
 



 

 The Rockefeller University Press, 0021-9525/98/07/51/7 $2.00
The Journal of Cell Biology, Volume 142, Number 1, July 13, 1998 51–57
http://www.jcb.org 51

 

Mutations in the Middle of the Transmembrane Domain
Reverse the Polarity of Transport of the Influenza Virus
Hemagglutinin in MDCK Epithelial Cells

 

Sasa Lin, Hussein Y. Naim, A. Chapin Rodriguez, and Michael G. Roth

 

Department of Biochemistry, University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75235-9038

 

Abstract. 

 

The composition of the plasma membrane 
domains of epithelial cells is maintained by biosynthetic 
pathways that can sort both proteins and lipids into 
transport vesicles destined for either the apical or baso-
lateral surface. In MDCK cells, the influenza virus he-
magglutinin is sorted in the 

 

trans

 

-Golgi network into 
detergent-insoluble, glycosphingolipid-enriched mem-
brane domains that are proposed to be necessary for 
sorting hemagglutinin to the apical cell surface. Site-
directed mutagenesis of the hemagglutinin transmem-
brane domain was used to test this proposal. The region 
of the transmembrane domain required for apical 
transport included the residues most conserved among 
hemagglutinin subtypes. Several mutants were found to 
enter detergent-insoluble membranes but were not 
properly sorted. Replacement of transmembrane resi-
dues 520 and 521 with alanines converted the 2A520 

mutant hemagglutinin into a basolateral protein. De-
pleting cell cholesterol reduced the ability of wild-type 
hemagglutinin to partition into detergent-insoluble 
membranes but had no effect on apical or basolateral 
sorting. In contrast, cholesterol depletion allowed ran-
dom transport of the 2A520 mutant. The mutant ap-
peared to lack sorting information but was prevented 
from reaching the apical surface when detergent-insol-
uble membranes were present. Apical sorting of he-
magglutinin may require binding of either protein or 
lipids at the middle of the transmembrane domain and 
this normally occurs in detergent-insoluble membrane 
domains. Entry into these domains appears necessary, 
but not sufficient, for apical sorting.
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T

 

o 

 

maintain surface membrane domains that differ in
their composition and biological functions, polar-
ized cells, such as epithelial cells and neurons, are

able to sort membrane proteins and lipids into separate
pathways that transport cargo from the Golgi complex to
the plasma membrane. The recognition events that form
the basis for sorting membrane components in the biosyn-
thetic pathway are beginning to be understood (Matter
and Mellman, 1994; Eaton and Simons, 1995), in particular
for sorting transmembrane proteins into the pathway lead-
ing to the basolateral surface. A number of small peptide
epitopes have been characterized that are capable of spec-
ifying transport to the basolateral surface of epithelial cells
(Aroeti et al., 1993; Geffen et al; 1993; Prill et al., 1993; Tho-
mas et al., 1993; Hunzicker and Fumey, 1994; Honing and
Hunziker, 1995; Reich et al., 1996; Lin et al., 1997; Maisner

et al., 1997; Odorizzi and Trowbridge 1997), or to the cell
body of neurons (Dotti and Simons, 1990; Dotti et al.,
1991; de Hoop et al., 1995; Haass et al., 1995; Le Gall et al.,
1997). All of these signals are located in the cytoplasmic
domains of transmembrane glycoproteins, but they are di-
verse enough to suggest that there is more than one class
of signal, implying that there are multiple binding sites for
basolateral signals in the sorting machinery.

In addition to basolateral signals, three types of signal
for sorting proteins to the apical surface of epithelial cells,
or to the axon of neurons, are known. Glycolipid anchors
direct proteins to the apical surface of several types of epi-
thelial cells (Brown et al., 1989; Lisanti et al., 1989), appar-
ently by associating in the 

 

trans

 

-Golgi network (TGN)
with detergent-insoluble membrane domains enriched in
glycosphingolipids and cholesterol (Simons and Ikonen,
1997). Oligosaccharides on some secreted proteins appear
to specify apical transport (Scheiffele et al., 1997), al-
though this mechanism does not apply to all secreted pro-
teins (Ullrich et al., 1991; Ragno et al., 1992; Soole et al.,
1992; Gonzalez et al., 1993; Yeaman et al., 1997) and has
not been conclusively demonstrated for membrane bound
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proteins (Green et al., 1981; Geffen et al., 1993; Haller and
Alper, 1993; Thomas et al., 1993; Stephens and Compans,
1986; Le Gall et al., 1997). The transmembrane segments
of the influenza virus neuraminidase and the simian virus
5 hemagglutinin neuraminidase specify apical transport
(Kundu et al., 1996; Huang et al., 1997). Like glycolipid
anchors, the transmembrane domains of the influenza vi-
rus neuraminindase and hemagglutinin (HA)

