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Microtubule perturbation inhibits intracellular
transport of an apical membrane glycoprotein in a
substrate-dependent manner in polarized Madin-Darby
canine kidney epithelial cells

Marja J.A.H. van Zeijl and Karl S. Matlin
Department of Anatomy and Cellular Biology
Harvard Medical School
Boston, Massachusetts 02115

The effects of microtubule perturbation on the
transport of two different viral glycoproteins were

examined in infected Madin-Darby canine kidney
(MDCK) cells grown on both permeable and solid
substrata. Quantitative biochemical analysis
showed that the microtubule-depolymerizing drug
nocodazole inhibited arrival of influenza hemagglu-
tinin on the apical plasma membrane in MDCK cells
grown on both substrata. In contrast, the micro-
tubule-stabilizing drug taxol inhibited apical ap-
pearance of hemagglutinin only when MDCK cells
were grown on permeable substrata. On the basis
of hemagglutinin mobility on sodium dodecyl sulfate
gels and its sensitivity to endo H, it was evident
that nocodazole and taxol arrested hemagglutinin
at different intracellular sites. Neither drug caused
a significant increase in the amount of hemagglu-
tinin detected on the basolateral plasma membrane
domain. In addition, neither drug had any noticeable
effect on the transport of the vesicular stomatitis
virus (VSV)-G protein to the basolateral surface.
These results shed light on previous conflicting re-

ports using this model system and support the hy-
pothesis that microtubules play a role in the delivery
of membrane glycoproteins to the apical, but not
the basolateral, domain of epithelial cells.

Introduction

Epithelia form a barrier between the internal
milieu and the outside of the organs that they
line. Epithelial cells are polarized to perform this
barrier function properly. The plasma membrane
of epithelial cells is divided into an apical do-
main, or free surface, and a basolateral domain,
in contact with the substratum. Each domain
has a unique composition of proteins and lipids.
To generate and maintain this polarity, epithelial
cells must sort the membrane components di-
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rected to each domain (Matlin, 1986a; Caplan
and Matlin, 1989; Rodriguez-Boulan and Nelson,
1989). The mechanisms by which sorting occurs
are poorly understood.
The process of sorting can be conveniently

studied in Madin-Darby canine kidney cells
(MDCK), an epithelial cell line that forms polar-
ized monolayers in culture (Simons and Fuller,
1985). When MDCK cells are infected with en-
veloped viruses, budding of these viruses oc-
curs in a polarized fashion. Influenza virus, for
example, buds predominantly from the apical
domain, whereas vesicular stomatitis virions
(VSV) have been shown to bud primarily from
the basolateral side (Rodriguez-Boulan and Sa-
batini, 1978). This polarized budding is a con-
sequence of the polarized insertion of the viral
spike glycoproteins hemagglutinin and the VSV-
G protein, respectively (Rodriguez-Boulan and
Pendergast, 1980). The viral glycoproteins are
transported with similar kinetics and traverse
the same biosynthetic pathways as endogenous
proteins (Lisanti et al., 1989). Hence, the sorting
mechanisms for the viral glycoproteins can be
assumed to be no different from those for en-
dogenous proteins.

In MDCK cells the segregation of apically and
basolaterally targeted proteins has been shown
to take place at the final stage of transit, pos-
sibly in a specialized part of the Golgi complex
known as the trans-Golgi network (TGN; Matlin
and Simons, 1984; Simons and Fuller, 1985;
Griffiths and Simons, 1986). After separation of
the proteins, the vesicles containing the sorted
proteins are delivered to the correct plasma
membrane domains. Although it is conceivable
that vesicles targeted to the plasma membrane
domains simply diffuse to their destinations, it
is also possible that the cytoskeleton plays a
role. Of the cytoskeletal components, micro-
tubules are of particular interest because of
their established functions in other cellular pro-
cesses. Microtubules mediate the polarized
transport of vesicles in neuronal cells (Schnapp
et al., 1985). Furthermore, in most cells, micro-
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tubules are closely associated with the Golgi
complex, the site of sorting. Upon drug-induced
depolymerization of microtubules, the Golgi
complex fragments into individual stacks of cis-
ternae and disperses (Rogalski and Singer,
1984; Ho et al., 1989; Turner and Tartakoff,
1989), suggesting that microtubules play a role
in the maintenance of the three-dimensional
structure of the Golgi complex (Stults et al.,
1989; Kreis, 1990).
With the use of various microtubule-perturb-

ing drugs, the role of microtubules in protein
transport has been extensively studied in dif-
ferent cell systems (Busson-Mabillot et al.,
1982; Rogalski et al., 1984; Achler et al., 1989;
Stults et al., 1989). Nocodazole, a depolymer-
izing drug (De Brabander et al., 1976), and taxol,
a hyperpolymerizing drug (De Brabander et al.,
1981; Horwitz et al., 1986), have been used to
examine the role of the microtubular cytoskel-
eton in sorting in MDCK cells. Salas etal. (1986)
originally reported that microtubule-perturbing
drugs had no effect on the sorting of either api-
cal or basolateral viral glycoproteins. In con-
trast, Rindler et al. (1987) found that the apical
protein hemagglutinin was delivered randomly
to both the apical and the basolateral domains
after disruption of the microtubular cytoskele-
ton, whereas sorting of VSV-G protein to the
basolateral domain was unaffected. Reasons for
the dramatic differences between these studies
were not obvious.
To clarify this issue, we report here a bio-

chemical analysis of influenza hemagglutinin
and VSV-G protein transport and sorting in
MDCK cells after perturbation of the microtu-
bular cytoskeleton by drug treatment. We find
that both transport and processing of hemag-
glutinin, but not of VSV-G protein, are affected
by nocodazole and taxol. However, missorting
of hemagglutinin to the basolateral domain does
not take place. These effects are dependent on
the type of growth substratum, emphasizing the
importance of physiological growth conditions
for in vitro studies of epithelial polarity.

Results

Spatial distribution of the microtubular
cytoskeleton in MDCK cells grown on solid
or permeable substrata
MDCK cells may be grown on both solid (im-
permeable) or permeable substrata, depending
on experimental requirements. To obtain an
impression of the spatial distribution of the mi-
crotubular cytoskeleton under different culture
conditions, we visualized microtubules by flu-
orescence microscopy in cells grown on either
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glass coverslips or permeable nitrocellulose ac-
etate (Millicell HA) supports.
MDCK cells grown on glass coverslips were

stained for tubulin and scanned with a confocal
laser microscope (Bacallao and Stelzer, 1989;
Figure 1). The cells were - 13 ,um tall. At the
top of the cells, microtubules were observed in
an apical cap (Figure 1, a and b). The nucleus
was seen as a dark sphere lying below the apical
cap and surrounded by a network of microtu-
bules (Figure 1, c and d). These lateral micro-
tubules had a higher density on one side of the
nucleus, where they formed a criss-cross pat-
tern (Figure 1 c). Some microtubules were ob-
served in the basal side of the cell, but their
concentration was less than in the apical side
of the cell (Figure 1 e).

In contrast, MDCK cells grown to confluence
on permeable supports were - 17 ,um tall (Fig-
ure 2). This increase in height appeared to be
compensated for by a decrease in the width of
the cells. Consequently, more cytoplasm was
present above the nucleus in cells grown on
permeable supports than beside the nucleus as
in MDCK cells grown on glass coverslips. The
apical cap seen in glass-grown cells was also
evident in cells grown on permeable supports
(Figure 2a). This cap was usually the brightest
part of the cell. In the plane of the nucleus,
which was seen as a dark circle, a punctate stain
was found (Figure 2b), suggesting a vertical ori-
entation of the microtubules at this level (Ba-
callao et aL, 1989). Below the nucleus, in the
most basal part of the cells, microtubules
formed a loose basal network (Figure 2c).
Thus, it appeared that the microtubular cy-

toskeleton in MDCK cells grown on permeable
substrata was more polarized along the apical-
basal axis than that in MDCK cells grown on
glass coverslips.

