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Summary

We have previously reported that the uptake of colchicine and other drugs in
Chinese hamster ovary (CHO) cells can be greatly enhanced by the addition of
metabolic inhibitors such as cyanide (See, Y.P., Carlsen, S.A., Till, J.E. and
Ling, V. (1974) Biochim. Biophys. Acta 373, 242—252). This has led us to
postulate the presence of an active drug permeability barrier in these cells. In
this paper we provide evidence for the dependence of this permeability barrier
on intracellular ATP levels. Colchicineresistant mutants of CHO cells
exhibiting a reduced drug permeability, however, can maintain this drug
permeability barrier at much lower ATP levels, suggesting that they possess an
altered active drug permeability barrier. We have also observed a membrane-
associated protein kinase-phosphoprotein phosphatase system in the isolated
membranes of mutant and wild-type cells. Differences in the intrinsic protein
phosphorylation patterns between the membranes of these cells have led us to
conclude that the control of the drug permeability barrier may be mediated via
the phosphorylation of at least two high molecular weight surface glycopro-
teins.

Introduction

The maintenance of a selective permeability barrier is one of the major func-
tions of the plasma membrane. At present little is known regarding the
mechanisms regulating drug permeability in mammalian cells. In our study of
this process we have utilized drug-resistant mutants isolated from mammalian

Abbreviations: CHQO, Chinese hamster ovary; EGTA, (ethylenebis(oxyethylenenitrilo))tetraacetic
acid.
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cells in culture. Mutants of Chinese hamster ovary (CHO) cells selected for
resistance to the antimitotic drug colchicine have been found to possess a
decreased membrane permeability to the drug [1]. Moreover, the development
of resistance to colchicine leads to a concomitant resistance to a number of
other structurally different drugs [1,2]. Using these mutants we have made a
number of interesting observations regarding drug permeability in these cells.
For example we have shown that: (1) Colchicine enters these cells via an
unmediated mechanism [3]. (2) Membrane-active agents such as local anesthet-
ics and non-ionic detergents greatly enhance drug permeability [3]. (3) Metab-
olic inhibitors also stimulate drug uptake in mutant and parental cells to a
point where the rate of uptake becomes equal for both cell lines [4].

The enhancement of colchicine uptake by metabolic inhibitors such as
cyanide occurs rapidly and can be completely reversed by the addition of
glucose [4]. Differences in the kinetics of this cyanide-induced potentiation
have also been observed between colchicine-resistant mutants and the parental
cell line [4]. These results suggest that certain metabolic process(es) of CHO
cells may be important for maintaining a membrane permeability barrier
against colchicine and other drugs, and that this energy-dependent barrier may
be altered in drug-resistant mutants.

The purpose of the present study is to test the hypothesis that the drug
permeability barrier in CHO cells is dependent on the intracellular ATP level
[4]. In this context, we show that in cells treated with cyanide, the rates of
fluctuation in ATP level correlate with rapid changes in drug uptake rates. The
mutants are able to maintain their permeability barriers at much lower ATP
levels than the parental cell line. In addition, we observed the presence of a
membrane-associated protein kinase-phosphoprotein phosphatase system in
these cells, which may be involved in the maintenance of this active drug
permeability barrier.

Materials and Methods

Celis. The cell lines CH®RC4 and CHRC5 used in this study were selected for
resistance to colchicine in two dependent three-step selections by Ling and
Thompson [1]. The parent of these mutants (AUXB1) is a Chinese hamster
ovary (CHO) cell line auxotrophic for glycine, adenosine and thymidine [5].
Revertant 110-1 was isolated from CHRC5 in a single step; details of revertant
isolation will be published elsewhere (Ling, V., in preparation). Procedures used
for maintaining mutant lines were as described by Thompson and Baker [6].
All cells used in the experiments described in this paper were grown in
suspension culture at 37°C in ¢-minimum essential medium [7] supplemented
with antibiotics and 10% fetal calf serum (Flow Laboratories).