 

1

 

 allow those
proteins to associate with glycosphingolipid-enriched, de-
tergent-resistant membrane domains (DIGs) (Kundu et
al., 1996; Scheiffele 1997). The mechanism by which pro-
teins partition into DIGs is not understood. Some apically
sorted proteins are not found associated with DIGs (Tienari
et al., 1996), and it is not known whether there is a sepa-
rate mechanism for sorting proteins into a parallel path-
way to the apical surface, or if these proteins associate
with DIGs with an affinity too weak to be observed exper-
imentally. Finally, it is clear that transport pathways with
biochemical and pharmacological characteristics of the ba-
solateral and apical pathways exist in nonpolarized cells
(Skibbens et al., 1989; Musch et al., 1996, Yoshimori et al.,
1996). It is possible that all cells maintain a repertoire of
membrane transport mechanisms that are adapted to dif-
ferent uses in different cell types.

The influenza virus HA has been used extensively to
study membrane traffic in polarized epithelial cells (Rod-
riguez-Boulan and Powell 1992; Compans, 1995). The fea-
ture of HA that is recognized by the cellular sorting ma-
chinery is not known, but does not require the HA
cytoplasmic domain (Thomas and Roth, 1994) or carbohy-
drate (Roth et al., 1979; Green et al., 1981). Since the
transmembrane segments (TM) of two other viral glyco-
proteins are sufficient to target reporter sequences to the
apical surface of MDCK cells (Kundu et al., 1996; Huang
et al., 1997), the most likely location for an apical sorting
signal in HA is within the TM. To identify the apical sort-
ing signal in the HA TM, we used site-directed mutagene-
sis to change blocks of two or four contiguous residues
throughout the transmembrane sequence and studied the
sorting of the mutant proteins. The pattern of intracellular
transport of these mutants suggested that most, if not all
HA, travels to the apical surface in DIGs and that entry
into DIGs is necessary, but not sufficient, for sorting.

 

Materials and Methods

 

Cell Lines Expressing Mutant HAs

 

Mutations were introduced into HAs by megaprimer mutagenesis (Sarkar
and Sommer 1990; Thomas and Roth, 1994). The PCR product was di-
gested with XbaI and BamHI and used to replace an XbaI to BamHI frag-
ment in an expression vector pCB6-HA-Y543 xba

 

2

 

 that encoded the 133
carboxyl-terminal amino acids of Japan HA. Each PCR fragment was se-
quenced to confirm the identity of the mutation and that second-site mu-
tations had not occurred. MDCK subline D5 cells (Brewer and Roth,
1995) were transfected with HA mutants in the expression vector pCB6
(Brewer, 1994) and selected for survival in G418. The uncloned, drug-
resistant cell population was used for experiments to avoid any effects
from clonal variation.

 

Folding Assay for HA TM Mutants

 

MDCK cell monolayers were grown, treated with 10 mM sodium butyrate,
and then labeled with 1.14 

 

m

 

Ci/ml Trans

 

35

 

Slabel (ICN Biomedicals, Inc., Ir-
vine, CA) as described (Lin et al., 1997). To measure rates of entry to the
Golgi complex, monolayers expressing each mutant HA that had been la-
beled with radioactive amino acids were chased with prewarmed nonradio-
active medium at 37

 

8

 

C for either 0, 10, 20, 30, or 60 min. The cells were lysed
and immunoprecipitated with rabbit anti-HA antiserum. The immunopre-
cipitates were analyzed by PAGE and quantified by scanning with a Phos-
phorImager (Molecular Dynamics, Inc., Sunnyvale, CA). The proportion of
each immunoprecipitated protein that had shifted to the slower migrating,
Golgi-modified form was measured as a fraction of the total labeled HA in
the immunoprecipitate.