Effects of nocodazole and taxol on the
microtubular cytoskeleton in MDCK cells
To determine the optimal concentration of the
microtubule-perturbing drugs, we used immu-
nofluorescence to examine the effects of no-
codazole and taxol on microtubules in MDCK
cells grown on glass coverslips. In preliminary
studies, we observed that at 37°C taxol initiated
microtubule hyperpolymerization after 3 h, and
nocodazole started to depolymerize microtu-
bules after 30 min (data not shown). We there-
fore employed standard incubation times of 4
h for taxol and 1 h for nocodazole in subsequent
experiments.
The effect of taxol on microtubules, as noted

by the hyperpolymerization of microtubules in
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CONTROL TAXOL NOCODAZOLE
Figure 1. Spatial distribution of microtubules in MDCK cells grown on glass coverslips and treated with taxol or nocodazole.
MDCK cells were grown on glass coverslips, treated with (a-e) 0.1Yo DMSO for 4 h, (f-j) 10 AM taxol for 4 h, or (k-o) 10 ,ug/
ml nocodazole for 1 h, permeabilized; and fixed with paraformaldehyde as described in Methods. Microtubules were visualized
using B-5-1-2, a monoclonal antibody against a-tubulin, followed by an FITC-conjugated secondary antibody. Optical sections
were taken at 2-Mm intervals along the vertical axis of the cells with a confocal laser microscope. Sections are shown from
the apical (a, f, k) to the basal side (e, j, o) of the cells. The distribution of microtubules between control and taxol-treated
cells differs very little, whereas most of the nocodazole-resistant microtubules are found in the apical part of the cell.
Bar= 10 Am.

the periphery of the cell, was optimal at 10 uM.
Nocodazole at 10 gg/ml resulted in optimal de-
polymerization at 370C (data not shown). Based
on these results, incubations of 10 jg/ml no-
codazole for 1 h and 10 gM taxol for 4 h at 37°C
were chosen as standard.
To assess the effects of the drugs on the spa-

tial organization of the microtubular cytoskel-
eton, we administered taxol and nocodazole to
MDCK cells grown on both glass and nitrocel-
lulose acetate supports and examined the cells
by confocal microscopy (Figures 1, f-o, and 2,
d-i). In taxol-treated cells, more microtubules
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were visible throughout the cells compared with
the control. In taxol-treated cells grown on both
substrata, no changes were observed in overall
subcellular distribution of the microtubules
compared with the control (Figures 1, f-j, and
2, d-f). In nocodazole-treated cells, a large re-
duction of microtubules was seen in cells grown
on both substrata. Most of the nocodazole-re-
sistant microtubules were present in the apical
part of the cells (Figures 1, k-I, and 2g). These
apically localized nocodazole-resistant micro-
tubules could represent the short residues of
the lateral microtubules that remained after de-
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CONTROL TAXOL NOCODAZOLE
Figure 2. Spatial distribution of microtubules in MDCK cells grown on permeable supports. MDCK cells were grown on
Millicell HA culture supports, treated with (a-c) 0.10% DMSO for 4 h, (d-f) 10 ,M taxol for 4 h, or (g-i) 10 ,ug/ml nocodazole
for 1 h at 37°C; permeabilized; and fixed with paraformaldehyde as described in Methods. Microtubules were visualized with
the a-tubulin specific monoclonal B-5-1-2, followed by an FITC-conjugated secondary antibody. Optical sections were taken
at 6-Am intervals along the vertical axis of the cells with a confocal laser microscope. Three representative sections are
shown: the top of the cells, showing the apical cap (a, d, and g); the middle part of the cells, at the level of the nucleus (b,
e, and h); and the most basal section of the cell (c, f, and i). See text for details. Bar = 10 fim.

polymerization from the plus-ends (R. Bacallao
personal communication).
To quantitatively evaluate the action of the

drugs on the polymerization state of the micro-
tubules, we examined the relative distribution
of tubulin between soluble and polymeric pools
of extracts from control and drug-treated cells
by Western blotting. As shown in Figure 3, after
treatment of cells with 10 Ag/ml nocodazole,
>90% of tubulin was soluble (Figure 3, lanes 3
and 4) compared with -50%/o in control cells
(Figure 3, lanes 1 and 2). Tubulin in taxol-treated
cells was found almost exclusively in the poly-
meric form (Figure 3, lanes 5 and 6). There was
a slight difference in the tubulin distribution be-
tween drug-treated cells grown on plastic and
cells grown on permeable supports (compare
panel a to panel b of Figure 3, lanes 4 and 5).

Effect of nocodazole and taxol on surface
expression of the viral glycoprotein
hemagglutinin
Before examining the effects of the microtubule-
perturbing drugs on sorting, we determined
whether the overall level of expression of newly
synthesized hemagglutinin on the cell surface
was changed by the drug treatments. Arrival of
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labeled hemagglutinin on the surface of infected
cells was monitored by trypsin proteolysis and
was quantitated after sodium dodecyl sulfate
(SDS) gel electrophoresis (see Methods).

In cells grown on a plastic substratum, no-
codazole significantly inhibited cell-surface ap-
pearance of hemagglutinin (Figure 4a). After 60
min of chase, only -400/o of labeled hemagglu-
tinin had reached the plasma membrane, com-
pared with >600/o in controls. Inhibition of hem-
agglutinin transport was kinetic in nature: after
prolonged chase times in the presence of no-
codazole, more hemagglutinin reached the cell
surface. It takes several hours for the surface
expression to completely plateau, and, because
some of the intracellular hemagglutinin is de-
graded, control levels are never reached (data
not shown). In this experiment, with MDCK cells
grown on a plastic substratum, trypsin was only
applied to the apical side of the cells because
the presence of tight junctions prevented tryp-
sin from reaching the basolateral side. Because
trypsin treatment after opening of the tight
junctions failed to increase the fraction of
cleaved hemagglutinin (data not shown), we
concluded that the uncleaved hemagglutinin
was located intracellularly and not on the ba-
solateral plasma membrane.

CELL REGULATION



Microtubule-perturbing drugs inhibit apical delivery

-4
0

z
0

a l
S p

PLASTIC

b

FILTER

Figure 3. Disi
pools in drug
plastic petri di:
b), were treat(
10 jg/ml noco
for 4 h (lanes
tracted with 0
ing polymeric
Methods). Equ
loaded on a 1 C
the proteins v

brane, and prc
The location c
conjugated se
diaminobenzic

In contra
had no effE
glutinin tral
on plastic s

In cells g
face exprec
hibited by r
inhibition w
treated cell
cubation t
hemaggluti
degradatioi
served), sh
netic inhibi
meable s
treatment
strata did t
the cell sur
taxol-treatE
kinetics ani

Vol. 1, Novem

w
-A
0
N
0
0

0
z

S p

- l

I-
5 p

similar to those seen with nocodazole treatment
(Figure 4b).
Thus, both nocodazole and taxol perturbed

intracellular transport of hemagglutinin. How-
ever, the effect of taxol on transport seemed to
depend on the growth substratum.

