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Abstract Using an in situ kinase assay we have identified kinases that are elevated in some multidrug resistant 
cells. Kinases were detected by measurement of 32P incorporation in proteins that were renatured after being subjected 
to SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes [Ferrell and Martin: 
J Biol Chem 264:20723-20729, 1989; Mo l  Cell Biol 10:3020-3026, 19901. Kinases at 79, 84, and 92 kDa showed 
increased activity in the multidrug resistant human KB-V1 cells as compared to  the sensitive parental KB-3-1 cells. The 
KB-V1 multidrug resistant cell line exhibited a 170 kDa membrane associated kinase activity that was not present in the 
parental drug sensitive line. The 170 kDa kinase activity was not affected by Cab+, phosphatidylserine, or CAMP, but 
was diminished after incubation in the presence of the kinase inhibitors staurosporine, K252a and KT5720. The 170 kDa 
kinase activity phosphorylated mainly threonine, with no evidence of tyrosine phosphorylation, and was not identical to 
either the multidrug resistance associated P-glycoprotein or the EGF receptor. Other multidrug resistant cell lines also 
showed elevated 170 kDa kinase activity, such as the human breast cancer MCF-7/AdrR and murine melanoma 
B16/AdrR cells, but the activity was not present in murine leukemia P-388 sensitive or multidrug resistant 
cells. c 1993 ~ i l e y - ~ i s s ,  Inc. 
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Multidrug resistance of tumor cells appears to 
be a limiting factor in the efficacy of some types 
of cancer chemotherapy. Genetic selection in 
tumors and the consequent survival of multi- 
drug resistant (MDR) cells is thought to  account 
for this phenomenon [Endicott and Ling, 1989; 
Gottesman and Pastan, 19881. Multidrug resis- 
tance was originally characterized in vitro after 
the selection of actinomycin D or colchicine resis- 
tant cells [Bech-Hansen et al., 1976; Biedler and 
Riehm, 19701. These cells were shown to be 
resistant to a wide range of other drugs as well, 
such as adriamycin, vinblastine, and puromycin. 
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becco’s modified Eagle’s medium; FBS, fetal bovine serum; 
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The drugs to  which these cells are resistant are 
dissimilar in both structure and mode of action. 
The only common features are that the drugs 
are hydrophobic, amphipathic compounds gener- 
ally derived from natural products. Ling and 
co-workers showed that this multidrug resis- 
tance was correlated with the presence of a 
150-170,000 molecular weight glycoprotein, 
which they termed P-glycoprotein [Riordan and 
Ling, 19851. It is thought that the P-glycopro- 
tein forms a molecular pump, which actively 
causes the excretion or efflux of drugs from the 
cell membrane or cytoplasm [Endicott and Ling, 
1989; Gottesman and Pastan, 1988; Horio et al., 
19881. While the P-glycoprotein was originally 
studied in rodent cells, elevated levels have now 
been found in human cells that have been se- 
lected for drug resistance in vitro, as well as in 
multidrug resistant cancers [Goldstein et al., 
19891. 

While increased amounts of P-glycoprotein 
appear to be important for the development of 
some cases of multidrug resistance, it does not 
appear to  be the only mechanism by which cells 
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can become multidrug resistant. Several work- 
ers have reported that cells selected for multi- 
drug resistance show evidence of non-P-glycopro- 
tein mediated multidrug resistance mechanisms 
[Beck et al., 1987; Cole et al., 1991; Shen et al., 
19911 and multidrug resistant cells may exhibit 
more than one resistance mechanism simulta- 
neously [Zijlstra et al., 19871. 

There is also accumulating evidence that pro- 
tein kinases may be involved in the expression 
and function of the P-glycoprotein and multi- 
drug resistance. Several studies have described 
an increase in kinase activities or increased phos- 
phorylation of the P-glycoprotein in multidrug 
resistant cells [Carlsen et al., 1977; Center, 1983, 
1985; Fine et al., 1988; Hamada et al., 1987; 
Mellado and Horwitz, 1987; Posada et al., 19891. 
Higher levels of protein kinase C are associated 
with increased multidrug resistance of some but 
not all multidrug resistant cells [Chambers et 
al., 1990; Fine et al., 1988; Posada et al., 19891. 
Yu et al. [1991] have shown that transfection of 
a plasmid expressing functional protein kinase 
Ca is associated with an increase in multidrug 
resistance. Our laboratory has shown that 
CAMP-dependent protein kinase levels are di- 
rectly associated with relative multidrug resis- 
tance [Abraham et al., 19871 and P-glycoprotein 
mRNA and protein levels in Chinese hamster 
ovary cells [Abraham et al., 19901. These studies 
suggest that protein kinases may have a role in 
modulating multidrug resistance. 

We have used an in situ kinase assay devel- 
oped by Ferrell and Martin [1989,19901 to exam- 
ine kinase activity in multidrug resistant cells. 
We hoped to identify both known and unknown 
kinases active in this assay, define their appar- 
ent molecular weight, and determine any spe- 
cific changes in kinase activity in multidrug 
resistant cells as compared to the drug sensitive 
parent cell lines. Phosphorylated bands identi- 
fied by this technique represent kinase autophos- 
phorylation, phosphorylation of a cellular sub- 
strate whose migration is identical to  the kinase, 
or phosphorylation of an exogenous substrate 
from the blocking agent in the in situ reaction 
[Ferrell and Martin, 19901. Phosphorylation will 
not be apparent on proteins that are already 
fully phosphorylated. Our evidence shows an 
increase in the activity levels of several kinases 
in multidrug resistant cells. We have identified a 
170 kDa membrane associated protein kinase 
activity in the human carcinoma KB-V1 multi- 
drug resistant cells which was not seen in the 

parent KB-3-1 cells. Other cells have also been 
found to express this activity, with a signifi- 
cantly greater level of activity in multidrug resis- 
tant cells than in the parent drug sensitive cells. 
This suggests a possible role for this kinase in 
multidrug resistance, although neither the ex- 
act function of this kinase nor its substrates 
have been identified. 

