
predicted disease could have features of con- 
genital thrombocytopenia and a thrombotic 
tendency due to spontaneous platelet aggre- 
gation. Because some myeloproliferative 
syndromes are due to clonal proliferation of 
stem cells that affects platelets (25), somatic 
mutations that truncate a,,, could result in 
an acquired thrombotic tendency. Somatic 
mutations that affect other integrin a sub- 
unit-cytoplasmic domains in malignant cells 
may also influence their invasive and meta- 
static properties. 
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Mechanism for Regulating Cell Surface Distribution 
of Na+, K+-ATPase in Polarized Epithelial Cells 

Restriction of sodium, potassium adenosine triphosphatase (Na+, K+-ATPase) to 
either the apical or basal-lateral membrane domain of polarized epithelial cells is 
fundamental to vectorial ion and solute transport in many tissues and organs. A 
restricted membrane distribution of Na+, K+-ATPase in Madin-Darby canine kidney 
(MDCK) epithelial cells was found experimentally to be generated by preferential 
retention of active enzyme in the basal-lateral membrane domain and selective 
inactivation and loss from the apical membrane domain, rather than by vectorial 
targeting of newly synthesized protein from the Golgi complex to the basal-lateral 
membrane domain. These results show how different distributions of the same 
subunits of Na+, K+-ATPase may be generated in normal polarized epithelia and in 
disease states. 

S ODIUM, POTASSIUM ADENOSINE TRI- 

phosphatase (Na+, Kf-ATPase) is a 
plasma membrane protein in animal 

cells that h c t i o n s  in the maintenance of 
homeostasis. In many cell types, Naf,  K+- 
ATPase is uniformly distributed over the cell 
surface.   ow ever, in polarized epithelial 
cells-the cell surface distribution of the same 
subunits of Naf,  Kf -ATPase may be re- 
stricted to either the apical [for example, 
choroid plexus ( I ) ,  retinal pigmented epi- 
thelium (Z)] or basal-lateral [for example, 
intestine, kidney (3 ) ]  membrane domain. 
Localization of Na+, Kf -ATPase to either 
domain establishes a transepithelial Naf 
gradient that drives vectorial transport of 
ions and solutes between the two compart- 
ments separated by the epithelium. In some 
epithelial diseases, such as polycystic kidney 
disease (4) and ischemia (5) ,  the cell surface 
polarity of Naf,  K+-ATPase appears to be 
partially or completely reversed. 

Several mechanisms .have been proposed 
to explain how cell surface distributions of 
membrane proteins are regulated in polar- 
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ized epithelial cells. These include sorting of 
newly synthesized proteins in the Golgi 
complex and vectorial delivery to the appro- 
priate membrane domain, rerouting of pro- 
tein from one membrane to the other, and 
interaction of sorted proteins with the mem- 
brane-cytoskeleton (6, 7). To investigate 
mechanisms that regulate the cell surface 
distribution of Na+, K+-ATPase, we ana- 
lyzed stages during differentiation of renal 
epithelial cells when unpolarized precursor 
cells are converted to polarized epithelial 
cells (6). During this time, the initially uni- 
form distribution of Na+, K+-ATPase be- 
comes restricted to the basal-lateral mem- 
brane. We have used MDCK cells as an in 
vitro model of polarized renal epithelia (6, 
7), in which induction of Ca2+ -dependent 
cell-cell contacts through E-ca'dherin results 
in the development o f  structural q d  func- 
tional polarity in stages similar to those that 
occur during renal epithelial development in 
vivo (6, 8). 

Cazf -dependent cell-cell contacts were in- 
duced in confluent monolayers of MDCK 
cells (9), and the distribution of Naf,  Kf - 
ATPase was visualized by indirect immun- 
ofluoresence with laser-scanning confocal 
microscopy (Fig. 1A). For as long as 48 
hours after cell-cell contact, we detected 
staining of the a subunit of Na+, K+- 
ATPase at both the apical membrane and at 
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sites of cell-cell contacts (lateral mem- of this protein, we quantitatively analyzed 
branes). Later, the staining of lateral mem- 
branes was very prominent when compared 
with that of cells labeled with an antibody 
specific for the apical marker protein, 
gp135-170 (10) (Fig. 1A). 