Microtubule-perturbing drugs disrupt apical
transport of hemagglutinin
To analyze the effects of the microtubule-per-
turbing drugs on the polarity of hemagglutinin
expression, we infected cells grown on per-
meable supports with influenza virus and
treated with drugs or DMSO. The polarity of
hemagglutinin expression was assayed by dif-
ferential trypsinization of either the apical or the
basolateral domain. After immunoprecipitation,

___ the oligosaccharide processing and the polarity
of transport of hemagglutinin was monitored by
SDS-gel electrophoresis (Figures 5 and 6).

Hemagglutinin, synthesized in the endo-
1 2 3 4 5 6 plasmic reticulum as a protein of 68 000 Da
tribution of tubulin in polymeric and soluble (HAo), was seen after a 5-min pulse-label (Fig-
-treated cells. MDCK cells grown on either ures 5a and 6a, lanes 1 and 2). After a chase of
shes (plastic; a) or Millicell HA supports (filter; 30 min, the mature form of hemagglutinin (HA),

dazole for 1 h (lanes 3 and 4), or 10 2Mtaxoi running slightly slower than HAo, and the tryp-
5 and 6) at 370C. Soluble (s) tubulin was ex- sin cleavage products, HAl and HA2, were
.1/% Triton X-100; insoluble residues contain- seen, indicating that hemagglutinin had passed
tubulin (p) were solubilized in 0.5% SDS (see through the Golgi complex and had arrived at
jal amounts of protein from each fraction were the cell surface (Figures 5a and 6a, lanes 3 and
)0/o SDS polyacrylamide gel. After separation, t 60 min of 5a and 6agglutindvere transferred to Immobilon PVDF mem- 4). At 60 mi of chase, most hemagglutinin
)bed with B-5-1-2, directed against a-tubulin. cleavage occurred when trypsin was added at
)f the antibody was visualized with an HRP- the apical side of the cells (Figures 5a and 6a,
condary antibody, followed by reaction with lanes 5). Some cleaved hemagglutinin was also
line in the presence of H202. detectable when trypsin was added to the ba-

solateral compartment (Figures 5a and 6a, lanes
4 and 6). Most of this probably represented a

ist with nocodazole, taxol treatment background of endogenous cleavage rather
act on the rate or extent of hemag- than actual expression of significant quantities
nsport to the surface of cells grown of hemagglutinin on the basolateral side (see
;ubstrata (Figure 4a). "Quantitation and Statistical Analysis" in
prown on permeable substrata, sur- Methods).
ssion of hemagglutinin was also in- After nocodazole treatment, the amount of
nocodazole (Figure 4b). The level of hemagglutinin cleaved by apically added trypsin
,as similar to that seen in nocodazole- was reduced (Figure 5a, lane 1 1), whereas the
Is grown on plastic. With longer in- amount of cleavage observed on the basolateral
:imes, almost all of the labeled side was unchanged compared with the control
inin reached the cell surface (the (Figure 5, a [lane 12] and b). Taxol treatment
n of hemagglutinin was not ob- also reduced apical membrane expression of
lowing that nocodazole caused a ki- hemagglutinin but had no effect on basolateral
ition also in cells grown on a per- expression (Figure 6a, lanes 1 1 and 12).
;ubstratum. Surprisingly, taxol These results suggested that drug treatment
of cells grown on permeable sub- selectively inhibited hemagglutinin transport to
)lock the arrival of hemagglutinin on the apical domain. Statistical analysis of several
-face, in contrast to the results with experiments confirmed this conclusion: the ratio
md MDCK cells grown on plastic. The of cleaved hemagglutinin detected on the apical
d extent of inhibition by taxol were domain over that detected on the basolateral
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Figure 4. Total surface expression of hemagglutinin in
MDCK cells grown on solid and permeable substrata. MDCK
cells infected with influenza virus were grown on plastic petri
dishes (A) or Millicell HA culture supports (B) and treated
with 0.10/ DMSO for 4 h (0), 10 zM taxol for 4 h (0), or 10
qg/ml nocodazole for 1 h (A). After a 5-min pulse with 50 ,Ci
[3S]-methionine, the cells were incubated with excess un-
labeled methionine for the times indicated. Cells were put on
ice and trypsinized to cleave hemagglutinin on the cell surface.
Trypsin was added to both sides of the cells grown on the
Millicell HA culture supports. The basal surface of the cells
grown on plastic petri dishes was inaccessible to trypsin.
Cultures grown on plastic with the tight junctions opened did
not show increased trypsin cleavage (see also text). After
lysis, hemagglutinin was immunoprecipitated and the im-
munoprecipitates were analyzed by SDS gel electrophoresis.
The percent of hemagglutinin expressed on the cell surface
was quantitated as described in Methods. A representative
experiment is shown.
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domain was decreased in drug-treated cells
compared with the controls (Figures 5b and 6b).
This reduction in polarity of expression could be
attributed solely to a decrease in delivery to the
apical domain. Random delivery of hemagglu-
tinin to both plasma membrane domains, which
would have led to an increase in the amount of
the hemagglutinin at the basolateral membrane,
was not observed.

Processing of intracellularly arrested
hemagglutinin
The reduction in apical hemagglutinin expres-
sion in drug-treated cells was balanced by ac-
cumulation inside the cell. This was evident from
the increased amount of uncleaved hemagglu-
tinin in nocodazole-treated cells (Figure 5a,
lanes 9-12) compared with the control (Figure
5a, lanes 3-6). Uncleaved hemagglutinin was
detected in two bands of different molecular
weight. The amount of hemagglutinin in the
lower band of the two, running slightly faster
than HAo, was notably increased in nocodazole-
treated cells (Figure 5a, lanes 9-12). The hem-
agglutinin in this band was endoglycosidase H
(endoH) sensitive (data not shown), indicating
it had not acquired complex sugars and sug-
gesting it had not reached the medial compart-
ment of the Golgi complex. The slightly in-
creased mobility of this band relative to that
seen after pulse-labeling could be due to exten-
sive mannose trimming of the oligosaccharide
side chains (Balch et al., 1986). Hemagglutinin
was also present in the terminally glycosylated,
more slowly migrating band, as in the control,
suggesting that the hemagglutinin in this band
was either in the Golgi complex or on its way to
the plasma membrane. In contrast, the intra-
cellularly arrested hemagglutinin in taxol-treated
cells appeared to be terminally glycosylated
(Figure 6a, lanes 9-12). This suggested that
hemagglutinin in taxol-treated cells accumu-
lated at a late stage in the transport pathway,
presumably in or beyond the trans-Golgi. Thus,
the hemagglutinin that accumulated intracel-
lularly appeared to be differently glycosylated
in taxol-treated cells than in nocodazole-treated
MDCK cells.