METHODS 
Materials 

Protein lunase inhibitors staurosporine, K252a, 
and KT5720 were obtained from Kamiya Bio- 
medical Co. (Thousand Oaks, CAI, and inhibitor 
H-7 was from Seikagaku America, Inc. (St. Pe- 
tersburg, FL). Vinblastine and colchicine were 
from Sigma Chemical Company (St. Louis, MO). 
Murine monoclonal anti-phosphotyrosine anti- 
body kit was purchased from Upstate Biotechnol- 
ogy, Inc. (Lake Placid, NY).  Murine monoclonal 
P-glycoprotein antibody C219 was from Cento- 
cor Diagnostics (Malvern, PA). Phosphatidylser- 
ine was purchased from Serdary Research Labo- 
ratories (London, Ontario, Canada). 

Cell Culture 

The human carcinoma cell line Kl3-3-1 and 
the multidrug resistant cell line KB-V1 [Shen et 
al., 19861 were obtained from M. M. Gottesman 
(NIH, Bethesda, Md). The cells were grown in 
DME with high glucose (Irvine Scientific, Santa 
Ana, CA) containing 10% FBS (Gibco BRL, 
Gaithersburg, MD), 110 pg/ml sodium pyru- 
vate, 4 mM L-glutamine, 100 unitsiml penicil- 
lin, and 100 pg/ml streptomycin. The KB-V1 
line was maintained with the addition of 1 pglml 
vinblastine. Human A431 cells were obtained 
from the American Type Culture Collection (CRL 
1555). LMTK- E-KK cells (EPVI-2Al-Vl80) are 
murine LMTK- cells transfected with a plasmid 
containing both the wildtype human MDRl 
cDNA and a gene conferring resistance to Gene- 
ticin, obtained from I. Roninson, University of 
Illinois [Morse and Roninson, 19901. The MDRl 
gene codes for P-glycoprotein and confers multi- 
drug resistance. E-KK cells were grown in the 
presence of 0.4 ng/ml Geneticin (Gibco BRL) 
and 110 nM vinblastine. KB-GRC1 cells are KB 
cells transfected with the wildtype human MDRl 
gene [Choi et al., 19881, obtained from D. Shalin- 
sky (University of California, San Diego), and 
grown in the presence of 6 nglml colchicine. 
A431, LMTK-, and KB-GRC1 cells were grown 
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in media described above for KJ3 cells. Mouse 
P388 and P388/AdrR cells [Shabel et al., 19831 
were received from L. Li (Upjohn) and grown in 
RPMI 1640, 5% heat inactivated FBS, 25 mM 
Hepes, 2 mM L-glutamine, 100 units/ml penicil- 
lin, 100 pg/ml streptomycin. Human MCF7 and 
MCF7/AdrR [Batist et al., 19861 cells from L. Li 
were grown in P388 media with 10% heat inacti- 
vated FBS. Murine B16/BL6 and B16/AdrR [Se- 
bolt et al., 19891 cells from L. Li were grown in 
RPMI 1640 with 10% FBS, 50 pg/ml gentami- 
cin. 

In Situ Kinase Assay 

The procedure was followed as previously pub- 
lished [Ferrell and Martin, 1989, 19901 with 
minor modifications. Cells were lysed in SDS 
sample buffer and subjected to  SDS-polyacryl- 
amide electrophoresis [Laemmli, 19701 on an 
8% (or 6% as noted) gel. Proteins were immedi- 
ately transferred to Immobilon PVDF mem- 
brane (Millipore, Bedford, MA) denatured in 
guanidine HC1 and renatured as previously de- 
scribed. After blocking for 1 h in 5% BSA, blots 
were treated with 30 mM Tris-HC1, pH 7.4, 10 
mM MgC12, 2 mM MnCI2, and 25 pCi/ml 
[y-32P]ATP (6000 Ciimmol, Amersham, Arling- 
ton Heights, IL) for 30 min at room tempera- 
ture. The kinase reaction was terminated by 
washing repeatedly in 30 mM Tris-HC1, pH 7.4, 
followed by a 10 min treatment with 1 M KOH 
to reduce background. The KOH wash was occa- 
sionally deleted and did not alter the results. 
The blots were neutralized with 10% acetic acid 
and H20 washes, then exposed to Kodak X- 
Omat AR film at  -80°C with intensifying 
screens. 

In some experiments, protein blots were cut 
into strips prior to the kinase reaction, and the 
strips placed in individual chambers. Agents 
were added to the kinase reaction solution in 
each chamber at indicated concentrations, and 
the kinase reactions then proceeded for 30 min 
at  room temperature followed by washing as 
normal. 