To measure rates of arrival at the cell surface, cells were pulse-labeled
as described above and chased at 37

 

8

 

C in DME containing 10 

 

m

 

g/ml of
trypsin for 0, 30, 60, 120, or 180 min. Trypsin cleaves HA arriving at the
cell surface into two disulfide-bonded fragments, HA1 and HA2. The cells
were shifted to ice and treated with 100

 

m

 

g/ml of soybean trypsin inhibitor
(STI) for 15 min, and then HAs were immunoprecipitated, separated by
PAGE, and the amount of HA0, HA1, and HA2 was quantified. For each
sample, the percentage of HA at the cell surface was calculated as ([HA1 

 

1

 

HA2]/ total HA) 

 

3 

 

100%. For the 4A511 protein, the chase medium did
not contain trypsin and arrival at the cell surface was measured by biotiny-
lation at 4

 

8

 

C as previously described (Brewer and Roth, 1991).

 

Assays for Polarized Transport and Insolubility in 
Triton X-100 

 

These assays were essentially as previously described (Skibbens et al.,
1989; Lin et al., 1997). For assays of polarized transport, confluent MDCK
monolayers expressing each mutant HA were grown for 5 d on filter cul-
ture inserts. Cells were treated with DME containing 10 mM sodium bu-
tyrate for 15 h to increase HA expression and were pulse labeled as de-
scribed (Lin et al., 1997). For experiments in which cholesterol was
depleted from the cells before the chase, cells were grown for 4 d in DME
containing 10% fetal bovine serum. 16 h before the chase, cells were
treated with DME containing 10% lipoprotein-deficient newborn calf se-
rum and 50 

 

m

 

M of compactin (Hua et al., 1996). 50 

 

m

 

M of compactin was
also present in media used for labeling with radioactive amino acids. After
pulse labeling, HAs were chased to the cell surface in serum-free DME.
For each HA, one sample had trypsin present in the apical chase medium,
one had trypsin in the basolateral chase medium, and one had no trypsin.
Excess STI was always included in the medium on the side of the filter op-
posite to that containing trypsin. At the end of the chase, samples were
treated with STI and the HAs were immunoprecipitated and analyzed as
described for the cell surface assay. The percentage of HA at the apical
surface was calculated by dividing the fraction of labeled HA that was
cleaved by trypsin at the apical surface by the fraction of labeled HA that
was cleaved at both apical and basolateral surfaces (the surface popula-
tion) 

 

3 

 

100%. Each value was corrected for the fraction of HA1 

 

1

 

 HA2
in samples chased in the absence of trypsin, which was usually 

 

,

 

10%.
For assays of insolubility in Triton X-100, MDCK cells were grown for

2 d on plastic culture dishes. Cells were then treated for 15 h with sodium
butyrate, were labeled with 1.14 

 

m

 

Ci/ml Trans

 

35

 

Slabel for 15 min at 37

 

8

 

C,
and then chased in normal medium for 80 min. Cells were extracted on ice
for 30 min in 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 2 mM
EDTA, 2 mM DTT, 1

 

3

 

 Protein Inhibitor Set (Boehringer Mannheim
Biochemicals, Inc., Indianapolis, IN), 100 

 

m

 

g/ml STI, and 1% Triton
X-100. Cells were scraped into 1.5-ml microfuge tubes and were centri-
fuged at 12,000 

 

g

 

 for 5 min (model Microfuge R; Beckman Coulter, Fuller-
ton, CA). Samples were separated into supernatants and pellets. Pellets
were solubilized with 50 mM Tris-HCl, pH 8.8, containing 5 mM EDTA
and 1% SDS and passed several times through a 27-gauge needle. The
pellet fraction was diluted with extraction buffer and supernatant frac-
tions with SDS so that the final concentration of SDS in each was 0.17%.
HA was recovered from each fraction by immunoprecipitation with anti-
HA rabbit antiserum. Immunoprecipitates were analyzed by PAGE and
quantified by PhosphorImager analysis.

 

Results 

 

To investigate a possible role for the HA TM in apical
transport of HA in MDCK cells, a cDNA for HA was mu-

 