ATP measurements. Cell supensions at 3 - 10° cells/ml in phosphate-buffered
saline were added to 0.5 ml of ice-cold 1.2 M HCIO,, the samples were mixed
and immedicately placed on ice. The precipitate formed was removed by
centrifugation and duplicate 50-ul samples of the supernatant used for deter-
mination of ATP concentrations by the method of Stanley and Williams [8]
using a Mark I Liquid Scintillation counter (Nuclear Chicago).

Generation of cells containing various levels of ATP. Cell suspensions at
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3 - 10° cells/ml in phosphate-buffered saline were incubated at 37°C with con-
centrations of rotenone from 0.1 to 100 ng/ml as described by Johnstone [9].
The ATP level steadily decreased for the first 20 min after the addition of
rotenone but then remained stable for the next 20 min during which time the
rate of colchicine uptake was measured as previously described [4]. The ATP
levels in the cells were measured as described above immediately before and
after the measurement of colchicine uptake rates to monitor any change in the
ATP level during the course of the uptake measurement.

Isolation of membranes. Membranes were isolated by the method of
Brunette and Till [10]. Membrane protein concentrations were determined by
the method of Lowry et al. [11] using bovine serum albumin as a standard.

Measurement of protein kinase activity. The reaction mixture consisted of
100 pg of membrane protein in a final volume of 200 ul containing 50 mM
acetate buffer (sodium salts), pH 6.0, 10 mM magnesium acetate, 0.3 mM
(ethylenebis(oxyethylenenitrilo Jtetraacetic acid (EGTA) and 10 uCi of [y-*?P]-
ATP. Reactions were carried out for 5 min at room temperature during which
time the rate of incorporation of labelled phosphorus into acid-precipitable
material was linear with time. The reactions were terminated by one of two
methods. If the sample was to be used for acrylamide gel electrophoresis, 25 ul
of a solution of 10% sodium dodecyl sulfate, 5 mM ethylenediaminetetra-
acetic acid (EDTA) and 6 mM 2-mercaptoethanol was added. In all other
samples the reaction was terminated by the addition of 5 ml of 20% trichloro-
acetic acid. The precipitate was collected on 0.45 um pore size Millipore filters
and washed four times with 10 ml of Bray’s solution [12] and counted in a
liquid scintillation counter.

Phosphoprotein phosphatase assay. Phosphoprotein phosphatase activity was
assayed using [**P]protamine as described by Maeno and Greengard [13].

Polyacrylamide gel electrophoresis. Samples of phosphorylated membranes
prepared as described above were heated in a boiling water bath for 2 min,
glycerol was added to a final concentration of 10% and the samples layered
onto 10 c¢m cylindrical 7% polyacrylamide gels prepared according to Laemmli
[14]. Gels were electrophoresed at 3 mA per gel until the tracking dye was
1 c¢m from the bottom of the gel. Gels were sliced and then digested in NCS
solubilizer (Amersham Searle)/water (9 : 1, v/v) overnight at 37°C. 10 ml of
toluene scintillation fluid was added and radioactivity determined using a liguid
scintillation counter.

Chemicals and reagents. [y-*?P]ATP purchased from Amersham Searle
(PB.132) was resuspended in water to an activity of 1 mCi/ml. [*H]colchicine
(18 Ci/mmol) was obtained from New England Nuclear and [*H]glucosamine
(19 Ci/mmol) was purchased from Amersham Searle. Rotenone, bovine serum
albumin and desiccated firefly lanterns were obtained from Sigma Chemical Co.
All other reagents were of analytical grade.

Results
Kinetics of ATP breakdown and synthesis

Previous work [4] implicated the involvement of cellular metabolism in the
modulation of colchicine uptake in CHO cells. To investigate the possibility that
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ATP was involved in this modulation, we determined whether the fluctuations
in the rate of colchicine uptake correlated with changes in intracellular ATP
levels. The kinetics of ATP breakdown after addition of cyanide and its rate of
synthesis after addition of glucose were measured for both the mutant and
parental cell lines. As seen in Fig. 1, the ATP level decreased after the addition
of cyanide with a half-time of about 2 min with the rate of ATP breakdown
being the same for both the mutant and parental cell lines. The addition of
glucose to cyanide-treated cells caused an immediate increase in ATP levels
(Fig. 1). Thus, in general, the rapid decrease in ATP level upon addition of
cyanide and subsequent rapid increase in ATP on the addition of glucose
correlated with the rapid changes in colchicine flux (increased and decreased
uptake, respectively) seen under the same conditions [4]. These results are
consistent with the hypothesis that modulation of colchicine uptake is
mediated via fluctuations in the cellular ATP level.