Membrane Fraction Isolation 

Cells were suspended in 10 mM Tris-HC1, pH 
7.4, 250 mM sucrose and 10 kg/ml aprotinin 
and leupeptin, then lysed by sonication using a 
Vibracell (Sonics and Materials, Inc., Danbury, 
CT). Samples were centrifuged at 100,OOOg at 
4°C for 30 min, the cytosolic supernatant was 
removed, and the membrane fraction pellet was 

resuspended in the Tris-sucrose buffer. Samples 
of 50 Fg protein were loaded per lane on SDS- 
polyacrylamide gels, without heat denaturation. 
Proteins were transferred to Immobilon PVDF 
membrane and the kinase reaction was carried 
out as above. 

Anti-Phosphotyrosine lmmunoblot 

A431 cells were treated with 100 ng/ml recom- 
binant human EGF (Gibco BRL) for 1 h at 37°C 
to activate the autophosphorylation of the EGF 
receptor. Treated or untreated (control) cells 
were then harvested in Tris-sucrose buffer with 
the addition of 1 mM sodium orthovanodate, 
sonicated and centrifuged as described above to 
yield a membrane fraction. Samples were sub- 
jected to  PAGE on a 6% polyacrylamide gel, and 
proteins were transferred to Immobilon PVDF 
membrane followed by the in situ kinase assay. 
After autoradiograph analysis of kinase activity, 
PVDF protein blots were incubated overnight at 
4°C with murine monoclonal anti-phosphotyro- 
sine antibody diluted to 1 pg/ml in 3% non-fat 
dry milk in PBS (Gibco BRL). After rinsing in 
PBS, the blot was treated for 1 hr with goat 
anti-mouse IgG alkaline phosphatase conjugate 
diluted in the same buffer, then washed in PBS 
with 0.05% Tween-20. The blot was rinsed in 
PBS 4-5 times, then developed in alkaline phos- 
phatase substrate solution containing nitro- 
blue tetrazolium and 5-bromo-4-chloro-3-in- 
dolyl phosphate disodium until colored bands 
were visible. 

P-Clycoprotein lmmunoblot 

Membrane protein samples of 50 pg per lane 
were subjected to electrophoresis on SDS-poly- 
acrylamide gels and transblotted to  nitrocellu- 
lose membrane in 25 mM Tris, 192 mM glycine 
containing 20% methanol. Blots were blocked in 
3% non-fat dry milk in PBS, then incubated 
overnight at 4°C with the mouse monoclonal 
anti-P-glycoprotein antibody, C219, diluted to  
0.5 pg/ml in 10 mM Tris-HC1, pH 7.4, 0.5 M 
NaCl (TN) with 3% BSA. The blot was washed 
in TN, then treated with rabbit anti-mouse IgG 
in TN with 3% BSA for 1 h at room temperature. 
The blot was washed again, treated for 1 h with 
[lz5I1Protein A (NEN DuPont, Boston, MA) at 
0.1 pCi/ml in TN with 3% BSA, then washed 
before being exposed to Kodak X-Omat AR film 
at -80°C with intensifying screens. 
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In Vitro Phosphorylation 

Phosphorylation reactions proceeded accord- 
ing to the protocol of Akiyama et al. [19871. 
Each sample reaction contained 20 mM Pipes, 
pH 7.2, 10 mM MgC12, 3 mM MnCl,, 1 mM 
dithiothrietol, 100 mM sodium orthovanadate, 
10 pM [T-~~PIATP at 20 Ci/mmol, and 10 pg of 
cell membrane protein, in a final volume of 50 
~ 1 .  EGF receptor phosphorylation reactions in- 
cluded 1 pg/ml recombinant human EGF and 
proceeded at  4°C for 5 min. General kinase activ- 
ity reactions were performed without EGF at 
30°C for 5 min. Reactions were terminated by 
addition of SDS sample buffer and boiling for 5 
min. Samples were subjected to PAGE on a 6% 
polyacrylamide gel and analyzed by autoradiog- 
raphy. 

Phosphoamino Acid Analysis 

Phosphoamino acid analysis was performed 
by the method of McCroskey et al. [19881. PVDF- 
bound 32P-labeled phosphoproteins were visual- 
ized by autoradiography after the in situ kinase 
reaction as described above except with the dele- 
tion of BSA from the renaturation buffer and 
the elimination of the BSA blocking buffer incu- 
bation. The initial 10 min, 1 M KOH wash of the 
PVDF membrane described above was occasion- 
ally deleted to prevent phosphoserine or -threo- 
nine degradation, but this did not change the 
overall phosphorylation pattern. Portions of the 
membrane corresponding to the 170 kDa 32P- 
labeled band were directly hydrolyzed [Kamps 
and Sefton, 1989; McCroskey et al., 19881 for 
either 1 or 3 h in 6 N HC1 at 110°C under N2. 
The HC1-hydrolysate was removed, placed in a 
1.5 ml Eppendorf microtube and dried in a ro- 
tary evaporator. The residue was resuspended 
in 35 pl of 35 mM phosphoric acid, brought to  
pH 3.2 by addition of 10 N KOH. The sample 
was then injected onto a Vydac oligonucleotide 
anion exchange HPLC column (#3040L54, The 
Separations Group, Hesperia, CA) equilibrated 
with 35 mM phosphate buffer, pH 3.2. Phos- 
phoamino acids were eluted from the column 
isocratically at a flow rate of 0.6 ml/min. One 
minute fractions were collected and quantitated 
by Cerenkov counting. Phosphoamino acids were 
identified by comparison of retention time of 
32P-labeled peaks with those of phosphoamino 
acid standards monitored at 206 nm. 