Microtubule-perturbing drugs do not disrupt
basolateral transport of VSV-G
To examine whether transport of proteins to the
basolateral domain was affected by nocodazole
or taxol, we performed similar experiments with
VSV-infected cells. Because VSV infection re-
quired basolateral addition of the virus (Fuller
et al., 1984), the cells were grown on culture

CELL REGULATION
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Figure 5. Transport of hemagglutinin to the apical domain is inhibited by nocodazole. (a) MDCK cells grown on Millicell
HA culture supports were infected with influenza virus and treated with 0.10/0 DMSO (control) or 10 jig/ml nocodazole for 1
h at 370C before pulse-labeling. After a 5-min pulse with 50 ;Ci [35S]-methionine, cells were chased for 0 (lanes 1 and 2, 7
and 8), 30 (lanes 3 and 4, 9 and 10), or 60 min (lanes 5 and 6, 11 and 12) in the presence of excess cold methionine.
Subsequently, cells were put on ice, and trypsin was added to either the apical side (Ap) or the basolateral side (BI) of the
cells. Cells were lysed and hemagglutinin was immunoprecipitated and analyzed by SDS gel electrophoresis. Arrowheads
highlight the reduction in cleavage of hemagglutinin by trypsin added to the apical side, compared with that cleaved by
trypsin added to the basolateral side in nocodazole-treated cells. (b) The percent surface expression of hemagglutinin on the
apical domain (U) or the basolateral domain (E), after 60 min of chase, was calculated as described in Methods. Shown are
means ± SD. A decrease in apically expressed hemagglutinin in nocodazole-treated cells is responsible for the change in
the apical-to-basolateral ratio of expressed hemagglutinin. A paired t test showed that the change in surface expression of
hemagglutinin is significant in nocodazole-treated cells at the apical domain (p < 0.001, n = 1 1), but not significant at the
basolateral domain (p < 0.05, n = 1 1).

supports with pores of 3.0 ,m (see Methods).
Cells were infected with VSV and treated with
dimethyl sulfoxide (DMSO) or drugs. Arrival of
newly synthesized VSV-G protein on the cell
surface was detected with a cell-surface anti-
body-binding assay (Ploegh et aL., 1981; Pfeiffer
et aL., 1985). By adding the anti-VSV-G antibody
to either the apical or the basolateral side of the
cells, the polarity of VSV-G expression could be
assessed. After lysis and immunoprecipitation,
the surface-exposed VSV-G was analyzed by
SDS gel electrophoresis.
As shown in Figure 7a, pulse-labeled VSV-G

was not precipitated by antibody added to the
cell surface (lane 1), but, after a 60-min chase,
VSV-G was detected by the extracellularly
added antibody (Figure 7a, lanes 2 and 3). More
VSV-G was detected when the antibody was
added to the basolateral side of the cells (Figure
7a, lane 3), whereas only a small amount was
detected by apically added antibody (Figure 7a,
lane 2). In taxol- or nocodazole-treated cells,
there was no appreciable change in the amount
of VSV-G detected at either domain (Figure 7a,
lanes 5 and 6, 8 and 9). The high apical fraction
of VSV-G may represent the inherent back-
ground of the antibody assay; it does not reflect
loss of cell polarity, because the polarity of

Vol. 1, November 1990

hemagglutinin, as detected with the trypsin as-
say, is the same for cells grown on 3.0-am pore
supports as for cells grown on Millicell supports
(data not shown). Quantitation showed that,
within the detection limits of our assay, the
amount of surface-expressed VSV-G was not
affected by nocodazole or taxol (Figure 7b). The
polarity of VSV-G delivery, as expressed by the
basolateral to apical ratio, was also not changed
by the drug treatment: all differences between
control and drug-treated cells were nonsignifi-
cant as determined by a paired t test.
Thus, whereas polar expression of the apically

targeted hemagglutinin was disrupted by mi-
crotubule-perturbing drugs, that of the baso-
laterally targeted VSV-G was unaffected.

Discussion

Microtubule perturbation inhibits transport
to the apical cell surface
In this paper, we report the effects of microtu-
bule-perturbing drugs on the transport of newly
synthesized viral glycoproteins in MDCK cells.
Perturbation of the microtubular cytoskeleton
with either taxol or nocodazole inhibited delivery
of hemagglutinin to the apical domain. The ex-
tent of inhibition by both drugs was similar. We
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Figure 6. Taxol inhibits transport of hemagglutinin to the apical domain. (a) MDCK cells grown on Millicell HA culture
supports were infected with influenza virus and treated with 0.1% DMSO (control) or 10 ,tM taxol for 4 h at 37°C before
pulse labeling. After a 5-min pulse with 50 qCi [35S]-methionine, cells were chased for 0 (lanes 1 and 2, 7 and 8), 30 (lanes 3
and 4, 9 and 10), or 60 min (lanes 5 and 6, 1 1 and 12). Subsequently, cells were put on ice, and trypsin was added to either
the apical side (Ap) or the basolateral side (BI) of the cells. Cells were lysed and hemagglutinin was immunoprecipitated and
analyzed by SDS gel electrophoresis. Arrowheads highlight the reduction in cleavage of hemagglutinin by trypsin added to
the apical side, compared with that cleaved by trypsin added to the basolateral side in taxol-treated cells. (b) The percent
surface expression of hemagglutinin on each domain after 60 min of chase was calculated as described in Methods. Shown
are means ± SD. A paired t test showed that taxol changed the surface expression of hemagglutinin significantly at the apical
domain (p < 0.001, n = 10), but not significantly at the basolateral domain (p < 0.01, n = 10).

saw no evidence that the drug treatments led
to missorting of hemagglutinin to the basolateral
domain, as measured by a biochemical assay.
Electron microscopic examination of infected
and drug-treated MDCK cells also failed to
demonstrate significant budding of influenza vi-
rions on the basolateral domain (unpublished
observations). In contrast, our experiments did
not reveal any interruption of delivery of VSV-G
to the basolateral domain after administration
of microtubule-perturbing drugs.
Our results are in general agreement with

those of several laboratories, which state that
microtubules play a role in the correct transport
of apically targeted glycoproteins in polarized
epithelial cells, but not of the basolaterally tar-
geted ones (Rindler et aL., 1987; AchIer et aL.,
1989; Eilers et aL., 1989; Parczyk et al., 1989).
In particular, our observation that hemagglutinin
accumulates intracellularly in drug-treated cells
is quite comparable with that of Eilers et aL
(1989), who found that nocodazole inhibited
transport of aminopeptidase and lysosomal hy-
drolases to the apical surface in Caco-2 cells.
Our finding that detectable quantities of

hemagglutinin are not missorted to the baso-
lateral domain differs somewhat with the results
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of others. Parczyk et al. (1989) found that no-
codazole and colchicine cause missorting of two
secretory proteins from the apical to basolateral
domain in MDCK cells. In addition, in the ex-
periments of Eilers et al. (1989), a fraction of
the aminopeptidase that was prevented by
drug-treatment from reaching the apical surface
was detected on the basolateral domain. Most
significantly, Rindler et aL (1987) observed in-
creased amounts of influenza hemagglutinin
and budding virions on the basolateral domain
of MDCK cells treated with nocodazole and
taxol.
We do not consider these apparent discrep-

ancies to be at odds with our own data. Instead,
we think it likely that proteins induced to ac-
cumulate on the exocytic pathway may even-
tually reach the basolateral domain through de-
fault. Such missorting may be more likely with
untethered secretory proteins than with mem-
brane proteins, but it may also be possible with
membrane proteins. In the case of Rindler et al.
(1987), it is possible that differences in influenza
strain and specific experimental conditions were
sufficient to permit a fraction of the hemagglu-
tinin to be transported to the basolateral side
(see below).
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Figure 7. The polarity of VSV-G expression is not altered after drug treatment. (a) MDCK cells grown on Transwell culture
supports were infected with VSV and treated with 0.1% DMSO for 4 h (lanes 1-3), 10 MM taxol for 4 h (lanes 4-6), or 10 ,ag/
ml nocodazole for 1 h (lanes 7-9) at 370C. Cells were labeled by a 10-min pulse with 50 uCi [35S]-methionine and put on ice
right away (0 min) or after a 60-min chase in the presence of excess unlabeled methionine (60 min). A VSV-G antiserum was
applied either to the apical (Ap) or the basolateral (BI) side of the cells, or both (Ap + BI). After lysis, the VSV-G antibody
complexes were precipitated and the samples analyzed by SDS gel electrophoresis. Neither taxol nor nocodazole altered
the amount of VSV-G detected by antibody added to either side of the cells. (b) The radioactivity in each VSV-G band was
quantitated as described in Methods. The means ± SD of six (control and taxol) or four (nocodazole) experiments are shown.
A paired t test showed that neither taxol nor nocodazole affects the expression of VSV-G at the basolateral domain (0; taxol:
p < 0.2; nocodazole: p < 0.1). The difference in apically detectable VSV-G is nonsignificant (0; taxol: p < 0.1; nocodazole: p
< 0.1). P values this high indicate a nonsignificant difference between controls and drug-treated cells and hence identical
VSV-G expression.