Differences in the cyanide-induced potentiation of colchicine uptake
between the parental and mutant cell lines allowed this hypothesis to be tested
more quantitatively. We have previously shown [4] that: (1) the mutant
CHRC4 exhibited a 5 min lag in the cyanide-induced potentiation of colchicine
uptake while in the parental cell line the stimulation was virtually immediate
and (2) the mutant CH®C4 line required lower concentrations of glucose to
reverse the cyanide-induced potentiation of colchicine uptake than the parental
cell line [4] (0.3 mM compared to 0.7 mM, respectively, to reduce the
maximally stimulated rate by 50% (from ref. 4)).

We investigated whether or not quantitative differences existed between the
ATP levels of mutant and parental cells which could account for these differ-
ences in response to cyanide and glucose. As shown in Fig. 1, the lag in the
stimulation of colchicine uptake seen in the mutant after the addition of
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Fig. 1. Time course of ATP breakdown after inhibition by cvanide and its reversal by glucose. ATP levels
in AUXB1 (®-- ®) and CHRC4 (¢ —3) were measured as described in Materials and Methods
at various times of incubation in 2 mM KCN at 37°C. After 10 min glucose was added to a final concen-
tration of 15 mM.
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cyanide [4], is not reflected in a concomitant lag in the rate of ATP break-
down; both mutant and parental cells had similar rates of ATP decay.

The previously observed ability of mutant cells to utilize lower concentra-
tions of glucose to reverse the cyanide-induced potentiation of colchicine
uptake [4] suggested that the mutant might be able to metabolize glucose more
efficiently to produce ATP than the parental cell line; however, the data
presented in Fig. 1 shows that the rate of ATP synthesis after the addition of
glucose was slower in the CH®C4 cell line than in the parental cell line. To
investigate this latter point further, the ATP level in cells exposed to 2 mM
cyanide plus various concentrations of glucose was measured. It is seen in Fig. 2
that the ATP level started to increase in both the CH®C4 and AUXB1 cell
lines at glucose concentrations greater than 0.2 mM; however, above 0.2 mM
glucose, the ATP level was always greater in the parental cell line than in the
mutant CH®C4 cell line. This is in agreement with the date presented in Fig. 1
showing that in the presence of cyanide the parental cell line can utilize glucose
to generate a higher intracellular ATP level than in the mutant cell line.

These data indicate that the rates of ATP breakdown on cyanide treatment
and ATP synthesis on subsequent addition of glucose in mutant and parental
cells (Fig. 1) do not quantitatively correlate with the previously observed
differences in colchicine uptake rates in these two lines [4] when treated with
these reagents under similar conditions.

Effect of ATP level on colchicine uptake

Since we had shown previously that the cell membrane of the mutants was
different from that of the parental cells, having an increased amount of a high
molecular weight glycoprotein [15,16], it was possible that the response of the
membrane of the mutant cells to intracellular ATP was different from that of
the parental cells. To test this possibility we measured the rates of colchicine
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Fig. 2. Utilization of various concentrations of glucose in the presence of cyanide, AUXB1 (—-®) and
CHR(C4 (0———-2) cells were incubated in 2 mM KCN plus various concentrations of glucose for 10 min

at 37°C. ATP levels were measured as described in Materials and Methods.
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uptake as a function of ATP level. Cells containing various levels of ATP were
generated by the method of Johnstone [9]. This method consists of incubating
the cells in nanomolar concentrations of the metabolic inhibitor rotenone
which caused the ATP concentration to drop to an intermediate level that
remained relatively constant for 15—20 min during which time the rate of
colchicine uptake was measured. The result of this experiment is shown in
Fig. 3. In the parental cell line AUXBI1 the rate of colchicine uptake started to
increase as the ATP level dropped below 2.0 nmol/10°¢ cells. However, in the
mutant cell line CH®C4 stimulation of colchicine uptake did not occur before
the ATP level had dropped below 0.5 nmol/10¢ cells. These results show that
there is an alteration in this energy-dependent drug permeability barrier in the
colchicine-resistant mutant resulting in the mutant being able to maintain a
decreased drug permeability at lower ATP levels.