Fig. 1. Increased kinase activity in multidrug resistant cells 
Autoradiographs of phosphorylated proteins on PVDF blots 
after 100 kg  protein from whole cell lysate of KB-3-1 cells 
(lanes a,c) or KB-V1 cells (lanes b,d) was run on SDS- 
polyacrylamide electrophoresis, blotted, and treated for the in 
situ kinase assay as in Methods Molecular weight markers are 
indicated on the left in kilodaltons Lanes c and d show the in 
situ reaction substituting [ a - j 2 P ]  ATP for the [y-’*P] ATP 

RESULTS 

Multidrug resistant cells (KB-V1) and their 
parental drug sensitive cells (KB-3-1) were com- 
pared for the presence of kinase activity using 
an in situ assay developed by Ferrell and Martin 
[1989,19901. Cell lysate proteins were subjected 
to electrophoresis on SDS-polyacrylamide gels, 
blotted to PVDF membranes and denatured in 
guanidine hydrochloride. The protein blot was 
then renatured overnight followed by incuba- 
tion in [Y-~~PIATP, allowing transfer of phospho- 
ryl residues by the immobilized kinases. Autora- 
diograph analysis revealed the radiolabeled 
bands on the blot which corresponded to the 
position of the active kinases. Several kinase 
activities were increased in the multidrug resis- 
tant KB-V1 cells as compared to the parental 
KB-3-1 cells, with phosphorylated bands at 79, 
84, 92, and 130 kDa strongly increased (Fig. 1). 
The 79 kDa kinase comigrates with protein ki- 
nase C (data not shown). A 170 kDa band was 
seen only in the multidrug resistant KB-V1 cells 
and not in the sensitive KB-3-1 cells, suggesting 
a connection between the presence of this kinase 
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Fig. 2. Localization of 170 kDa kinase in the membrane 
fraction. Whole cell lysates, membrane, and cytosol were iso- 
lated as described in Methods. 100 pg protein of whole cell 
lysate of KB-3-1 (lane a) or KB-V1 (lane b) or 50 pg protein of 
membrane of KB-3-1 (lane c )  or KB-V1 (lane d) or 50 pg protein 
of cytosol of KB-3-1 (lane e )  or KB-V1 (lane 9 was subjected to 
SDS-polyacrylamide electrophoresis, then blotted and treated 
in the in situ assay. The arrow indicates 170 kDa. 

activity and multidrug resistance. Because of 
the possibility of the radioactive bands reflecting 
ATP binding rather than covalent transfer of 
phosphate, [(U-~~PP] ATP was substituted for 
[Y-~~PIATP.  As shown in Figure 1, lanes c and d, 
no bands were seen on the autoradiograph after 
the in situ kinase reaction. This confirms that 
the bands seen in lanes a and b were due to 
y-phosphate transfer and not bound ATP. 

Activity of the 170 kDa kinase was originally 
seen in whole cell lysates. Upon cell fraction- 
ation, it was apparent that this kinase was most 
abundant in the membrane fraction of KB-V1 
cells (Fig. 2). The 84 and 92 kDa kinases were 
found mainly in the cytosol of both KB-3-1 and 
KB-V1 cells (lanes e and 0. There was some 
evidence of presence of the 84 kDa and 92 kDa 
kinase in the KB-V1 membrane fraction as well. 
The 79 and 130 kDa kinases were found in 
membrane and cytosol fractions of both cells 
(lanes c-0. The 130 kDa kinase was not always 
present; the reason for this is not clear. Varia- 
tion in the kinase activities in KB-V1 cells was 
seen in different experiments, primarily with 

the 130 and the 79 kDa kinase activity (compare 
Fig. 1 to Fig. 21, but the activity for the kinases 
was generally greater than that seen with the 
KB-3-1 cells. We concentrated our attention on 
the 170 kDa activity due to  its consistency of 
activity in the drug resistant KB-V1 cells, and 
its large size. 

We tested the effect of various kinase activa- 
tors and inhibitors when added to the in situ 
kinase assay reaction mixture (Fig. 3). Since a 
kinase reported to have high activity in HL60 
multidrug resistant cells has been shown to be 
activated in the presence of phosphatidylserine 
or phosphatidylinositol in a conventional kinase 
assay [Staats et al., 19901, we tested whether 
any of the kinases detected by the in situ assay 
were stimulated under such conditions. None of 
the kinases, including the 170 kDa kinase activ- 
ity, were enhanced by phosphatidylserine, Ca+ +, 
or both. It is possible, however, that conditions 
in the in situ assay might not be sufficient to 
show phosphatidylserine dependence of kinase 
activity. To further define the characteristics of 
the kinases, we also examined changes in activi- 
ties after incubation of the renatured blots with 
various protein kinase inhibitors included in the 
in situ kinase reaction (Fig. 3). All the inhibitors 
used have a broad selectivity and will inhibit 
multiple kinases, but staurosporine has been 
reported to have a high specificity for inhibition 
of protein kinase C, while KT5720 is most spe- 
cific for CAMP-dependent protein kinase inhibi- 
tion. Staurosporine and K252a inhibited most of 
the kinase activities to some extent, but ap- 
peared ineffective in inhibiting the 130 kDa ki- 
nase. KT5720 was effective in inhibiting the 
170,84, and 79 kDa kinase activities. H-7, a low 
potency inhibitor of CAMP-dependent protein 
kinase and protein kinase C, did not appear to 
inhibit any of the kinases with increased activity 
in the KB-V1 cells when tested at 20 kM. 