The ccll surface distribution of Na+, K+- 
ATPase was quantified by labeling cell sur- 
face proteins with a biotinylating reagent, 
sulf~~uccinimidobiotin (sulfo-NHS-biotin), 
at various times after cell-cell contact (11). 
Biotinylatcd Na+, K+-ATPase was recov- 
ercd initially (24 to 48 hours) from both the 
forming apical and basal-lateral membrane 
domains (Fig. 1, B and C). Baween 48 and 
72 hours &er all-cell contact the amount of 
Na+, K+-ATPase on the basal-lateral mem- 
brane increased four- to fivdbld (Fig. 1, B 
and C), which may reflect the increase in the 
&a area of the l a d  membranes a h  
ccllccll contact (12). Between 36 and 72 
how, the amount of biotinyiated Na+, K+- 
ATPase d d  on the apical membrane 
darrascd by >65% (Fig. 1, B and C). Afocr 
% hours of allcell contact, >85% of the 
total cell d a c e  Na+, K+-ATPase was local- 
ized to the basal-lad membrane domain. 

To determine whether direct targeting of 
newly synthesized Na+, K+-ATPase to the 
basal-lateral membrane contributed to the 
establishment of the restricted distribution 

B Membrane 
domain 
APL 

the del&ry of newly-synthesized-~a+, k+- 
ATPase to each cell surface domain. A p  
proximately qual  amounts of newly synthe- 
sized a subunit of Na+, K+-ATPase were 
delivered to the apical and basal-lateral 
membrane domains at all t ime tested (Fig. 
2, A and B). These results indicate that there 
is little or no sorting of Na+, K+-ATPase in 
the Golgi complex at these times, and that 
the development of cell surface polarity of 
Na+, K+-ATPase in these cells appears not 
to result from vectorial targeting to only one 
membrane domain. 
The apparent lack of polarized delivery of 

Na+, K+-ATPase to the cell surface does not 
reflect a general inability of these cells to 
vectorially deliver proteins from the Golgi 
complex to the basal-lateral membrane (13). 
For example, the epithelial cell adhesion 
protein desmoglein 1 (14) was rapidly re- 
stricted to the basal-lateral membrane afm 
cell-cell contact (Fig. 2C). Furthermore, 
newly synthesized desmoglein 1 was vecto- 
rially delivered to the basal-lateral mem- 
brane (Fig. 2C). Diffmnces between the 
sorting pathways of newly synthesized Na+, 
K+-ATPase and desmoglein 1 may d t c t  
differences in the afKnities of each protein 
for sorting machinery in the trans Golgi 
network. 

24 36 48 72 96 144 

Time after cell-cell contact (hr) 

b 

0 Apical 
W Basal-lateral 

Flg. 1. Development of cell surface polarity of Na+, K+-ATPase after cell-ccU contact. (A) Indim 
immunohoresence and confoul microscopy of the distribution of Na+, K+-ATPase. At Mcrcnt times 
ah cellall contact, cells werc fixed and p c n n a b i i  in 100% methanol at -20°C for 10 min, and 
then processed for indirest irnmunofluorcsccna microscopy with antibodies specific for a-subunit Na+, 
K+-ATPasc (22) (a-c) or antibodies m the apical m a r k  protein, gp135 (10) (d) and the appropriate 
sccoduy antibody conjugated m rhodaminc isothiocyanate (RITC) (Bochringer Mannhcim). Filters 
wcrc viewed in a modified Bio-Rad MRC laser scanning confocal system coupled to a Z c i  IM35 
microsqc. Sections (x-z) wcrc c o n s c r u d  by averaging five sections over a Line at a &  z position and 
moving the comwtcr-connolled motorized focus of the miuascopc in 0.3 WII stax. Bleaching of the 

