insoluble
lipids (5, 49), we wanted to determine if the transmembrane
type II proteins which are sorted apically also associate with
T-X-100-insoluble lipids. Accordingly, cells expressing apical,
basolateral, or missorted proteins were labeled for 90 min,
chased for 90 min, and extracted with T-X-100 as reported
previously (49). The results obtained (Fig. 5A) show that ba-
solateral proteins like TR and TRNAD35 and missorted pro-
teins TRD57 and NATRD61 were predominantly (70 to 95%)
T-X-100 soluble after the chase, whereas significant fractions
(60 to 85%) of apical proteins like NA, NATRD90, and
TRD57NATR (Fig. 5A) were insoluble after T-X-100 extrac-
tion of MDCK cells expressing these proteins. In addition,
other apical proteins, like influenza virus HA (Fig. 5A) and
GPI-linked human alkaline placental phosphatase (5), were
also 50 to 60% T-X-100 insoluble (data not shown). Previously
published data also show that influenza virus HA (54), Sendai
virus F and HN in virus-infected cells (49), and GPI-linked
GDI-DAF (62) were approximately 50% insoluble when sub-
jected to T-X-100 extraction under similar conditions. These
results show that all of the apical proteins exhibited higher
levels of T-X-100 insolubility than either basolateral or mis-
sorted proteins.
To determine if the T-X-100 insolubility was due to the

association of these proteins with the cytoskeleton or with the
T-X-100-insoluble lipids, cells expressing apical proteins which
exhibited resistance to T-X-100 extraction were extracted with
octylglucoside (OG), which has been shown to dissolve T-X-
100-insoluble lipids (5). The results obtained show that all of
these apical proteins were rendered completely soluble by OG
extraction (Fig. 5B). Similarly, Sendai virus F and HN (49) and
influenza virus HA in influenza virus-infected cells were also
soluble in OG (Fig. 5B). On the other hand, the Sendai virus
M and NP proteins (49), as well as the influenza virus NP and
M1 proteins (unpublished data), which appear to interact with
cytoskeletal components, did not become soluble after either
T-X-100 or OG treatment. These results, taken together, in-
dicate that apical type II proteins containing the NA trans-
membrane domain interacted with T-X-100-insoluble lipids
during exocytic transport.
Conclusion. The results reported here show that the trans-

membrane domain of influenza virus NA, a type II integral
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membrane protein, possesses a signal(s) for apical sorting and
can direct the ectodomain of a reporter protein, human TR, to
the apical plasma membrane of polarized MDCK cells. This
conclusion is based upon the observation that TRD57, a TR
mutant lacking the first 57 of the 61 amino acids in the cyto-
plasmic tail, was missorted to both apical and basolateral sur-
faces in MDCK cells, whereas the same protein containing the
transmembrane domain of NA was targeted to the apical
plasma membrane. The precise reason why TRD57 was mis-
sorted to both apical and basolateral surfaces is open to inter-
pretation. Since the cytoplasmic tail of TR contains the baso-
lateral signal (20) and since this tail is missing in TRD57, we
prefer to think that the protein lacking a specific sorting signal
was transported randomly by default and not targeted to a
specific plasma membrane domain (28). However, other expla-
nations, such as that TRD57 possesses both apical and baso-
lateral signals that are equal in strength and therefore the
protein is targeted to both surfaces equally, although unlikely,
cannot be ruled out. Irrespective of the interpretation of the
reason for missorting of TRD57, it is obvious that when the
transmembrane domain of TRD57 was swapped with that of
NA, the TRD57NATR protein was directed predominantly to
the apical plasma membrane in MDCK cells, demonstrating
that the transmembrane domain of NA provides the determi-
nant(s) for apical sorting of the TR ectodomain in this chi-
meric protein. Furthermore, since both TRD57 and NATRD61
were missorted equally to apical and basolateral surfaces,
whereas TRD57NATR was transported to the apical surface, it
is unlikely that TRD57NATR was apically transported by de-
fault. The pulse-chase data also show that TRD57NATR was
directly delivered to the apical plasma membrane and that the
protein was not delivered first to the basolateral membrane
and then to the apical membrane by transcytosis.
Previous studies have shown that type I, as well as type II,