In order to determine the divalent cation re- 
quirements of the 170 kDa kinase, a series of 
concentrations of Mg+ + and Mn+ + were tested 
(Fig. 4). The standard kinase reaction included 
10 mM Mg++ and 2 mM Mn++ (lane i); however, 
the optimal 170 kDa kinase activity was seen at 
10 mM Mn++ in the absence of Mg++ (lane c). 

It has been reported that the EGF receptor, 
known to have tyrosine kinase activity, is ele- 
vated in some multidrug resistant cells [Meyers 
et al., 1986, 19881. The EGF receptor has been 
reported to  appear between 170 and 175 kDa 
molecular weight [Cohen, 1983; Waterfield et 
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Fig. 3. Sensitivity of 170 kDa kinase to kinase activators or 
inhibitors added to the in situ reaction Protein blots were cut 
into strips prior to the kinase reaction, then placed in individual 
chambers in kinase reaction buffer along with a series of agents 
as indicated in the figure The kinase reaction proceeded for 30 
min and then the blots were washed as normal Lane a, control, 

al., 19821 on SDS-polyacrylamide gels. Because 
of the similarity in molecular weight, we investi- 
gated whether the EGF receptor was identical to 
the 170 kDa kinase. Immunoprecipitation with 
anti-EGF receptor monoclonal antibody re- 
sulted in the identification of the EGF receptor 
in A431, KB-3-1, and KB-V1 cells at 175 kDa 
molecular weight, clearly higher in molecular 
weight than the 170 kDa kinase (data not 
shown). In addition, we were able to differenti- 

Fig. 4. Effect of divalent cations on 170 kDa kinase activity 
Protein blots were cut into strips as in Figure 3 and tested in the 
kinase reaction containing different concentrations of Mg++ 
and Mn++  as indicated in the figure 

lane b, 200 JLM Ca++, lane c, 100 &ml phosphatidylserine, 
lane d, 200 JLM Ca+* + 100 pg/rnl phosphatidylserine, lane e, 
10 n M  staurosporine, lane f, 100 n M  staurosporine, lane g, 0 5 
JLM K252a, lane h, 5 pM KT5720, lane i, 20 pM H-7 Arrow 
indicates 170 kDa 

ate between the EGF receptor and a 170 kDa 
band in an in vitro membrane phosphorylation 
assay using a previously described method [Aki- 
yama et al., 19871. Incubating the reaction mix 
containing EGF at 4°C for 5 min resulted in 
phosphorylation of the EGF receptor and no 
other kinases (Fig. 5, lane a). When the reaction 
was carried out without EGF at 30°C for 5 min, 
both the EGF receptor and a phosphorylated 
band at 170 kDa were seen, as well as several 
lower molecular weight phosphorylated bands. 
Since there is no P-glycoprotein expressed in 
A431 cells (not shown), this 170 kDa phosphory- 
lated protein probably corresponds to the 170 
kDa kinase seen in the in situ assay. 

We also investigated whether the 170 kDa 
kinase activity was that of a tyrosine kinase. 
Anti-phosphotyrosine monoclonal antibody rec- 
ognized the autophosphorylated EGF receptor 
as a 175 kDa band on a Western blot of EGF- 
treated A431 cells (Fig. 6A, lane b), but did not 
recognize the 170 kDa kinase phosphorylated 
band from untreated A431 cells (lane a), or from 
KB-V1 cells (not shown). The anti-phosphotyro- 
sine reactive band was clearly larger than the 
170 kDa kinase from the A431 and KB-V1 cells 
(Fig. 6B). It also appeared that the EGF receptor 
was not active in the in situ kinase reaction. This 
was consistent with previous findmgs which dem- 
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A. Western B. Kinase Assay 
-1 I 

U IA s s 

200 - 

97 - 

69 - 

- EGF Rc - 170 kDa 

a b c  

Fig. 5. The ECF receptor and the 170 kDa kinase phosphory- 
lated in vitro A431 or KB-V1 membrane proteins were used in 
an in vitro phosphorylation to compare the ECF receptor (ECF 
Rc) to the 170 kDa kinase lane a: A431 membrane protein 
treated with ECF at 4°C lane b: A431 membrane protein Lane 
c: KB-V1 membrane protein Lanes b and c contained no ECF, 
and phosphorylation proceeded at 30°C, as in Methods Arrows 
on the right show position of the ECF Rc and the 170 kDa 
kinase 

onstrated the absence of tyrosine kinase activi- 
ties in the in situ kinase assay [Ferrell and 
Martin, 19891. The 170 kDa band intensity was 
significantly reduced after prolonged washing of 
the 32P-labeled PVDF blot with 1 M KOH at 
55°C (data not shown). This also suggested that 
the 170 kDa kinase was not a tyrosine kinase 
since tyrosine-phosphate bonds are relatively 
resistant to treatment with strong alkali [Coo- 
per and Hunter, 19811. Finally, phosphoamino 
acid analysis was performed by hydrolyzing pro- 
teins present in the region of the 170 kDa kinase 
and fractionating the hydrolysate on an oligonu- 
cleotide anion exchange HPLC column (Fig. 7). 
There was no evidence of any 32P-labeled phos- 
photyrosine present in the region of the 170 kDa 
kinase. Most of the labelled phosphoamino acid 
was in the form of phosphothreonine, with a 
smaller amount of phosphoserine apparent. 
These results, together with the 170 kDa kinase 
inhibition by inhibitors of serinei threonine ki- 
nases seen in Figure 4A, suggested that the 170 
kDa kinase is most probably a serineithreonine 