1.
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: DIG, glycosphingolipid-enriched de-
tergent-resistant membrane domain; HA, hemagglutinin; STI, soybean
trypsin inhibitor; TM, transmembrane.
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tated to produce a series of HAs in which blocks of four or
five contiguous amino acids were converted to alanines at
different positions throughout the entire TM (Fig. 1). In
addition, since it has been proposed that interactions be-
tween lipid head groups might stabilize the association of
lipids in DIGs (Simons and Ikonen, 1997), four amino ac-
ids preceding the TM were also changed to alanine. A
highly polarized MDCK clonal cell line, D5, used previ-
ously by us (Thomas and Roth, 1994; Lin et al., 1997), was
transfected with expression plasmids containing the mu-
tant cDNAs and uncloned, polarized MDCK cell popula-
tions were selected that stably expressed mutant HAs.
Since the HA TM can influence the folding and trimeriza-
tion of the protein (Lazarovits et al., 1990), and trimeriza-
tion is required for efficient export of HA from the ER
(Copeland et al., 1986; Gething et al., 1986), the rate at
which each protein reached the Golgi complex or cell sur-
face was measured by pulse-chase experiments (Table I).
Only one of the mutant proteins, HA 2A514, (Fig. 1), was
found to be severely defective in transport to the Golgi
complex. The other proteins were exported from the ER
to the Golgi complex at rates that ranged from 50 to 100%
of the rate of the wild-type HA.

Properly folded HA is cleaved by extracellular trypsin at
a single site, producing mature, biologically active HA
composed of disulfide-linked HA1 and HA2 subunits
(Wiley and Skehel, 1987). When pulse-labeled mutant
HAs were chased in medium containing trypsin, only HA
4A511 was degraded by the trypsin, indicating that it was
not properly folded. The other mutant proteins were
cleaved into HA1 and HA2 and reached the cell surface as
fast or faster than wild-type HA, and to a comparable ex-
tent, with the exception of HA 2A514 which was retained
in the ER.

MDCK cells expressing each of the HA mutants or the
wild-type HA were grown as confluent monolayers on fil-

ter culture inserts, and the ability of the cells to sort HA
into the apical pathway was determined by pulse-chase
protocols (Matlin and Simons, 1984; Brewer and Roth,
1991). An image of a typical experiment is shown in Fig. 2

 

A

 

. We estimate from labeling experiments such as this that
expression of the various mutant HAs differed by no more
than fourfold and in each case was relatively low, at least
50-fold less than in MDCK cells infected with influenza vi-
rus (data not shown). No correlation between sorting of
HAs and expression level in these cell lines was observed.
The results of many experiments measuring delivery of
HAs to the apical and basolateral surfaces of MDCK
monolayers grown on filter inserts are presented in Table
II. Changing the last five amino acids of the HA TM se-
quence to alanines (5A531) had no effect on delivery of
the protein to the apical surface. Changing sequences of
four or five amino acids to alanines on the other side of the
transmembrane domain, either before (4A507) or immedi-
ately after the point where the chain is predicted to enter
the outer bilayer (2A511, 4A511) caused the protein to be
delivered equally to the apical and basolateral surface.
However, mutation of residues predicted to lie near the
base of the outer leaflet of the bilayer had a much more
dramatic effect. Some of these proteins were preferentially
sorted to the basolateral surface. This is seen most clearly
with the 2A520 protein, which was sorted more efficiently
to the basolateral surface than the wild-type HA was
sorted to the apical. Thus, there is a critically important re-
gion near the center of the HA TM that is necessary for
the protein to enter into apical transport pathways (Table
II) and mutation of this region did not affect the folding of
the external domain of HA (Table I). Mutation of residues
immediately beyond position 520, which would be pre-
dicted to lie within the inner leaflet of the bilayer, also pre-
vented apical sorting but were less severe.

Figure 1. Mutations in the HA TM. Amino acids of the A/Japan
H2 HA TM are given in single letter code beginning with the last
four residues of the external domain and ending with the residue
predicted to be the last of the TM. •, no change from the wild-
type sequence; n, deletion of the residue at that position.

 

Table I. Effect of Mutations in the HA TM on Kinetics of 
Transport through the Secretory Pathway

 

Protein
Percent in Golgi

after 30 min
Percent at surface

after 60 min
Percent at surface

after 180 min

 

HA 73 48 87
4A507 42 47 71
4A511 70 32 47
2A511 61 57 89
2A514 5 10 7
2A517 44 61 80
4A520 64 53 70
2A520 61 47 70
4A524 37 45 87
4A528 54 84 90
5A531 45 84 97
A516S 42 77 97
G520S 68 72 97
S521A 68 71 96

 

D

 

G520

 

D

 

S521 65 53 73

 