apical proteins possess signals for polarized sorting in the
ectodomain (8, 10, 20, 31–33, 47, 53). However, since the
ectodomain contains the complex structural constraints re-
quired for oligomerization, intracellular transport, antigenic
epitopes, glycosylation, disulfide linkages (both intramolecular
and intermolecular), and other structural and functional con-
straints, it has not been possible to further define the ectodo-
main apical signal by mutational analysis or chimeric construc-
tion by using a reporter protein. Mutations or chimeric
construction involving ectodomain often renders the protein
defective both functionally and structurally. For GPI-anchored
apical proteins lacking a cytoplasmic tail, GPI has been shown
to provide the apical sorting signal (4, 5, 24, 26, 38, 61). On the
other hand, most basolateral proteins of either type I or II
orientation have been shown to possess a basolateral targeting
signal(s) in the cytoplasmic tail (1, 3, 7, 9, 13, 14, 20, 23, 29, 37,
39, 40, 61). This basolateral signal(s) often overlaps or is found
to be colinear with the signals for endocytosis (1, 3, 7, 13, 14,
18, 23, 29, 30, 35, 46). The results reported here that we
obtained with NATRD61 show that the cytoplasmic tail of NA,
unlike those of basolateral proteins, does not possess an apical
sorting signal. It has been recently reported that for some
secretory proteins, glycosylation provides a determinant for

FIG. 4. Polarized surface distribution of NA, TR, TRD57, NATRD61, and
TRD57NATR. (A) Confluent monolayers of MDCK cells were grown on filters
for 5 days, pulse-labeled for 90 min with 500 mCi each of [35S]cysteine and
tran[35S]label, and chased for 90 min. The apical (lanes A) or basolateral (lanes
B) surface proteins were biotinylated (20, 42), isolated by using specific antibod-
ies, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and fluorography (20). The same fluorogram was quantified, and results are
presented as percent apical (black bars) and percent basolateral (gray bars).
Bars: 1, NA; 2, TR; 3, TRD57; 4, NATRD61; 5, TRD57NATR. Similar results
were obtained from three independent experiments with a standard deviation of
less than 10% of the mean. (B) MDCK cells expressing TRD57NATR were
grown on filters for 5 days. The cells were labeled for 20 min with 500 mCi each
of [35S]cysteine and tran[35S]label and chased for the times indicated above the
lanes in minutes. The apical (AP) or basolateral (BL) surface proteins were

biotinylated and isolated (20). Samples were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and processed for fluorography. The same
fluorogram was quantified, and the results are expressed as percentages of the
level of protein expression at the time of maximal expression at the cell surface
(23). Symbols: É, apical; {, basolateral. Similar results were obtained from two
independent experiments with a standard deviation of less than 15% of the
mean.
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apical sorting (51). However, it is unlikely that glycosylation of
the ectodomain plays a major role in apical transport of
TRD57NATR, since all of the proteins containing the TR
ectodomain exhibited similar glycosylation patterns and levels
of endo H resistance. However, the role of glycosylation can-
not be ruled out completely unless the sorting behavior of
nonglycosylated proteins is determined.
The transmembrane apical sorting signal for a type II pro-

tein reported here is a novel finding, since the transmembrane
peptide has not been implicated in apical sorting but the trans-
membrane domain of aminopeptidase N has been shown to be
involved in transcytosis from basolateral to apical surfaces in
Caco-2 cells (60). However, unlike aminopeptidase N, trans-
cytosis is not involved in apical sorting of influenza virus NA.

The unique feature of the transmembrane domain of NA,
which either facilitates or directs apical sorting, compared with
that of TR is not obvious. Both transmembrane domains are
long and hydrophobic (Fig. 1C).
Our results also show that wild-type NA, as well as all apical

chimeric proteins containing the transmembrane domain of
NA, exhibited a higher resistance to T-X-100 detergent extrac-
tion than did either basolateral or missorted proteins (Fig. 5A)
but became soluble in OG (Fig. 5B). These data support the
notion that the transmembrane domain of the NA also pro-
vides determinants for T-X-100 insolubility. Similar T-X-100
insolubility has been observed in virus-infected cells for apical
type I proteins like influenza virus HA (49) and Sendai virus F
and HN (49). These results suggest that like GPI, the trans-