These results also explain the 5 min lag seen in the cyanide-induced potentia-
tion of colchicine uptake in the mutant cell line [4]. In Fig. 1 we see that it
takes less than 1 min after the addition of cyanide for the ATP level to drop
below 2.0 nmol per 10° cells at which point stimulation of colchicine uptake
is seen in AUXBI1 (Fig. 3); however, it takes b min after the addition of cyanide
for the ATP level to drop below 0.5 nmol per 10° cells at which point stimula-
tion is seen in CHRC4 (Fig. 3). Thus, these results are in accord with the hypo-
thesis that changes in the rate of colchicine uptake are mediated through
changes in cellular ATP levels. However, an alternate view, that the rate of
colchicine uptake is related to some other product of glucose metabolism
whose level varied in a manner similar to ATP in these experiments, cannot be
ruled out.
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Fig. 3. Effect of cellular ATP level on colchicine uptake. AUXB1 (¢————) and CHRC4 (> —0) cells
containing various levels of ATP were generated as described in Materials and Methods. Rates of
colchicine uptake were determined from the lincar portions of uptake vs. time curves as previously
described [4]. The error bars represent the ATP levels at the beginning and end of the uptake measure-
ment.
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Membrane-associated protein kinase

If it is assumed that ATP might cause an alteration in membrane function,
one possible mechanism is through the phosphorylation of specific membrane
components. To test for the involvement of membrane phosphorylation in the
maintenance of the active drug permeability barrier, we first assayed for the
presence of a membrane-associated protein Kkinase activity in isolated
membranes. Table I shows that isolated membranes of both the parental cell
line AUXB1 and the highly resistant mutant CH®CH were able to utilize
[v-**P]ATP to phosphorylate endogenous membrane proteins as well as
exogenous acceptors such as casein and protamine. In addition, this activity
could not be removed by washing the membranes with high concentrations of
NaCl or KCl (data not shown). These data support the idea that the phos-
phorylation is mediated via a protein kinase(s) and that this kinase is an integral
part of the membrane.

We next investigated the phosphorylation of various membrane components
by polyacrylamide gel electrophoresis. In particular, we were interested in
whether or not the 165 000 molecular weight surface glycoprotein associated
with reduced permeability in these cells [15,16] was phosphorylated. As can be
seen in Fig. 4, the two independently selected highly resistant mutants CH®C4
and CHRCH both have enhanced phosphorylation of a 165 000 and 200 000
molecular weight band compared to the parental cell line AUXB1. The label in
both of these bands was stable to hydroxylamine hydrolysis but was
susceptible to treatment with alkali [30] (data not shown). These results are
consistent with the phosphorylation being through a phosphate ester linkage
rather than an acyl phosphate linkage. The surface glycoprotein associated with
reduced drug permeability, the “P’" glycoprotein, is readily labeled by metab-
olic incorporation of [*H}glucosamine [16] and, as shown in Fig. 4, co-electro-
phoresed with the 165 000 molecular weight phosphorylated protein(s). 110-1, a
revertant isolated from CH®C5, lacks the enhanced phosphorylation of these
proteins. These data support the hypothesis that the “P” glycoprotein is phos-
phorylated by the membrane-associated kinase and that this phosphorylation
may be important in the maintenance of reduced permeability in the mutants.

To investigate the nature of this membrane kinase further, we measured the
effect of cyclic AMP on the phosphorylation of membrane proteins. As can be
seen in Table 11, cyclic AMP at concentrations from 107® to 107™* M did not

TABLE 1
DEMONSTRATION OF MEMBRANE-ASSOCIATED KINASE ACTIVITY

Phosphorylation of membranes (100 ug membrane protein) was performed as described in Materials and
Methods.