+ + -  

200- 

+ EGF Rc 
+- 170 kDa Kinase 

97 - 

a b a b c  

Fig. 6. 170 kDa kinase is not the ECF receptor and does not 
show tyrosine kinase activity A431 and KB-V1 cells were 
untreated or treated with 100 ng/ml ECF for 1 h prior to 
harvest Cell membrane fractions were analyzed for 170 kDa 
kinase activity, after electrophoresis and blotting from a 6% gel, 
detected by autoradiography (B), and then for phosphotyrosine 
antibody reactivity, detected by color reaction (A), on the same 
PVDF blot Lane a: A431 membrane protein Lane b: ECF- 
treated A431 membrane protein lane c: KB-V1 membrane 
protein 

kinase. The lack of tyrosine kinase activity at 
the position of the 170 kDa activity, the inability 
to be recognized by anti-phosphotyrosine anti- 
body, and the difference in size from the EGF 
receptor on Western immunoblots clearly showed 
that the 170 kDa kinase is not the EGF receptor. 

Several other sensitive and drug resistant cell 
lines were examined for 170 kDa kinase activity 
by in situ assay (Fig. 8A). The mouse melanoma 
multidrug resistant cell line B16/AdrR showed a 
significant increase in 170 kDa kinase activity as 
compared to the parent drug sensitive B16iBL6 
cells. The 170 kDa kinase activity was also in- 
creased in human breast cancer multidrug resis- 
tant cell line MCF7/AdrR as compared to the 
parent MCF7 cells (data not shown). Neither 
the mouse leukemic P388 cells nor their multi- 
drug resistant subline P388/AdrR expressed the 
170 kDa kinase, indicating that the kinase is not 
always present in multidrug resistant cell lines. 
All these cell lines were also tested for expres- 
sion of the multidrug resistance-associated P-gly- 
coprotein. A Western blot was reacted with the 
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monoclonal antibody C219, known to react with 
murine, human, and hamster P-glycoprotein, 
and the resulting autoradiograph (Fig. 8B) 
showed that all the multidrug resistance cells 
tested (including MCF7/AdrR, not shown) ex- 
press the P-glycoprotein at between 150 and 180 
kDa. Presence of the 170 kDa kinase in cells that 
did not express P-glycoprotein suggested that 
they are separate molecules. However, the sensi- 
tivities of the Western blot for P-glycoprotein 
and the kinase assay are probably different, and 
it is possible that we did not detect very low 
levels of P-glycoprotein. The differences in mo- 
lecular weight of the P-glycoprotein and the 170 

kDa kinase in some cell lines also confirmed that 
they are separate proteins, and that the P-glyco- 
protein is not the substrate of the immobilized 
170 kDa kinase in the in situ assay. 

In order to further exclude the possibility that 
the 170 kDa kinase activity was due to P-glyco- 
protein, we examined cells that were transfected 
with MDR1, the human P-glycoprotein gene 
(Fig. 9). Transfected KF3 cells (KI3-GRC1) and 
mouse LMTK- cells (E-KK cells) were used in 
order to determine if the gene for the 170 kDa 
kinase was identical to the gene for P-glycopro- 
tein. These cells had previously been shown to 
exhibit the multidrug resistance phenotype [Choi 
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Fig. 8.  Presence of 170 kDa kinase in various cell lines with and without P-glycoprotein A: Drug sensitive cells 
KB-3-1, B16iBL6, P388 (lanes a,c,e, respectively) and multidrug resistant cells KB-V1, B1 6/AdrK, P388/AdrK (lanes 
b,d,f, respectively) were tested in the in situ kinase assay 170 kDa kinase is indicated by the arrow B: Western blot 
analysis of P-glycoprotein expression, using the C219 monoclonal antibody specific for the P-glycoprotein 
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Fig. 9. Absence of kinase activity in MDRl  -transfected cells 
Mouse LMTK cells and human KB-3-1 cells had been trans- 
fected with the normal human MDRI gene encoding the P-gly- 
coprotein and conferring multidrug resistance [Choi et al , 
1988, Morse and Robinson, 19901 A: 1 70 kDa kinase activity 
measured by in situ kinase assay in KB-3-1, KB-V1, KB-CRCI, 
(MDRI transfectant), LMTK- and LMTK E-KK (MDRI transfec- 
tant), (lanes a-e, respectively) 6: Expression of the P-glycopro- 
tein determined by Western blot as in Figure 8B in KB-3-1, 
KB-V1, KB-CRC1, LMTK , and LMTK E-KK, (lanes a-e, respec- 
tively) 

et al., 1988; Morse and Ronison, 19901. Western 
blot analysis using the C219 antibody showed 
that all the transfectant cells expressed the P-gly- 
coprotein, although expression in the KB-GRC1 
cells was low (Fig. 9B). The in situ kinase assay 
showed that none of the transfectants contained 
the 170 kDa kinase activity (Fig. 9A). This cor- 
roborates our finding that the P-glycoprotein 
and the 170 kinase activity are different pro- 
teins, and that the 170 kDa kinase activity is not 
invariably present in cells expressing the P-gly- 
coprotein. 