On first examination, our results and those of
others appear to be in direct contradiction with
those of Salas et al. (1986), who reported no
effects of colchicine, nocodazole, or taxol on
epithelial polarity in viral-infected MDCK cells.
However, these authors did report a reduction
in the amount of influenza virus budding from
the apical surface, as well as a decrease of the
amount of hemagglutinin on the apical cell sur-
face, with both colchicine and taxol (see Salas
et al., 1986, Tables I and IV). It seems likely,
therefore, that in the experiments of Salas et aL
(1986), as in our experiments, treatment with
microtubule-active drugs resulted in an inhibi-
tion of hemagglutinin transport to the apical
surface.

Subpopulations of microtubules involved in
protein transport
The concentration of nocodazole at which mi-
crotubules began to depolymerize, as judged
by immunofluorescence, did not correspond
with the nocodazole concentration at which the
inhibition of transport was observed. Whereas
concentrations 2 0.1 ,ug/ml nocodazole depo-
lymerized microtubules, a decrease in delivery
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of hemagglutinin to the apical cell surface was
only observed at concentrations of 1 ,ug/ml or
higher (data not shown). Conversely, after
treatment with 10 ,ug/ml nocodazole, a concen-
tration that inhibits apical hemagglutinin
expression, some microtubules remained. Most
of these nocodazole-resistant microtubules
were found in the apical cap in MDCK cells, al-
though some could also be found in other parts
of the cells. When nocodazole treatment was
combined with low-temperature incubation of
the cells, nearly all microtubules were depoly-
merized; inhibition of hemagglutinin transport,
however, was not increased (unpublished ob-
servation). Similar findings have been previously
reported for gp8O (Parczyk et al., 1989), an en-
dogenous protein secreted primarily from the
apical surface of MDCK cells. These results
suggest that a certain subset of microtubules
(those that depolymerize at concentrations be-
tween 1 and 10 ,ug/ml nocodazole) are required
to ensure correct delivery of hemagglutinin to
the apical membrane of MDCK cells. Subpop-
ulations of microtubules that were characterized
by differential posttranslational modifications of
tubulin, such as detyrosination and acetylation,
have been demonstrated (Bre et al., 1987; Pi-
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perno et al., 1987; Bulinski et al., 1988). Whether
the nocodazole-sensitive subset of microtu-
bules involved in apical transport in MDCK cells
possesses these biochemical characteristics,
such as detyrosination or acetylation, has not
been investigated by us. In neuronal cells, evi-
dence for separate roles for subsets of micro-
tubules has been found (Miller et al., 1987). In
this study, a subpopulation of axonal microtu-
bules was shown to carry all the vesicles,
whereas other microtubules in the same axon
were shown to have an architectural function.
The onset of hyperpolymerization of micro-

tubules by taxol at 1 ,uM did coincide with the
manifestation of inhibition of hemagglutinin
transport (data not shown). Concentrations be-
low 1 ,M taxol failed to cause detectable hy-
perpolymerization of microtubules or inhibition
of hemagglutinin transport. Subtle differences,
however, may have escaped our detection.
The two applied drugs, nocodazole and taxol,

although having opposite effects on the poly-
merization state of tubulin, both inhibited the
surface expression of hemagglutinin to a similar
extent. A possible explanation for this similarity
could be that merely perturbing the equilibrium
that exists in the cell between polymerization
and depolymerization of microtubules interferes
with the proper functioning of microtubules in
protein transport.

Intracellular location of arrested viral
glycoproteins in nocodazole- or
taxol-treated cells
Oligosaccharide-processing enzymes have dis-
tinct locations in eukaryotic cells (Kornfeld and
Kornfeld, 1985). Therefore, the extent of oligo-
saccharide processing of glycoproteins can be
used as an indicator of their intracellular loca-
tion. From the differences in glycosylation pat-
terns between taxol- and nocodazole-treated
cells, one might conclude that nocodazole in-
hibited the glycosylation machinery. This expla-
nation can be ruled out because the VSV-G pro-
tein and other glycoproteins are unaffected in
their glycosylation by microtubule-perturbing
drugs (our unpublished observations; Rogalski
et al., 1984, Stults et al., 1989). Instead, we be-
lieve that hemagglutinin accumulates in noco-
dazole-treated cells at an early stage of the
transport pathway. This could be either the en-
doplasmic reticulum, the cis-Golgi, or anywhere
in between (Kornfeld and Kornfeld, 1985). Be-
cause VSV-G traverses the pathway between
the endoplasmic reticulum and the Golgi com-
plex normally in nocodazole-treated cells, it is
unlikely that vesicle movement itself along this
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part of the pathway is dependent on microtu-
bules. Rather, it is probable that nocodazole-
induced events taking place at the Golgi com-
plex affect intracellular transport upstream in
the biosynthetic pathway. Hemagglutinin failing
to exit the Golgi complex could prevent new
hemagglutinin from entering. This results in the
incomplete processing of hemagglutinin. The ef-
fect of nocodazole on the glycosylation of hem-
agglutinin is most likely secondary, whereas the
primary effect of nocodazole is on the Golgi
complex and its role in apical vesicle transport.
Whether this is hemagglutinin-specific or a
general consequence for all apical glycoproteins
is unknown. To our knowledge, this is the first
time that an inhibition of protein transport to
the cell surface caused by microtubule-perturb-
ing drugs has been directly correlated with the
stage of processing.
An explanation for this remarkable difference

between nocodazole and taxol treatment could
be sought in the remaining associations be-
tween the Golgi complex and the microtubule
structures in drug-treated cells. Morphological
data obtained by several authors (Wehland et
al., 1983; Rogalski and Singer, 1984; Thyberg
and Moskalewski, 1985) who used Golgi-spe-
cific markers showed that Golgi stacks in no-
codazole-treated cells are scattered throughout
the cytoplasm. In taxol-treated cells the Golgi
complex was disorganized, but not completely
dispersed, and was associated with the micro-
tubules in the cell periphery. Perhaps the re-
maining association of the Golgi complex with
microtubules in taxol-treated cells was impor-
tant in allowing the hemagglutinin to progress
to the trans-Golgi.

Influence of the growth substratum on
microtubular organization and protein
transport in MDCK cells
We found that the choice of substratum had a
dramatic effect on the ability of taxol to inhibit
hemagglutinin transport. In cells grown on
plastic substrata, taxol did not inhibit hemag-
glutinin transport, whereas in cells grown on
permeable substrata the inhibition of hemag-
glutinin transport was similar in magnitude to
nocodazole-induced inhibition.
These observations might be correlated with

the architecture of the microtubular cytoskel-
eton in MDCK cells grown on these different
types of substrata. In MDCK cells the micro-
tubular cytoskeleton has been shown to reor-
ganize dramatically during cell polarization. As
reported by Bacallao et al. (1989), microtubules
emanate mainly from a juxtanuclear centrosome
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in subconfluent cells grown on permeable sub-
strata. As the cells pack more closely together
and the cell height increases, the arrangement
of microtubules no longer depends on a single
organizing center. Instead, the microtubules
become highly polarized along the apical-to-
basal axis. Lateral microtubules run vertically
with their minus ends in the apical part of the
cells, and at the base of the cells there is a loose
network.