- 40 
m - 

-20 'E 
E 

m 
-20 & 
. f 

u 
- 10 

n 

sampl<undcr th& illumination conditions was ncgligibk. ArmG indicate ;he lat& -bra&; bars, 
10 a. IB) Autoradioavns showim the distribution of biotinvlated a subunit of Na+. K+-ATPasc 
(&' 97dOd) at differcit times aftervccll-ccll contact. Either &c apical (AP) or basal- lad (B-L) 
membrane domain of cells on pairs of filters was m t e d  with NHS-SS-biotin (1 1) at Mercnt times afkr 
cell-cell contact. Na+, K+-ATPase was isolated with speafic antibody (22), separated by SDS- 
polyaqlamide gel c1ectmphomi.s (PAGE), and clectrophoredally t r a n s f d  m nipxcllulodc (25). 
The biotinylated proteins werc d d  by probing the niaoccllulosc with '251-labekd strcptavidin. 
After two hours of ccll-ccll contact, >99.5% of the &ion of [3H]inulin across the monolayer was 
inhibited, indicating that tight junctions had formed. (C) The amount of protein in bands from the 
autoradiograms was quantitated with a sunning densitommr (Hocffcr Scientific) linked to a 
Macintosh IIa equipped for aummatic integrations and cxprcsscd as arbitrary units. Results arc from 
an experiment representative of s m n  experiments. 

These results contrast with thosc of Cap 
Ian et al. who concluded that Na', K+- 
ATPase was delivered to only the basal- 
lateral membrane in polarized MDCK alls 
(15). In that study, ouabain, which binds 
specifically to an umaallular domain of the 
a subunit of active Na+, K+-ATPase (I@, 
was used to detect the appearance of Na+, 
K+-ATPase at the cell surface. To resolve 
this difference, we anal@ the distribution 
of ouabain binding sites at diffmnt times 
a k r  cell-cell contact. Initially, we detected 
ouabain biding to both the fonning apical 
and basal-lateral membranes (Fig. 3A). 
However, within 12 hours after cell-cell 
contact, biding of ouabain to the apical 
membrane decreased, as reported (17), and 
by 24 hours, little or no ouabain biding 
was detected on the apical membrane, al- 
though biding sites remained on the basal- 

Plasma membrane , - 
domain - 

4 8 24 4 8  7 2  96 

lfter cellcell contact (hr) 

AP B-L 
S  P S  P  

Flg. 2. Delivery of newly synthcsi i  Na+, K+- 
ATPase and desmogkin 1 m the cell surfice after 
cellall .contact. The d t s  of a representative 
experiment of six a i l  arc presented. (A) At 
different times afkr cell-ccll contact, cells on pairs 
of filters wcrc labeled for 1 hour with [J5S]mc- 
thioninc~ystcinc, and then biotinylaad with 
NHS-S S-biotin on the apical (AP) or basal- lad 
(B-L) membrane (1 1) m capture the first wave of 
newly syn thcs i i  protein to arrive at the cell 
surficc. Cells were amctcd, and Na+, K+-ATPUc 
was sapentially pmipitated with spea6c antibody 
(22) and avidin-lguosc (11). Precipitua werc 
proccsscd for SDS-PAGE and fluorognphy (9). 
(B) Autuadiogmns w a r  quantitand by saMing 
bitwnenyandtheMtuesobcainedacprrsscdas 
arbitrary unis. (C) Toal (a) (Fig. 1) and newly 
synthesized (b) (Fig. 2) dcsmogkin 1 dctcctcd by 
ccll surface biotinylation (8) on cidxr on the apial 
(AP) or basal-lad manbranc (B-L) domain 8 
hours (a) and 72 hours (b) ah dd conaa; 
dl extracts wcrc separated by ccntrhgation inm 
Triton X-100 sdublc (S) and inu~lubk (P) fiac- 
dons prior to immunopraipitation (14). 
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lateral membrane (Fig. 3A). Because sub- 
stantial amounts of Na+, K+-ATPase 
protein are present in the apical membrane 
at these times (Fig. 1) we suggest that this 
population of enzyme is inactive and does 
not b i d  ouabain. Thus, functional polarity 
of Na+, K+-ATPase is rapidly established in 
these cells. These results may explain why 
delivery of newly sfithesized Na+, K+- 

ATPase to the apical membrane was not 
detected with ouabain in the previous study. 