Results are shown from a representative pulse-chase experiment on MDCK cells per-
manently expressing various HA mutants. Arrival at the Golgi was monitored by the
appearance of terminally glycosylated HA, which migrates more slowly during PAGE.
Arrival at the cell surface was measured as the percentage of HA that was converted
into its HA1 and HA2 subunits by trypsin added to the chase medium. An exception
was the 4A511 mutant, which was degraded by trypsin. Arrival of this protein to the
cell surface was measured by biotinylation.
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To investigate the individual contributions for apical
sorting of residues G520 and S521 of the A/Japan/305 HA,
each was mutated in separate cDNAs. In addition, both
residues were deleted from a third cDNA. Mutation of
S521 to alanine produced as severe a defect as deleting
both G520 and S521, and caused the S521A protein to be
delivered predominately to the basolateral surface. The
G520S mutation was less severe, and caused essentially
random transport.

Scheiffele and colleagues (1997) have shown that the
ability of the HA to associate stably with DIGs in fibro-
blasts is sensitive to changes in the sequences of the por-
tion of the TM that span the outer leaflet of the bilayer.
The sequences that would span the inner leaflet were
found to be relatively unimportant for this property. We
confirmed these observations in MDCK cells expressing
the HA TM mutants (Figure 2 

 

B

 

 and Table II). Consistent
with the hypothesis that association with detergent-insolu-
ble membrane domains is required for proper sorting of
HA into an apical transport pathway, we did not observe
proper sorting of any mutant protein that was soluble in
Triton X-100. However, mutants 5A528, A516S, and
G520S were as insoluble in Triton X-100 as was wild-type
HA, but were not sorted properly to the apical surface.
Thus, association of HA with DIGs appears to be neces-
sary, but not sufficient, for apical sorting.

The observation that the 2A520 mutant was transported
predominately to the basolateral surface of MDCK cells
could be explained either by exclusion of most of the mu-
tant protein from apical transport pathways, forcing it into

the basolateral pathway, or by creation of a positive baso-
lateral signal that allowed active basolateral sorting. There
has been no previous evidence for either a cryptic basolat-
eral sorting signal in HA or for the existence of basolateral
sorting signals in TM domains. However, there is evidence
that efficient basolateral sorting of the Na

 

1

 

/K

 

1

 

 ATPase
requires an intact apical pathway containing DIGs, which
presumably excludes the Na

 

1

 

/K

 

1

 

 ATPase and forces it
into the basolateral pathway (Mays et al., 1995). If basolat-
eral sorting of the 2A520 mutant occurred by a similar
mechanism, then treatments that inhibited the formation
of DIGs might allow HA 2A520 access into apically di-
rected vesicles, and the protein should be exported ran-
domly. DIGs require cholesterol to form (Schroeder et al.,
1994; Scheiffele et al., 1997). Thus, MDCK cells expressing
either the HA 2A520 mutant, wild-type HA, or HA

 

1

 

8
D549H, which contains a dominant basolateral signal (Lin
et al., 1997), were grown as monolayers and depleted of
cholesterol. Under the conditions used, the ability of HA
to partition into membranes insoluble in Triton X-100 was
decreased by 50%. The delivery of each of these HAs to
the plasma membranes of cells depleted in cholesterol was
measured (Table III). Depletion of cholesterol had no ef-
fect on the apical transport of wild-type HA, indicating
that the apical pathway functioned under these conditions.
However, twice as much HA 2A520 reached the apical
surface in cholesterol-depleted cells as did when choles-
terol levels were normal, resulting in randomized trans-
port of HA 2A520. This suggests that the presence of
DIGs in cells having normal levels of cholesterol excluded
this mutant from apical pathways. Cholesterol depletion

Figure 2. Mutations in the HA TM affect transport to the apical
cell surface and solubility in Triton X-100. (A) MDCK monolay-
ers expressing the HA types shown were grown on filter culture
inserts for 5 d and then subjected to a pulse-chase protocol in
which trypsin was present during the chase in either the apical
(Ap) or basolateral (Bl) compartment. After the chase, HAs
were immunoprecipitated, separated by PAGE, and then ana-
lyzed by a PhosphorImager. A representative image comparing
HA and two mutants is shown. (B) MDCK cells expressing the
mutants shown were pulse-labeled and chased for 40 min, then
the cells were lysed in 1% Triton X-100 on ice. The cell lysate was
centrifuged in a microfuge and separated into supernatant (S)
and pellet (P) fractions. HA was immunoprecipitated from each
fraction and analyzed as in A.