Cells grown on both types of growth substrata
had an apical cap of microtubules. The lateral
microtubules in cells grown on a permeable
support were well organized along the apical-
basal axis, whereas those in cells grown on
glass ran more parallel to the substratum,
somewhat reminiscent of the microtubules in
3-d-old MDCK cells grown on permeable sup-
ports (Bacallao et al., 1989). This suggests that
cells grown on solid supports do not progress
fully into a very tall, cuboidal epithelium as they
do on permeable supports. The reasons for this
are unknown, but may have to do with the ca-
pacity of cells grown on permeable supports to
take up nutrients from the basolateral side of
the cells, better reflecting in vivo physiological
conditions (Simons and Fuller, 1985). Also, the
basal plasma membrane is flat on plastic sur-
faces (Salas et al., 1986), whereas numerous
basal protrusions can be observed when cells
are cultured on nitrocellulose acetate filters
(Matlin and Simons, 1984). These different cell-
substrate interactions could give rise to signals
that determine the final morphology of the cells.
Our results suggest that the microtubular cy-

toskeleton in cells grown on solid or permeable
substrata differ from each other in architecture.
Such differences could be part of the reason
that, in one study with MDCK cells grown on
collagen (Rindler et al., 1987), increased budding
of influenza virions at the basolateral domain
was observed. The molecular nature of the in-
teractions of MDCK cells with the growth sub-
stratum is unknown, and the intracellular effects
of the growth substratum on the cytoskeleton
cannot yet be evaluated.

Functional role of microtubules
What conclusions can we draw from these re-
sults with respect to the role of microtubules in
protein sorting? Sorting of plasma membrane
components in MDCK cells takes place after
apically and basolaterally targeted proteins ar-
rive in the Golgi complex (Matlin and Simons,
1984; Matlin, 1986a; Griffiths and Simons,
1986). It involves the recognition of the proteins
to be sorted, segregation of the recognized
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proteins, and lastly, delivery of the segregated
proteins to their final destinations (Caplan and
Matlin, 1989).

Several observations indicate that the rec-
ognition and segregation steps in epithelial cells
do not depend on an intact microtubular cyto-
skeleton. First, the apically targeted hemagglu-
tinin is only retarded, and in our study almost
all of it eventually reaches the correct apical do-
main. Second, the delivery of basolateral pro-
teins is normal when the microtubular cyto-
skeleton is perturbed. And third, both the
secretory proteins sorted to the apical domain,
and the apical component of proteins normally
secreted from both domains, are similarly in-
hibited by microtubule-depolymerizing drugs
(Parczyk et al., 1989). Furthermore, glycolipids
are still correctly sorted in MDCK cells treated
with nocodazole, although their transport is re-
tarded (G. van Meer, personal communication).
All these results point to a role for microtubules
at the stage of delivery and not in the earlier
steps of recognition and segregation (Caplan
and Matlin, 1989).
The role of microtubules in delivery of proteins

can be envisioned in several ways. In analogy
to the directly visualized transport of organelles
along microtubules in axonal transport, micro-
tubules could serve as tracks (Schnapp et al.,
1985; Vale et al., 1985). The well-oriented mi-
crotubules in MDCK cells, with their minus ends
towards the apical side of the cell, seem ideal
tracks for organelle transport (Bacallao et al.,
1989). This transport could be facilitated by
molecular motors, like kinesin or cytoplasmic
dynein, that have been shown to promote
movement in opposite directions along micro-
tubules in vitro (Vale et al., 1985; Paschal and
Vallee, 1987). Alternatively, a function for mi-
crotubules as targets for transport vesicles
could be envisioned. Vesicles destined for the
apical domain, diffusing from the Golgi area,
could associate with the dense apical cap and
be brought close enough to the apical mem-
brane for fusion to occur. Even though inter-
action of vesicles containing transported pro-
teins with microtubules has been implied (Van
der Sluijs et al., 1989), evidence for the move-
ment of vesicles containing newly synthesized
proteins along microtubules has yet to be pro-
vided. If these mechanisms exist, they are most
likely only applicable to delivery of proteins to
the apical plasma membrane in MDCK cells,
because proteins do not appear to depend on
microtubules for delivery to the basolateral do-
main.

In addition to these two mechanisms, a func-
tion for microtubules in protein transport could
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also be as a structural framework for the ar-
chitecture of the cytoplasm, with a central role
for the Golgi complex. One of the most obvious
morphological changes that takes place after
treatment of cells with a microtubule-depoly-
merizing drug such as nocodazole is the dis-
sociation of the Golgi complex. The intricate in-
teraction between Golgi components and
microtubules becomes even more evident when
nocodazole is washed away and the reorgani-
zation of the Golgi complex is observed. Under
those conditions, the repolymerization of mi-
crotubules can be seen to precede the reor-
ganization of the Golgi complex (Ho et al., 1989;
Turner and Tartakoff, 1989). Also, the differ-
entiation of the microtubular cytoskeleton after
MDCK cells reach confluence is accompanied
by a relocalization of the Golgi complex to the
apical part of the cell (Bacallao et al., 1989).
These data, combined with the inhibition of api-
cal protein transport after microtubule pertur-
bation, indicate that the association of micro-
tubules with the Golgi complex is intricately
connected to its function in apical protein
transport. The role of microtubules in protein
transport could be to position the Golgi complex
in the apical part of the cell or, at a molecular
level, to aid the exit of the apical proteins from
the Golgi complex. More information about the
connections of the microtubules with the Golgi
membranes is needed to answer these ques-
tions.
The orientation of the lateral microtubules

with their minus ends in the apical part of MDCK
cells points to the presence of some microtu-
bule-organizing activity in the apical cytoplasm
(Bacallao et al., 1989). In turn, the polar orga-
nization of the Golgi complex is critical to the
ability of the cell to correctly transport proteins
to the apical domain of the cell. Knowledge of
how the polarity of the cytoplasm is established
and maintained is key to understanding the
mechanisms involved in polarized protein
transport.

Methods
Materials
DMSO was purchased from Baker (Phillipsburg, NJ) and no-
codazole from Aldrich Chemical (Milwaukee, WI). Taxol was
donated by Dr. M. Suffness, National Product Branch, Di-
vision of Cancer Treatment, National Cancer Institute.
MDCK cells were grown on plastics from Falcon or on per-
meable substrata (Millicell HA inserts, Millipore, Bedford,
MA; or Transwells, Costar, Cambridge, MA). Culture media
were from Gibco Laboratories, Grand Island, NY.

Cells
MDCK cells exhibiting low trans-monolayer resistance
(MDCK II) were used. Maintenance of stock cells and ex-
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perimental conditions for growth on plastic were as de-
scribed (Matlin and Simons, 1983).

For most experiments examining the polarity of hemag-
glutinin expression, MDCK cells were grown on 12-mm Mil-
licell HA permeable supports with 0.45-,um pores. Cells were
seeded at 1.3 x 105 cells/cm2, fed every other day, and
used on the fourth day.
To permit infection with VSV from the basal surface,

MDCK cells were cultured in Transwells with 3.0-Mm pores
(Fuller et al., 1984). Because the cells did not proliferate
well on this substratum, it was necessary to seed cells at
high density (1.2 x 106 cells/cm2 on 6.5-mm-diam Trans-
wells) and to culture them for 5 d to achieve a confluent
monolayer. MDCK cells grown on large-pore Transwells have
a polarized phenotype similar to cells grown on Millicell HA
permeable supports, as judged by the morphology of the
microtubular cytoskeleton and the polarity of hemagglutinin
expression.
Baby hamster kidney (BHK) cells were grown in Glasgow

minimum essential medium (MEM), 10% (w/v) tryptose-
phosphate, 50/o (v/v) fetal bovine serum as described (Burke
etal., 1982).