Loss of ouabain biding to Na+, K+- 
ATPase in the apical membrane did not 
appear to be due to delivery of an abnormal 
Na+, K+-ATPase subunit complex. Analysis 
of newly synthesized or total biotinylated 
Na+, K+-ATPase on the apical membrane at 
these times revealed the presence of a bioti- 

Fig. 3. Plasma membrane dismbu- A 
tion of ouabain binding sites at = B I Z 3  

different times after cell-ce~~ con- Z - 
tact. Thc results are representative 
of four experiments. At &rent .E 2 
times after cell-cell contact, the api- 2 a B D 

cal or basal-lateral membranes of $ 
cells on pairs of filters were incubat- 'a a "- B Y  

ed in Ringer's buffer with [3H]oua- 5 
bain (Dupont/NEN; 15.4 Ci/ O = -  
mmol, final concentration, lo-" E 
M) for 10 min at 22°C. Cdls were 
washed 3 times in 0.1M MgCI, in KJ 0 
Ringer's b e  for 20 min (17), and 3 5  4 5  12 24 48 72 144 

radioactivity was counted dirrctly Tlme after cellcell contact (hr) i d  
in 5 rnl of scintillation fluid (Beckman) in a Beckman LS 5000CE spectrometer. Biding of ouabain to 
the apical and basal-lateral surfaces is e x p d  as spect6c b idmg per filter (-2.8 x 10" cells). More 
than 98% [3H]ouabain biding was inhibited by the addition of a 100-fold excess of unlabeled ouabain. 
(B) Detection of an ab-subunit complex of Na+, K+-ATPase in the apical membrane 24 h o w  after 
cell-cell contact. Na+, K+-ATPase biotinyhted on the apical membrane was immunoprecipitated with 
antibody to the a subunit; analysis of the immunoprecipitates with 1251 labeled streptavidin revealed 
that biotin lated b-subunit co-immuno reci itated with the a subunit (lane 1). The a and @ subunits Y P of Na+, K -ATPase were labeled with [ 5S]methionine and cysteine, biotinylated on the apical surface, 
and isolated as a complex by precipitation with antibodies specific to the a subunit and avidin-agarose 
(lane 2). When immunoprecipitates isolated as in lane 1 were boiled prior to SDS-PAGE, the subunits 
formed an ab-subunit complex and migrated as a single protein species (M, -140,000) (lane 3). 

nylated up-subunit complex (Fig. 3B) sim- 
ilar to that found in the basal-lateral mem- 
brane (18). However, we cannot rule out the 
possibility that the apical Na+, K+-ATPase 
complex is abnormally folded. A more likely 
possibility is that loss of ouabain binding 
results from selective inactivation of Na+, 
K+-ATPase. The apical membrane of MDCK 
cells has a relatively high concentration of 
glycosphqolipids and decreased membrane 
fluidity compared to the basal-lad mem- 
brane (19), and these properties may influ- 
ence Na+, K+-ATPase activity (20). 

We tested whether preferential s t a b i -  
tion of the Na+, K+-ATPase in the basal- 
lateral rather than the apical membrane do- 
main could account -for the restricted 
distribution of the protein. At various times 
after cell-cell con&, cells were briefly la- 
beled with [35S]methionine and cysteine. At 
various times after labeling was stopped, 
newly synthesized Na+, K+-ATPase was 
biotinylated on either the apical or basal- 
lateral membrane to determine the residence 
times of the vrotein in each membrane 
domain. Four 'hours after cell-cell contact, 
Na+, K+-ATPase had a very short residence 
time (-3 hours) on the forming apical 
membrane (Fig. 4A). At all subsequent 
times analyzed, Na+, K+-ATPase that was 
delivered to the apical membrane continued 
to have a short residence time (<2 hours). 
The fate of Na+, K+-ATPase removed from 
the apical cell surface is not known; howev- 