 

Table II. Effect of Mutations in the HA Transmembrane 
Domain on the Delivery of the Protein to the Apical Surface of 
MDCK Cells

 

Protein

Average
percent
apical

Number of
experiments

Percent
insoluble in

Triton X-100
Number of

experiments

 

HA 73 

 

6

 

 3 3 38 

 

6

 

 9 3
4A507 51 

 

6

 

 2 5 2, 1 2
4A511 46 

 

6

 

 6 3 3, 3 2
2A511 45 

 

6

 

 4 3 3 

 

6

 

 2 3
2A517 61 

 

6

 

 2 4 2 

 

6

 

 1 3
4A520 31 

 

6

 

 6 4 4, 2 2
2A520 19 

 

6

 

 8 5 2, 2 2
4A524 30 2 18, 9 2
4A528 42 

 

6

 

 2 3 26, 18 2
5A531 77 

 

6

 

 8 5 37 

 

6

 

 3 3
A516S 50 

 

6

 

 7 4 38 

 

6

 

 3 4
G520S 51 

 

6

 

 10 4 25, 22 2
S521A 33 

 

6

 

 2 3 3, 3 2

 

D

 

G520

 

D

 

S521 32 

 

6

 

 7 3 7, 5 2

 

Results are shown from pulse-chase experiments on MDCK cells permanently ex-
pressing various HA mutants. Arrival at the apical cell surface was measured by add-
ing trypsin to the chase medium on either the apical or basolateral side of the cell to
convert HA into its HA1 and HA2 subunits. The percentage of HA arriving at the api-
cal surface was calculated by dividing fraction of HA cleaved to HA1 and HA2 when
trypsin was present at the apical side of the monolayer by the fraction cleaved by
trypsin present on both sides of the monolayer. Values are averages from three or
more independent experiments and are presented with standard deviations. The frac-
tion of each mutant that was insoluble when cells were lysed in Triton X-100 was de-
termined in parallel experiments. For three or more experiments the average value
with standard deviation is presented. Individual values are shown for pairs of experi-
ments.
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had no effect on the basolateral pathway, as shown by con-
tinued basolateral transport of HA

 

1

 

8 D549H.

 

Discussion

 

The effects of mutations in the transmembrane domain of
the A/Japan HA are summarized in Fig. 3. Residues I514
and Y515 were critical for proper folding of this HA. Al-
though there was some reduction in transport rates ob-
served for mutants with changes in other positions, the
folding and trimerization of HA was generally tolerant of
mutation of other TM residues to alanine. Mutations in
the region of HA predicted to be just outside and within
the outer leaflet of the bilayer caused a loss of apical sort-
ing and loss of insolubility in Triton X-100. These residues
would be in contact with lipids of DIGs. The effects of the
mutations increased as the region mutated approached
two TM residues at positions 520 and 521 that are highly
conserved among influenza virus HA types (Fig. 4), and
decreased as the region mutated approached the portion
of the TM that would reside in the inner leaflet of the bi-
layer. The pattern observed is consistent with HA having
an important recognition feature within the membrane
that contains S521 as the most important element.

The observations that certain HA mutants not only lost
the ability to be sorted, but were actually sorted to the ba-
solateral surface as efficiently as the wild-type HA was
sorted apically, could have two independent causes. Either
HA contains weak basolateral sorting information that is
normally recessive to apical sorting information in the TM,
which the mutant lacks, or HA must be able to enter DIGs
to gain access to the apical surface, and the mutant cannot
enter DIGs. Our data support the latter interpretation.
Decreasing cholesterol content in cells to the extent that
twofold less HA partitioned into DIGs had no effect on
sorting of wild-type HA, or a mutant of HA with a strong
basolateral sorting signal. However, transport of the
2A520 mutant became random under the same conditions.
These results suggest that the 2A520 mutant had no baso-
lateral sorting information, but in the presence of DIGs
was excluded from the apical pathway.