Viruses
Influenza virus strain A/PR/8/34 (Hi subtype; PR8), plaque-
purified on MDCK cells, was used. Stocks were grown in
embryonated chicken eggs as described (Skibbens et al.,
1989).
For experiments with VSV (Indiana serotype; White etal.,

1981), viral stocks were grown in BHK cells as described
by Matlin et al. (Matlin et al., 1982) for MDCK cells.
Both influenza virus and VSV were titrated on MDCK cells

(Matlin et al., 1981, 1982).

Antibodies
Appearance of VSV-G protein on the cell surface was de-
tected with a polyclonal rabbit serum raised against a Triton
X-1 14 extract of purified virions. Influenza hemagglutinin
was immunoprecipitated with culture supernatants of the
mouse monoclonal H28E23 (Skibbens et al., 1989). A culture
supernate of the mouse monoclonal B-5-1-2, directed
against a-tubulin (Piperno et al., 1987), was used for im-
munofluorescence of the microtubular cytoskeleton and
detection of tubulin by Western blotting. Secondary anti-
bodies for immunofluorescence and western blots (FITC-
or horseradish peroxidase (HRP)-conjugated, respectively)
were from TAGO, Burlingame, CA.

Drug treatments
Stock solutions of taxol and nocodazole were stored at
-200C in DMSO at 10 mM and 10 mg/ml, respectively. Un-
less otherwise stated, the drugs were diluted 1:1000 into
the appropriate buffers or media, supplemented with 0.2%
(w/v) bovine serum albumin (BSA; final concentrations: 10
,gg/ml nocodazole, 100,M taxol). BSA was added to all media
to prevent precipitation of nocodazole (G. van Meer, per-
sonal communication). Controls received 0.1% (v/v) DMSO,
unless otherwise stated.

In most experiments, cells were pretreated with Earle's
minimal essential medium (EMEM) containing 0.2% (w/v)
BSA, 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid), pH 7.3, penicillin-streptomycin (EMEM;
infection medium) containing nocodazole for 1 h or taxol for
4 h before pulse-labeling, fixation for immunofluorescence,
or extraction for tubulin analysis. Controls were treated for
equivalent times with DMSO alone. In labeling experiments,
drugs were present continuously throughout the pulse and
chase incubations. Drugs were also included in the Triton
X-100 containing extraction buffer used to analyze the po-
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lymerization state of tubulin. The total time of drug exposure
varied depending on the particular experiment.

Immunofluorescence
To examine the morphology of the microtubular cytoskeleton
by immunofluorescence, we grew MDCK cells either on
glass coverslips under conditions described for growth on
plastic or on Millicells. For observation by confocal laser
microscopy, we treated MDCK cells with drugs or DMSO
in EMEM, washed them with PME buffer (80 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) [PIPES], pH 6.8, 5 mM eth-
ylene glycol-bis(i3-aminoethyl ether)-N,N,N',N'-tetraacetic
acid [EGTA], and 1 mM MgCI2) (Bre et al., 1987) containing
drugs or DMSO at 370C, and permeabilized them for 10 s
(for glass coverslips) or 5 min (for Millicells) in PME con-
taining 0.5% (w/v) Triton X-100 at 37°C. After rinsing once
in PME, cells were fixed using the pH shift paraformaldehyde
fixation as described (Bacallao and Stelzer, 1989; Berod et
al., 1981). In short, cells were fixed with 3%o (w/v) parafor-
maldehyde, first in PME at pH 6.8, then at pH 1 1.0 in 100
mM sodium borate. After quenching with 1 mg/ml sodium
borohydride in phosphate-buffered saline (PBS) without
cations, pH 8.0, coverslips were incubated with the anti-a-
tubulin and fluorescein isothiocyanate (FITC)-secondary an-
tibodies as described (Skibbens et al., 1989). The Millicell
HA culture supports were prepared for immunofluorescence
as described (Bacallao et al., 1989; Bacallao and Stelzer,
1989), using the antibodies mentioned above. Specimens
were viewed with the MRC-500 confocal imaging system
from Bio-Rad (Watford, UK), mounted on an Axiophot mi-
croscope (Zeiss, Oberkochen, FRG). Optical sections were
taken along the z-axis at 2-Mm increments. For reproduction,
the images were optically enhanced using the scaling fea-
ture. By scaling all images from the same series by the same
factor, the relative fluorescence between dim and bright
sections was preserved. Pictures were photographed di-
rectly off a black-and-white monitor with Kodak Tmax 100
film. The exposure times and printing conditions for all im-
ages of the same series were identical.

Tubulin extraction and Western blots
To analyze biochemically the effects of nocodazole and taxol
on tubulin polymerization, we washed cells treated with
drugs or DMSO in EMEM, as described above, at 370C with
microtubule-stabilizing buffer (PMEG) (0.1 M PIPES, pH 6.75,
1 mM MgSO4, 1 mM EGTA, and 2 M glycerol containing
drugs or DMSO, and extracted them for 15 min at 370C
with PMEG containing 0.10/o (w/v) Triton X-100. The super-
natants, containing unpolymerized tubulin, were collected;
the extraction was repeated; and supernatants from both
extractions were pooled. Drugs and DMSO were present in
all the buffers up to this point. The Triton X-100 insoluble
residues containing polymeric tubulin were solubilized at
room temperature for 5 min in 25 mM tris(hydroxy-
methyl)aminomethane (Tris), pH 7.4, 0.4 M NaCI, and 0.50/o
(w/v) sodium dodecyl sulfate (SDS) and passed through a
22-gauge needle several times to shear the DNA.

For gel electrophoresis and blotting, equal volumes of all
samples (soluble and polymeric) were mixed with 1/5 volume
of 5x concentrated sample buffer, boiled, and reduced. After
alkylation, samples were run on 10% polyacrylamide gels
as described above. The amount of protein in each sample
was determined by a sensitive Coomassie dye binding assay
(Bramhall et al., 1969). Proteins were transferred from the
gel to Immobilon membrane (Millipore) for 1 h at 15 V with
the Genie apparatus (Idea Scientific, Corvallis, OR). The blots
were processed as described by Burke et al. (1982), using
1:25 diluted anti-a-tubulin antibody B-5-1-2 as primary an-
tibody and 1:200 diluted goat-anti-mouse-lgG, horseradish
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peroxidase conjugated (TAGO) as secondary antibody. Blots
were developed with 0.5 mg/ml diaminobenzidine and 0.010%
(v/v) H202 in 50 mM Tris, pH 7.4 (Burke et al., 1982).

Pulse-chase experiments and cell-surface
assay
Influenza virus. MDCK cells grown either on plastic dishes
or on permeable substrata were infected with influenza virus,
pulse-labeled with 50 MCi [5S]-methionine, and chased in
medium containing excess unlabeled methionine as de-
scribed previously (Matlin and Simons, 1983, 1984; Matlin,
1986b). In most cases, nocodazole-treated cells were in-
fected for 3.5 h and taxol-treated cells for 6.5 h before pulse-
labeling. Arrival of hemagglutinin on the cell surface was
monitored by treatment with extracellular trypsin at 00C as
described (Matlin et al., 1983; Matlin, 1 986b). The ability of
trypsin to reach the basolateral plasma membrane through
the filter was demonstrated by increasing the trypsin con-
centration, which failed to increase the amount of hemag-
glutinin cleaved. Also, increasing the pore size to 3.0 Am
(Transwell supports), did not lead to an increase in cleaved
hemagglutinin after trypsin addition to the basolateral side
of control or drug-treated cells (data not shown).