FIG. 5. T-X-100 and OG solubility of wild-type and chimeric proteins and influenza virus HA. (A) Transfected MDCK cells were grown, pulse-labeled for 90 min
with 500 mCi each of [35S]cysteine and tran[35S]label, and then chased for 90 min in the presence of unlabeled cysteine and methionine. For influenza virus HA, MDCK
cells were infected with A/WSN/33 at a multiplicity of infection of 5 (36), pulse-labeled for 10 min at 6 h postinfection with 100 mCi each of [35S]cysteine and
tran[35S]label, and chased for 90 min. The cells were extracted with 1% T-X-100 (34, 49). Parallel dishes were used for the total, T-X-100-soluble (S), and
T-X-100-insoluble (I) fractions. Each sample was immunoprecipitated with specific antibodies and analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and fluorography as described previously (49). The same fluorograms were quantified for T-X-100-soluble (black bars) and T-X-100-insoluble (slash bars)
proteins. Similar results were obtained in three independent experiments with a standard deviation of less than 8% of the mean. Bars: 1, NA; 2, TR; 3, TRNAD35;
4, TRD57; 5, NATRD90; 6, NATRD61; 7, TRD57NATR; 8, influenza virus HA. (B) MDCK cells expressing NA, NATRD90, and TRD57NATR, as well as influenza
virus-infected cells, were pulse-labeled and chased as described above. The cells were then extracted with OG, and soluble (S) and insoluble (I) fractions were separated
and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. The same fluorograms were quantified, and the results are expressed as
percent soluble (black bars) and percent insoluble (gray bars) for each protein. Bars: 1, NA; 2, NATRD90; 3, TRD57NATR; 4, influenza virus HA. Similar results were
obtained from three independent experiments with a standard deviation of less than 10% of the mean. Recovery of the total protein in T-X-100-soluble and -insoluble
proteins varied from 85 to 95%.
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membrane domain of some apical proteins could form clusters
or aggregates with T-X-100-insoluble glycosphingolipids, which
have been shown to be an important component of apical sorting
vesicles (52, 59). The data presented here support the model
proposed for an apical sorting microdomain of the trans-Golgi
network involving both a sphingolipid cluster and a cytosolic
protein coat by Simons and van Meer (52). The transmem-
brane domain of apical proteins would facilitate binding to
glycosphingolipid clusters. However, in addition, transmem-
brane apical proteins, unlike GPI-anchored proteins, possess
cytoplasmic tails of various lengths which may interact with
other components of the sorting machinery and thus may play
an important role in apical sorting (28, 52, 59, 62). However,
the six amino acids of NA or the four amino acids of
TRD57NATR did not affect targeting. On the other hand, the
long cytoplasmic tail of TR provides a strong basolateral signal
compared with the apical signals of NA since the chimera
containing the ectodomain and transmembrane domain of NA
and the cytoplasmic tail of TR was targeted to the basolateral
domain and exhibited T-X-100 solubility (data not shown).
Further work is needed to define the relative strength of tar-
geting signals and their interaction with lipid and protein com-
ponents of the sorting apparatus. Furthermore, since some
apical transmembrane proteins like Gp114 and Gp135 do not
exhibit T-X-100 insolubility (62), it appears that only those
apical transmembrane proteins which, like influenza virus NA,
possess sorting signals both in the ectodomain and in the trans-
membrane domain or in the transmembrane domain would
exhibit T-X-100 insolubility. On the other hand, apical proteins
like Gp114 or Gp135 may possess apical signals only in the
ectodomain but not in the transmembrane domain and thus
may not exhibit T-X-100 insolubility (62). This implies the
existence of more than one type of apical sorting machinery or
different modes of interaction with the same sorting machin-
ery.
In conclusion, we have shown that the transmembrane do-

main of influenza virus NA possesses an apical targeting signal
and that the transmembrane domain of NA and, possibly,
other type I and II proteins may facilitate interaction with
T-X-100-insoluble glycosphingolipids and thus aid in apical
sorting of these proteins. Further analysis of the transmem-
brane domain of NA and other apical domain signals would
help in defining the structure and function of the apical domain
signal(s) and its interaction with the sorting machinery.
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