Under the conditions of our experiments, lowering cho-
lesterol levels such that half as much wild-type HA was re-
covered in a cell fraction insoluble in Triton X-100 did not

decrease sorting of HA to the apical surface. Recently,
Keller and Simons (1998) reported that depleting choles-
terol levels by 60–70% caused missorting of HA to the ba-
solateral surface of MDCK cells infected with influenza vi-
rus. However, in our cell lines, HA expression is at least
50-fold lower than in cells infected with influenza virus
and it is possible that sufficient apical sorting capacity re-
mained intact under our experimental conditions to ac-
commodate the available HA cargo. Nonetheless, the fact
that only half as much wild-type HA was found in the de-
tergent-insoluble fraction but apical sorting was un-

 

Table III. Depletion of Cellular Cholesterol Allows Expression 
of HA 2A520 to Become More Apical but Has No Effect on the 
Distribution of Wild-Type HA or HA

 

1

 

8 D549H, a 
Basolaterally Expressed HA Mutant

 

*

 

Protein Cholesterol depletion Percent apical Trials

 

Wild-type HA

 

2

 

70 

 

6

 

 5 3
Wild-type HA

 

1

 

69 

 

6

 

 6 5
HA 2A520

 

2

 

20 

 

6

 

 7 3
HA 2A520

 

1

 

49 

 

6

 

 12 4
HA

 

1

 

8 D549H

 

2

 

14 

 

6

 

 4 3
HA

 

1

 

8 D549H

 

1

 

15 

 

6

 

 6 4

 

Cholesterol was depleted from MDCK cell monolayers expressing each of the HA
proteins by treatment overnight in cholesterol-free medium containing 50 

 

m

 

M of com-
pactin according to published methods (Hua et al., 1996). Distribution of HAs at the
cell surface was measured as described for Table II. Values are presented 

 

6

 

 SD.
*Lin et al., 1997.

Figure 3. Effects of changing regions of the HA TM to alanine. The
thickness of the bar beneath the HA TM sequence is proportional
to the severity of the inhibition of apical transport. *, positions of
the sequence most conserved among influenza A and B HAs.

Figure 4. Conservation of amino acids in HA TMs. Transmem-
brane sequences from 36 HA proteins selected from all 14 influ-
enza A subtypes and including three type B HAs were compared.
For each position in the sequence of the TM, a conservation
value was calculated by dividing the percentage of sequences hav-
ing the most common amino acid by the number of different
amino acids found at that position. For each position in the TM
sequence, the conservation value and the most common amino
acid are displayed. Left, amino terminus of the sequence. Amino
acids that would reside in the outer leaflet of the membrane bi-
layer are more conserved than those predicted to reside within
the inner leaflet.



 

The Journal of Cell Biology, Volume 142, 1998 56

 

changed means that the sorting event is not identical to the
partitioning event, as measured by this assay. In choles-
terol-depleted cells, either the apical sorting machinery re-
mained with the residual DIGs and was sufficient to sort
HAs, or the machinery was able to interact with the apical
signal in the TM of HAs outside of DIGs. The later possi-
bility is supported by the observation that mutant A516S
was as insoluble in Triton X-100 as was wild-type HA, but
was not sorted apically. Thus, entry into detergent insolu-
ble membranes is not sufficient for apical sorting of HA.

A simple explanation for our observations is that apical
sorting machinery is normally sequestered in DIGs. We
propose that sequences including S521 form the binding
site for an integral membrane protein associated with
DIGs. This binding event is required for sorting HA to the
apical surface. The behavior of the HA TM mutants is
consistent with a multistep process for sorting proteins
into the apical pathway. In the first step, only proteins ca-
pable of entering membrane domains enriched in gly-
cosphingolipids are able to come into contact with apical
sorting machinery associated with those domains. How-
ever, only those proteins having the ability to bind tightly
to elements of the sorting apparatus will be efficiently con-
centrated within the DIGs and be effectively sorted to the
apical surface. The degree to which transmembrane pro-
teins lacking sorting signals would reach the apical surface
would depend upon their partitioning coefficient with
DIGs, and upon the availability of empty space within the
nascent apical transport vesicle. The latter would depend
upon the concentration of cargo with apical sorting signals.
Basolateral sorting might also involve multiple steps. All
evidence suggests that the basolateral sorting machinery
resides outside of DIGs. The probability that a protein
would be transported basolaterally would depend upon
the relative affinity of that protein for the basolateral sort-
ing machinery, its partitioning coefficient with DIGs, and
available space within the basolateral vesicles. Our obser-
vations with the HA mutant 2A520 indicate that, under
certain conditions, the inability to partition into DIGs may
be sufficient to force a protein into the basolateral path-
way. Perhaps the converse is true, that efficient partition-
ing into DIGs might keep proteins from entering the baso-
lateral pathway by default. It is possible that proteins with
glycosphingolipid membrane anchors are sorted apically
in such a manner, without interacting with the machinery
that sorts apical transmembrane proteins.
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