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PHOSPHORYLATION OF DRUG-RESISTANT PROTEIN

were precipitated with MRK 16 after the induction of phospho-
rylation of the protein for 20 min with these drugs. These
results indicate that phosphorylation of the protein did not
affect the affinity of the protein for monoclonal antibody
MRK16.

Phosphoamino Acid Analysis. 3’P;-prelabeled K562/ADM
cells were treated in the absence or presence of 3 uM verapamil,
10 um TFP, or 20 nm PMA. The M, 170,000-180,000 glyco-
protein was resolved from other proteins by immunoprecipita-
tion with MRK 16 followed by SDS-PAGE. The phosphoamino
acids of the protein were determined as described in “Materials
and Methods.” The results show that the M, 170,000-180,000
glycoprotein was phosphorylated at serine residues (Fig. 44).
The M, 170,000-180,000 glycoprotein prepared from 3P;-
prelabeled cells which were treated with verapamil, TFP, or
PMA was also phosphorylated at serine residues (Fig. 4, B-D).
Phosphoamino acid analysis of the protein from 32P;-labeled
cells treated with PMA in combination with verapamil or TFP
also resulted in phosphorylation at serine residues (data not
shown).

Phosphopeptide Maps of the M, 170,000-180,000 Glycopro-
tein. To determine whether the sites of phosphorylation of the
M, 170,000-180,000 glycoprotein are the same when the phos-
phorylation is enhanced by PMA, verapamil, or TFP, the 3?P-
labeled protein was excised from SDS gel and used for tryptic
phosphopeptide mapping. Two-dimensional mapping of phos-
phate-labeled peptides derived from the M, 170,000-180,000
glycoprotein from untreated cells and from verapamil- or TFP-
treated cells revealed similar patterns. However, differences
were detected in maps of phosphopeptides from PMA-treated

Fig. 4. Phosphoamino acid analysis of the M, 170,000-180,000 glycoprotein
from K562/ADM cells. K562/ADM cells labeled with P, were untreated or
treated with 3 um verapamil, 10 um TFP, or 20 nM PMA for 20 min at 37°C.
The M, 170,000-180,000 glycoprotein was isolated by immunoprecipitation with
MRK16 and SDS-PAGE. The ?P-labeled protein bands were located on the gel
by autoradiography. The M, 170,000-180,000 glycoprotein was excised from the
gel, electroeluted, and subjected to acid hydrolysis. The phosphoamino acids were
separated on cellulose thin-layer plates by two-dimensional electrophoresis as
described in “Materials and Methods.” Autoradiography was done on Kodak
XARS film for 3 days. The data shown are two-dimensional phosphoamino acid
analyses of the M, 170,000-180,000 glycoprotein from untreated (4), 3 uM
verapamil-treated (B), 10 um TFP-treated (C), or 20 nm PMA-treated (D) cells.
The positions of stained marker phosphoamino acids are indicated by broken
lines. P-Tyr, phosphotyrosine; P-Thr, phosphothreonine; P-Ser, phosphoserine.

and untreated cells. In the map of phosphopeptides from un-
treated cells, two major spots (Spot 1 and Spot 2) and two
minor spots (Spot 3 and Spot 6) were found (Fig. 54). By longer
exposure of the autoradiogram, a minor spot (Spot 5) was also
seen (data not shown). In the map of phosphopeptides from
cells with verapamil treatment, two major spots (Spot I and
Spot 2) and three minor spots (Spots 3, 5, and 6) were found
(Fig. 5B). Similar pattern was obtained in that from TFP-
treated cells (Fig. 5C). In contrast, in the map of phosphopep-
tides from PMA-treated cells, the major spots were Spot I and
Spot 5. Moreover, a new spot (Spot 4) was obtained. On the
other hand, Spot 3 was undetectable (Fig. 5D). Thus, PMA
treatment enhances phosphorylation of the peptide correspond-
ing to Spot 5, which is a rather minor phosphorylated site in
the M, 170,000-180,000 glycoprotein from verapamil- or TFP-
treated and untreated cells. PMA treatment also enhances
phosphorylation of the peptide corresponding to Spot 4, which
is not phosphorylated in the M, 170,000-180,000 glycoprotein
from verapamil- or TFP-treated and untreated cells. These
results clearly indicate that the hyperphosphorylation of the M,
170,000-180,000 glycoprotein induced by treatment with ver-
apamil or TFP is via a different regulation mechanism from
that involved in phorbol diester-induced, presumably C kinase-
mediated, phosphorylation.

DISCUSSION

Phorbol diester tumor promoters appear to exert their initial
effects at the plasma membrane level (37-39). These effects
appear to be mediated through phorbol diester activation of its
cellular enzyme receptor, protein kinase C (28-32). Once acti-
vated by these exogenous agents, and presumably by endoge-
nous diacylglycerol activators (39, 40), the effects of activated
protein kinase C are pleiotropic (37, 41, 42). As such, the
identification and characterization of specific membrane-bound
protein substrates for the activated form of protein kinase C
become quite important with respect to phorbol diester-induced
regulation of processes affecting cellular function.