DISCUSSION 

Prior studies have indicated that increases in 
kinase activity or quantity are associated with 
multidrug resistance, and have suggested a role 
for kinases in the regulation of the function or 
levels of the P-glycoprotein [Abraham et al., 
1990; Center, 1985; Chambers et al., 1990; Fine 
et al., 1988; Hamada et al., 1987; Mellado and 
Horwitz, 1987; Posada et al., 1989; Yu et al., 
19911. Regulation may occur by changes in the 
amount of phosphorylation of the P-glycopro- 
tein molecule leading to activity changes [Cen- 
ter, 1985; Chambers et al., 1990; Hamada et al., 
1987; Posada et al., 19891 or through control of 
levels of P-glycoprotein mRNA or protein [Abra- 

ham et al., 19901. We have recently begun a 
search for altered kinase activities in multidrug 
resistant cells, using the in situ kinase assay 
developed by Ferrell and Martin 11989, 19901. 
These kinases may modulate P-glycoprotein 
function, or may affect unknown substrates that 
alter cellular resistance. 

Several kinases were identified in cell lysates 
of human carcinoma KB-3-1 cells. Approxi- 
mately 12 radiolabelled bands of varying inten- 
sity, ranging in size from 45 kDa to 150 kDa, 
were clearly identified on the autoradiograph. 
Of these, 4 bands at 79, 84, 94, and 130 kDa 
showed an obvious increase in intensity in the 
multidrug resistant KB-V1 cell line, although 
there was some variability in their detection 
from assay to assay. The change in intensity of a 
band may indicate an altered amount of the 
kinase or of a substrate at the same position on 
the blot. It may also reflect a change in the 
activity of the kinase, resulting in a change in 
the level of autophosphorylation or phosphoryla- 
tion of a substrate. Coomassie staining of SDS- 
polyacrylamide gels did not show any significant 
changes in protein content between the KB-3-1 
and the KB-V1 cells (not shown). This finding 
was not definitive since these kinases may not 
be present in sufficient amounts to be detected 
by Coomassie staining. In addition to the 79,84, 
94, and 130 kDa bands, a band at  170 kDa was 
seen in multidrug resistant KB-V1 cells only. Its 
presence only in the multidrug resistant cells 
suggested a function connected with drug resis- 
tance, and its similarity in size to  the P-glycopro- 
tein led us to characterize this kinase further. 
The 170 kDa kinase is membrane-associated 
and has optimal activity in 10 mM Mn++. It was 
not evident from our data whether the substrate 
of the 170 kDa kinase in this assay is the enzyme 
itself, or a protein overlaying it on the blot. 

Previous reports have shown that the EGF 
receptor is elevated in some multidrug resistant 
cells [Meyers et al., 1986, 19881. Since the EGF 
receptor is similar in size to 170 kDa kinase, we 
investigated whether it was identical to the 170 
kDa kinase. The 170 kDa kinase was established 
to be smaller than the EGF receptor in A431 
and Kl3 cells after comparing the molecular 
weights of the 170 kDa kinase identified on the 
in situ activity blots and the EGF receptor iden- 
tified either by anti-phosphotyrosine Westerns 
or immunoprecipitation with an anti-EGF recep- 
tor antibody. 

The fact that the 170 kDa kinase was not 
recognized by anti-phosphotyrosine monoclonal 
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antibody suggests that it is not a tyrosine ki- 
nase. Other experiments showed that the radio- 
labelled phosphate residueb) of the 170 kDa 
band was easily removed by prolonged KOH 
treatment, also suggesting that it is not a tyro- 
sine kinase. In addition, phosphoamino acid anal- 
ysis of proteins eluted from the PVDF mem- 
brane in the area of the 170 kDa kinase did not 
show any evidence of phosphotyrosine. The pres- 
ence of phosphothreonine and some phosphoser- 
ine in the phosphoamino acid digests suggested 
instead that the 170 kDa kinase is a serine- 
threonine kinase. This result also supported the 
evidence that the 170 kDa kinase is not P-glyco- 
protein, since P-glycoprotein appears to  be phos- 
phorylated mainly on serine residues [Hamada 
et al., 19871. This kinase probably has structural 
similarities to  other known serine-threonine ki- 
nases since it is inhibited by the serine-threo- 
nine kinase inhibitors staurosporine, K252a, and 
KT5720. However, the large size of this kinase 
makes it unusual, since most identified serine- 
threonine kinases are less than 100 kDa in size. 

In a study using the in situ kinase assay, 
Ferrell and Martin [1990] identified a 170 kDa 
kinase (PK170) in whole cell lysates of human 
platelets. Activity of this kinase as demon- 
strated in the in situ assay was increased when 
platelets were pretreated in vivo with thrombin 
or both phorbol 12-myristate 13-acetate (PMA) 
and ionomycin. They postulated that this in- 
crease in activity might be due to a change in the 
phosphorylation state of the kinase. The 170 
kDa kinase described here showed no stimula- 
tion when KB-V1 cells were pretreated with 
PMA or ionomycin, in combination or sepa- 
rately (not shown). This suggests that the 170 
kDa kinase described here may be distinct from 
the platelet-derived PK170 kinase. However, sig- 
nalling mechanisms present in the platelet cell 
that affect PK170 may not be present in the 
KB-V1 cells that were investigated here. Inter- 
estingly, the PK170 and the 170 kDa kinase 
described here both appeared to cause phosphor- 
ylation principally on threonine. The 170 kDa 
activity described here was found associated ex- 
clusively with the membranes. The large size 
and membrane localization of the 170 kDa ki- 
nase suggests that it may have some type of 
receptor function. A new class of membrane- 
bound receptors with serine-threonine kinase 
activity that recognizes ligands in the TGF fam- 
ily has recently been identified [Massague, 19921. 
It is possible that this kinase plays a similar role. 