After pulse-labeling and trypsinization, cells were ex-
tracted at 40C with 1 ml of 20 mM Tris, pH 8.6; 150 mM
NaCI; 1% (w/v) Triton X-1 00; 0.1 °/ (w/v) SDS; and a protease
inhibitor cocktail consisting of 1 mM phenylmethylsulfonyl-
fluoride (PMSF), 10 Ag/ml aprotonin, 17 Ag/ml benzamidine,
1 Mg/ml pepstatin, and 0.1 Mg/ml antipain. The insoluble res-
idue was removed by centrifugation for 5 min at full speed
in a microfuge. The Triton-SDS mixture solubilized all hem-
agglutinin, including the fraction that is not extracted by
solutions of Triton X-1 00 alone (Skibbens et al., 1989). The
extraction solution was added either directly to the plastic
culture dish or, in the case of Millicells and Transwells, the
permeable supports were excised with a cork bore and ex-
tracted in a 1.5-ml microfuge tube.

Hemagglutinin was immunoprecipitated by addition of
saturating amounts of anti-hemagglutinin antibody. After
an overnight incubation at 40C, the immune complexes were
precipitated by addition of 25 MI Protein A-Trisacryl (50Yo
slurry, Pierce Chemical, Rockford, IL) for 2 h at 40C. The
immunoprecipitates were washed four times in 10 mM Tris,
pH 8.6,0.5 M NaCI, 1% (w/v) Triton X-1 00, 0.1 Yo (w/v) SDS.
To analyze the immunoprecipitates by SDS gel electro-

phoresis, hemagglutinin was released from the Trisacryl
beads by heating to 95C for 3 min in 1 5-Ml gel sample buffer
(50 mM Tris, pH 8.8, 5 mM EDTA, 4/o [w/v] SDS, 1 00/o [w/
v] sucrose, 10 mM dithiotreitol), alkylated by incubation with
100 mM iodoacetamide at 37°C for 15 min, and separated
on SDS polyacrylamide gels. Gels were prepared and run
as described previously (Piccioni et al., 1982), using the
Laemmli system (Laemmli, 1970), and fluorographed with
Enhance (New England Nuclear, Boston, MA).
VSV. To monitor the transport and sorting of VSV-G, MDCK
cells on 3.0-Mm-pore Transwell supports were infected with
VSV at 40 pfu/cell in 200 Ml EMEM added to the basolateral
side of the cells; 100 Ml EMEM was present on the apical
side. After 1 h, the medium was aspirated from both sides
of the cells and replaced with 200 MI EMEM on the apical
side and 700 ml on the basolateral side. DMSO and taxol
were introduced at this stage and nocodazole 3 h later, so
that the drugs were present for 4 and 1 h, respectively.
After 5 h of total infection, the cells were pulse-labeled and
chased as described for the Millicell HA supports (Matlin,
1 986b).
Appearance of VSV-G on the cell surface was detected

by antibody precipitation essentially as described by Pfeiffer
et al. (1985; see also Ploegh et al., 1981). In brief, infected
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and labeled cells grown on Transwells were placed on 25-
1l drops of PBS containing calcium and magnesium (Dul-
becco's formula; PBS+) and 100/% (v/v) newborn calf serum
(Sigma, St Louis, MO) (PBS+/NCS) on a sheet of Parafilm
in an inverted lid of a 24-well plate; 25 pi PBS+/NCS was
added to the apical side. On the appropriate side(s) of the
cells, 2 ul of anti-VSV-G serum was included in the PBS+/
NCS. After 1 h on ice, the culture supports were returned
to the wells and washed extensively (10 times) with cold
PBS+/NCS to remove unbound antibody (700 ,l basolateral,
200 Al apical). The culture supports were then punched out
with a cork bore and extracted for 15 min on ice in a 1.5-,l
vial, containing 500 ,l of 20 mM Tris, pH 7.4,150 mM NaCI,
1% (w/v) Triton X-100, and the same protease inhibitor
cocktail as described above. The filters and the insoluble
residues were spun down in a microfuge at full speed for 5
min. The supernatants were mixed with 25 ,Al Protein A-
Trisacryl and inverted for 1 h at 4°C. Immunoprecipitates
were washed and analyzed by SDS gel electrophoresis as
described above for hemagglutinin.

Quantitation and statistical analysis
To quantitate the amount of surface expression, we cut
hemagglutinin and VSV-G bands from dried gels, using the
autoradiograph as a template, and counted them as previ-
ously described (Matlin and Simons, 1983).

For hemagglutinin it was possible to calculate the percent
surface expression by comparing the amount of radioactivity
in cleaved hemagglutinin with the total hemagglutinin ra-
dioactivity in that lane. Hemagglutinin is synthesized in the
endoplasmic reticulum as a 68 000-Da protein, HAo (no-
menclature as in Matlin and Simons, 1983). During transport
to the cell surface, hemagglutinin is modified in the Golgi
complex, resulting in a band of higher apparent molecular
weight (HA). Trypsin cleaves HA into two disulfide-linked
subunits, HAl and HA2, which can be resolved on an SDS
gel. Because some HA2 is lost during immunoprecipitation
(Skibbens et al., 1989), it was necessary to calculate the
total amount of radioactivity in cleaved hemagglutinin by
tripling the amount of radioactivity in HAl; in the PR8 hem-
agglutinin serotype there are twice as many methionine
residues in HA2 as in HAl. The percentage of cleaved hem-
agglutinin, calculated from a lane in which the sample was
only pulse-labeled and not chased, was subtracted from all
samples as a background value.

In the course of the studies described here, it was ob-
served that the hemagglutinin produced by the plaque-pu-
rified isolate of influenza strain PR8 is partially cleaved in
the absence of trypsin in cells grown on permeable sub-
strata. In MDCK cells grown on plastic substrata, this cleav-
age in the absence of trypsin is not observed. This endog-
enous cleavage is probably accomplished by a protease
located in the trans-Golgi (Matlin and Simons, 1983). One
cannot discriminate between hemagglutinin cleaved by the
endogenous protease and hemagglutinin cleaved by trypsin.
However, we assume that the cell sorts endogenously
cleaved and uncleaved hemagglutinin identically. This as-
sumption is supported by the observation that localization
of hemagglutinin by immunofluorescence in frozen sections
of infected, filter-grown MDCK cells does not reveal any
substantial basolateral fraction.
Because control samples without added trypsin were not

included in all experiments, the values for both apical and
basolateral cleavage, and thus the polarity ratios reported
here, include the endogenous cleavage as an unsubtracted
background (see Figures 5 and 6). Calculation of this back-
ground from other experiments suggests that it is about 24
± 4.90/o (n = 8). Subtraction of this background from the
results shown in Figures 5 and 6 would produce an apical-
to-basolateral ratio of >10:1. Inclusion of the endogenous
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cleavage in our calculations would, however, not alter our
conclusions about the effects of microtubule-active drugs
on hemagglutinin transport.
The percentage of hemagglutinin surface expression was

derived from single-gel lanes. Therefore, individual samples
are internally controlled and can be directly compared. Be-
cause VSV-G surface expression data consisted of immu-
noprecipitated raw counts, the statistical variation of the
VSV-G data was greater than that of the internally controlled
hemagglutinin data.
The difference in cell-surface expression between drug-

treated and control cells was statistically evaluated using a
paired t test (Eilers et al., 1989).
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