cdls on pairs of filters were - B I ' I  - - delivered to the basal-lateral membrane 
labeled for 30 min with o gradually increased after cell-cell contact; by 
[35S]mcthi~nine and cys- 
nine and then incubated to % 144 hours after cell-cel contact the resi- 
stop the labeling in medium E 1 I 1 dence time was >36 hours (Fig. 4A) or 
containing unlabeled me- - c approximately 40 times longer than the resi- 
thioninc and cysteine. Na+, dence times of Na+, K+-ATPase in the apical 
K+-ATPase was biotiny- 
lated with sulfmuccinim- membrane domain (Fig. 4B). These results 
idyl-2-(bi0tinamide)ethyl- indicate that the difference between retention 

1-1, 3'-dithi0~ro~i0na* times of Na+, K+-ATPase in the apical and 
(NHS-SS-biotin) on the basal-lateral membranes can account tbr the 
apical (AP) or basal-lateral development of cell surface polarity of Na+, 
(B-L) membrane at intervals 
after the labeling had been K+-ATPase in the absence of vectorial deliv- 
stopped and then isolated ery of protein from the Go@ complex to the 
with antibodies to the basal-lateral membrane. 
a subunit and avidin-agar- We propose that increased retention time 
ose (11). Precipitates were 
p d  for SDS-PAGE on the membrane is the result of selective 
and fluorography. During the 48 to 72 hours after cell-cell contact, we detected the delayed appearance exdusion of Na+, K+-ATPase from en- 
of an equal amount of Na+, K+-ATPase from an intracellular pool to both cell s d c e s .  Regardless of docytic vesicles due to its assembly into the 
the lag in delivery, Na+, K+-ATPw exhibited differences in residence times in the two domains. (B) membrane-cytoskeleton. Na+, K+-ATPase 
Residence times of Na+, K+-ATPase and total protein on the apical and basal-lateral membranes binds high mty to a complex of 
calculated by regression analysis of the rate at which proteins were lost from each cell surface domain 
during the period after labehg was terminand., decay fbllowed ht-otder kinetics. Total cell surface pro- con- 
proteins wem isolated from the cell extracts with avidin-agarwe beads and directly counted in a liquid ankJ'rin and fodrin (21, % and in MDCK 
scintillation spectrometer. cells Na+, K+-ATPase accumulates at sites 

Fig. 4. Residence time of A m,emO , er, we did not detect an increase in the 
3 5 10 15 

mwly synthesized Na+, K+- amount of Na+, K+-ATPase on the basal- 
A T P ~  on the 4 dce PMdozln  ~ m - L  d m - L  A=-L A=-L A--L lateral membrane lfter the labeling had been 
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after d-cell contact. The 5 24 
- - - terminated, which would correspoi~d to in- 

- .  

d t s  are representative of 0 -  - 
three experiments (A). At - c 
inmvals after cell-cell con- 0 

o the apical membrane (see Fig. 4A). 
tact (4.24, 72, 144 hours), = 72 I 1 I The residence time of Na+, K+-ATPase I 

I 

- 

sertion of Na+, K+-ATPase derived from 



of cell-cell contact where membrane-cvto- 
skeletal complexes are assembled, possibly 
by linkage to E-cadherin (23) (Fig. 1). In 
membranes that lack membrane-cytoskeletal 
complexes (such as the apical membrane of 
MDCK cells) Na+, K+-ATPase is rapidly 
internalized at a rate (Fig. 4) similar to that 
of constitutive endocytosis of cell surface 
markers (-2 hours) (23). Assembly of the 
membrane-cvtoskeletal com~lexes in selec- 
tive domains may provide a flexible mecha- 
nism for generating different distributions 
of Na+, K+-ATPase in other polarized epi- 
thelial cells in which the same subunits &e 
localized to the apical membrane (1, 2) or to 
both (4) the apical and lateral membranes. 
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Activation of a Small GTP-Binding Protein by 
Nucleoside Diphosphate Kinase 