The acquired mechanisms in multidrug-resistant tumor cells
are related to some properties of proliferation of resistant cells,
and the M, 170,000-180,000 glycoprotein specific for multi-
drug resistance seems to be involved in the proliferation of
multidrug-resistant tumor cells (18, 19). In this report, it has
been found that the protein serves as a substrate for phorbol
diester-induced phosphorylation. Phorbol diester-induced reg-
ulation of the M, 170,000-180,000 glycoprotein might play a
role in regulation of processes affecting cellular proliferation or
other functions in multidrug-resistant tumor cells. Thus far
there have been only a few reports concerning the biological
effects of phorbol diesters on multidrug-resistant cells (43), and
experiments along this line would be rewarding. Our prelimi-
nary result suggests that phorbol diesters do not affect transport
of drugs across plasma membrane of drug-resistant cells.*

The increase in the 3P content of the M, 170,000-180,000
glycoprotein after treatment with PMA or OAG suggests phos-
phorylation of the M, 170,000-180,000 glycoprotein may be
controlled by protein kinase C. However, until it is demon-
strated that the protein is a substrate for protein kinase C, the
possibility that other kinases are involved cannot be excluded
(44). Studies utilizing a cell-free system reconstituted from
purified components to show that phosphorylation of the pro-
tein is mediated by activated protein kinase C are now in
progress.

4 Unpublished data.
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Fig. S. Phosphopeptide mapping of the M,
170,000-180,000 glycoprotein from verapa-
mil-, TFP-, or PMA-treated K562/ADM cells.
K562/ADM cells labeled with 3?P; were incu-
bated with 3 uM verapamil, 10 um TFP, or 100
nM PMA for 20 min at 37°C. Radioactive M,
170,000-180,000 protein was excised from the
gel following the procedures described in the
legend to Fig. 4. Tryptic phosphopeptide map-
ping was performed as described in “Materials
and Methods” and the distribution of radio-
activity in the maps was visualized by autora-
diography. Maps shown are from untreated
(A), verapamil-treated (B), TFP-treated (C),
and PMA-treated (D) cells. E, map of a mix-
ture of equal amounts of radioactive phospho-
peptides from B and D. F, diagram of tryptic

phosphopeptides from the M, 170,000-
180,000 glycopyotein. Arrowheads, points of

sample application.

Calcium antagonists (e.g., verapamil) and calmodulin inhib-
itors (e.g., TFP) are reported to inhibit the active drug efflux
and restore drug sensitivity in multidrug-resistant cells (4-9).
The precise mechanism of the circumvention of resistance by
these drugs is not known. Although verapamil is known as a
calcium channel blocker, the circumvention of drug resistance
by verapamil seems not to be via blocking calcium channels
(45, 46). In fact, calcium channels were not found macroscopi-
cally in K562/ADM cells, using electrophysiological tech-
niques.® Since it was found that the resistance-associated M,
170,000-180,000 glycoprotein is involved in drug transport
mechanisms (18, 19), it seems to be possible that the circum-
vention of resistance by verapamil or TFP might be through
interaction of these drugs with the M, 170,000-180,000 glyco-
protein. It has been reported previously, that with TFP or
verapamil treatment there is an increase in the phosphorylation
of a plasma membrane glycoprotein (p180) in Adriamycin-
resistant Chinese hamster lung cells (23). We have shown that
treatment with verapamil or TFP caused an increase in the 32P
content of the M, 170,000-180,000 glycoprotein in K562/
ADM cells.

Verapamil is known as a calcium channel blocker (47), while
TFP inhibits calmodulin-dependent enzymes (48). An alterna-
tive action of verapamil and TFP on the M, 170,000-180,000

S N. Yamashita, H. Hamada, T. Tsuruo, and E. Ogata, unpublished data.

glycoprotein might be through their known actions on calcium-
activated, phospholipid-dependent C kinase (49, 50) and, in-
deed, it is likely that the A, 170,000-180,000 glycoprotein is a
substrate for the protein kinase C since PMA and OAG, pro-
moters of C kinase activity (28), enhance the phosphorylation
of the M, 170,000-180,000 glycoprotein. Nevertheless, it is
somewhat paradoxical that C kinase activators and verapamil
(or TFP), reported inhibitors of the same enzyme, should have
the same effect, namely hyperphosphorylation of the M,
170,000-180,000 glycoprotein. Phosphopeptide mapping by
trypsinization showed differences in the phosphorylated sites
of the M, 170,000-180,000 glycoprotein when phosphorylation
was enhanced by PMA and verapamil (or TFP) (Fig. 5). The
results clearly indicate that the hyperphosphorylation of the M,
170,000-180,000 glycoprotein induced by treatment with ver-
apamil or TFP is through a regulation mechanism different
from that involved in PMA-induced phosphorylation. One pos-
sibility is that verapamil and TFP activate kinase(s) other than
C kinase or inhibit phosphatase activity. A second possibility is
that these agents interact with membranes (51) or directly with
the M, 170,000-180,000 glycoprotein and therefore alter the
accessibility of the protein to phosphorylation. Further studies
are required for the identification and characterization of pro-
tein kinases and phosphatases acting in reversible protein phos-
phorylation/dephosphorylation and the mechanisms by which
they are regulated.
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Clearly, much more needs to be determined about the action
of verapamil and TFP on the A, 170,000-180,000 glycoprotein
associated with multidrug resistance, especially with regard to  22.
how they modulate the transport of various chemotherapeutic
agents through the plasma membrane of resistant cells. 23.
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