Staats et al. [1990] described a membrane 
associated phospholipid-stimulated kinase, found 
in both drug sensitive HL60 and in multidrug 
resistant HL6O/Vinc cells which is capable of 
phosphorylating the P-glycoprotein in vitro. The 
170 kDa kinase activity described here, how- 
ever, was found only in the drug resistant KB-V1 
cells and not in the parental sensitive Kl3-3-1 
cells, although it was found in some other sensi- 
tive cells. The 170 kDa kinase studied here 
showed optimal activity with Mn++, similar to  
the enzyme described by Staats et al. [19901, but 
unlike that enzyme, was not stimulated by phos- 
phatidylserine. It is possible, however, that acti- 
vation by phosphatidylserine might not occur in 
the in situ assay since kinases were presumably 
no longer associated with membrane. Signifi- 
cantly, however, membrane fractions of HL60 
cells used in the in situ assay showed no 170 kDa 
kinase activity (data not shown). Staats et al. 
[19901 suggested that the HL60 kinase was sim- 
ilar to protein kinase P, a platelet kinase that is 
described by Elias and Davis [1985] as 27 kDa. 
These results suggest that the 170 kDa kinase is 
different from the described HL60 kinase. 

In addition to  KB-V1, other multidrug resis- 
tant cell lines were examined for 170 kDa kinase 
activity by in situ assay. The 170 kDa kinase was 
not seen in all multidrug resistant cell lines; for 
example, it was not present in P388/AdrR. The 
presence of 170 kDa kinase activity, therefore, 
does not always correlate with expression of 
multidrug resistance. However, in the cell lines 
which did express the 170 kDa kinase, the activ- 
ity in the multidrug resistant cells was always 
higher than that in the corresponding drug sen- 
sitive parent cells. One explanation of these 
results is that an increased activity level of the 
170 kDa kinase in resistant cells is more likely if 
it is already detectable in the parental sensitive 
cells. We also saw expression in A431 cells, but 
had no drug resistant line with which to com- 
pare. This evidence suggests that this protein 
kinase may be associated with the multidrug 
resistance phenotype in general and with the 
increased expression and activity of the P-glyco- 
protein in particular in some multidrug resis- 
tant cells. However, since it is likely that the 
kinase assay is more sensitive than the Western 
assay for P-glycoprotein, we can not exclude the 
possibility that cells such as A431 may express 
some undetected P-glycoprotein. An increase in 
170 kDa kinase activity may be independently 
selected in some multidrug resistant cells. Alter- 
natively, 170 kDa kinase activity could be con- 
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trolled or co-amplified in cells along with the ampli- 
fied P-glycoprotein. 

Because P-glycoprotein has been reported to  
have a molecular weight of 170 kDa in KB-V1 
cells, we performed experiments to determine if 
it was a distinct molecule from the 170 kDa 
kinase. All the tested multidrug resistant cells 
were shown to express P-glycoprotein by West- 
ern blot analysis. The molecular weight of the 
P-glycoprotein varied from 150 to  180 kDa in 
these cell lines, possibly due to differences in 
glycosylation. In comparison, the 170 kDa ki- 
nase molecular weight was invariant as could be 
seen by inspection of the autoradiographs. Be- 
cause the 170 kDa kinase activity was seen in 
some cells which do not express the P-glycopro- 
tein, and because of the difference in molecular 
weight of the P-glycoprotein in some cell lines, 
we conclude that the 170 kDa kinase is a sepa- 
rate protein from P-glycoprotein. 

Cells transfected with the MDRl gene and 
selected for vinblastine resistance did express 
the P-glycoprotein, but did not have 170 kDa 
kinase activity. The lack of the 170 kDa kinase 
in the transfected cells definitely shows that this 
kinase activity is not due to P-glycoprotein. The 
drug resistant KB-V1 cells were mutagenized 
and then selected for multidrug resistance by 
growth in vinblastine over many generations, 
and their resistance is thought to be due in large 
part to  the amplification of the endogenous gene 
encoding the P-glycoprotein. During the selec- 
tion process, however, other changes to  the ge- 
nome of the cell may have occurred. The KB- 
GRCl cells, on the other hand, underwent a 
shorter selection time. The difference in origin 
of the drug resistant KB-V1 cells as compared to 
the KB-GRC1 transfectants may explain the 
high level of 170 kDa kinase in the KB-V1 cells. 
One possible explanation of this is that the 170 
kDa kinase gene is physically linked to the MDRl 
gene and that it has been co-amplified in the 
cells along with the endogenous MDRl gene 
during selection for resistance. Another possibil- 
ity is that selective pressure over extended peri- 
ods of time has resulted in cells that have in- 
creased 170 kDa activity in addition to  the 
amplified or over-expressed P-glycoprotein and 
that both these characteristics contribute to the 
multidrug resistance phenotype through sepa- 
rate mechanistic pathways. 

While we show no causative connection be- 
tween the 170 kDa kinase and multidrug resis- 
tance, it is of great interest that this kinase is 

elevated in several multidrug resistance cell lines. 
Studies are underway to determine at what point 
in the selection for multidrug resistance the 
apparent increase in 170 kDa kinase activity 
arises. We also have no definitive evidence of the 
cellular substrate for this kinase. It is possible 
that the P-glycoprotein is a cellular substrate of 
the 170 kDa kinase but experiments pcesented 
here do not address that possibility. Proof that 
this kinase is involved in P-glycoprotein medi- 
ated or non-P-glycoprotein mediated multidrug 
resistance will await further studies, including 
further biochemical characterization and isola- 
tion and transfer of the 170 kDa kinase gene to  
test for its effect on drug resistance. 
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