Genes that encode nucleoside diphosphate kinases (NDKs) have been implicated as 
- - 

regulators of mammalian tumor metastasis and development in ~rosophda  melano- 
gaster. However, the cellular pathways through which NDKs function are not known. 
One potential mechanism of regulation is phosphorylation of guanosine diphosphate 
(GDP) bound to  regulatory guanosine triphosphate (GTP) bin+ng proteins. NDK- 
catalyzed phosphorylation of bound GDP was investigated for the adenosine diphos- 
phate ribosylation factor (ARF), a 21-kilodalton GTP-binding protein that functions 
in the protein secretion pathway. Bovine liver NDK, recombinant human NDK, and 
the protein product o f  e mouse gene nm23-1, which suppresses the metastatic 
potential of certain tumor cells, used ARF-GDP as a substrate, thereby allowing rapid 
and efficient production of activated ARF (ARF-GTP) in the absence of nucleotide 
exchange. ~ h e s e  data are consistent with the proposed function of NDK as an activator 
of a small GTP-binding protein and provide a mechanism of activation for a regulatory 
GTP-binding protein that is independent of nucleotide exchange. 

N UCLEOSIDE DIPHOSPHATE KINASE 

(NDK) is a commonly occurring 
enzyme that catalyzes the phos- 

phorylation of nucleoside diphosphates by 
nucleoside triphosphates. The NDKs have 
been proposed to h c t i o n  in the mainte- 
nance of nucleoside triphosphate pools (1, 
2). Cloning-of two genes encoding ho- 
mologs of NDK, nm23, (expression of 
which reduces the metastatic potential of 
certain tumor cells) and awd (a developmen- 
tal gene) (3), has renewed previous specula- 
tion (2) that NDKs may serve regulatory 
functions. One possible site of NDK action 
is as an activator of regulatory guanine 
nucleotide-binding proteins. If NDK serves 
as an activator of a regulatory GTP-binding 
protein the enzyme must utilize GDP as a 
substrate while GDP is bound to the regu- 
latory protein, and the NDK-catalyzed pro- 
duction of GTP must result in activation of 
the regulatory protein. Several regulatory 
GTP-binding proteins, including members 
of both the heterotrimeric G protein family 
and the monomeric 20- to 25-kD family, 
have been examined as potential NDK sub- 
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strates (4, 5 ) .  However, it has not been 
shown that NDK can use bound GDP as a 
substrate or that a GTP-binding protein can 
be activated by such a mechanism. ADP 
ribosylation factor (ARF), a 21-kD GTP- 
bindkg protein implicated in Golgi func- 
tion, has two characteristics that helped us 
to examine these issues. First, the activity of 
ARF can be assessed with a simple in vitro 
assay, that is, ARF is a required cofactor for 
the cholera toxin-catalyzed ADP ribosyla- 
tion of G,, a heterotrimeric G protein (6, 7). 
This activity is found only for GTP-bound 
ARF and not the GDP-bound protein. Sec- 
ond, nucleotide exchange kinetics of the 
purified protein have been well character- 
ized, and in the absence of phospholipid and 
detergent the nucleotide dissociation rate is 
negligible (7). Even under optimal condi- 
tions for nucleotide exchange the release of 
GDP is slow and the stoichiometry of GTP 
binding is less than 0.10. 

Addition of NDK to purified ARF that 
was first bound with [ c ~ - ~ ~ P ] G D P  caused 
conversion to [ W ~ ~ P I G T P  at a rate propor- 
tional to the quantity of added NDK (Fig. 
1A) (8). At the highest concentration of 
NDK examined (140 nM), 80% of the 
bound GDP was converted to GTP within 3 
min (9). We obtained similar results using 
commercially available bovine liver NDK or 
purified recombinant nm23-H1, nm23-H2, 
or nm23-1 proteins (10, 11). Our results 
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