Additions Relative incorporation (epm)
AUXBI1 cuRes
Membranes 2519 2125
Heat-denaturated membranes 91 114
Membranes + 100 ug cascin 3598 3097

Membranes + 100 yg protamine 4046

5499
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Fig. 4. Analysis of membrane phosphorylation by polyacrylamide gel electrophoresis. Membranes were
isolated from cells grown for two generations in the presence of 1 uCi/ml of [3H]glucosamine (19 Ci/
mmeol) and were phosphorylated and electrophoresed as described in Materials and Methods. Each gel
contained 100 ug of membrane protein. Profiles of 32p (@——-—®) and 3y (i
were determined.

<) incorporation

significantly affect the phosphorylation of membranes from either AUXB1 or
CHR®C4.

To determine if there was a change in the pattern of phosphorylation in the
presence of cyclic AMP, polyacrylamide gel electrophoresis of membranes
phosphorylated in the presence and absence of cyclic AMP was performed. As
shown in Fig. 5, the presence of either 1077 or 107°* M cyclic AMP did not
cause any significant alteration in the labeling pattern in either AUXB1 or
CHRC5. Thus the membrane-associated protein kinase in these cells does not
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Fig. 5. Effect of cyclic AMP on membrane phosphorylation profile. Phosphorylation reactions were
carried out in the absence (® —-8) or presence of 1077 M (¢- 0) or 1075 M (A—
AMP. Experimental conditions were as described in Materials and Methods.

) eyelic

appear to be cyclic AMP-dependent contrary to that reported for a number of
other membrane-associated kinases [17,18].

Membrane-associated phosphoprotein phosphatase
For a membrane phosphorylation to be involved in the active permeability
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TABLE II
EFFECT OF CYCLIC AMP ON MEMBRANE PHOSPHORYLATION

Phosphorylation of membranes was performed as in Table I. Control values were obtained from
appropriate samples without added cyclic AMP. Values are the averages of 4 or 5 experiments +S.D.

Cyclic AMP Phosphorylation of membrane proteins (percent of control)

(M) B S S O,
AUXB1 cHRcs

1-1078 98 + 12 97 £ 12

1-1077 98 t 19 100 + 11

1-1076 109 + 20 117 + 16

1-1075 99 + 15 94+ 5

1-1074 90 t

13 92 + 17

barrier, the membrane must be able to rapidly phosphorylate and dephos-
phorylate the membrane components involved in order to be able to explain
the rapid changes in drug permeability seen upon addition of cyanide [4]. To
determine if there was a phosphoprotein phosphatase activity also associated
with these membranes, the ability of isolated membranes from mutant and
parental cells to dephosphorylate phosphoprotamine was measured. As can be
seen in Fig. 6, a membrane-associated phosphoprotein phosphatase was found
to be associated with the membranes from both AUXB1 and CH®C5. The activ-
ity of this phosphatase was found to be identical for the membranes from both
cell lines (Fig. 6). This activity could also be completely inhibited by the addi-
tion of 10 mM ZnCl, (Fig. 6) which is consistent with the properties of other
phosphoprotein phosphatase [13].
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Fig. 6. Measurement of phosphoprotein phosphatase activity on isolated membranes. Membranes from
AUXB1 (open symbols) and cHRcs (closed symbols) were assayed for phosphatase activity in the
absence (circles) and presence (squares) of 10 mM ZnCl, by the method of Maeno and Greengard {13].
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Discussion

In this paper we have presented evidence in support of the view that the
potentiation of colchicine uptake in CHO cells by metabolic inhibitors [4] is
mediated through their effect on cellular ATP levels. We have shown that the
ATP level changes rapidly upon addition of cyanide and increases again after
the addition of glucose (Fig.1l) with rates consistent with the kinetics of
stimulation of colchicine uptake by cyanide and its reversal by glucose {4]. In
addition, we have shown that the mutant cell line CH*C4 maintains its drug
permeability barrier at much lower ATP levels. First, lower levels of glucose are
required to reverse the cyanide-induced potentiation of colchicine uptake in
the mutant CHRC4 [4] even though it metabolizes glucose to generate ATP at
slower rates than the parental cell line (Figs. 1 and 2). Second, by generating
cells with various ATP levels we have been able to demonstrate directly that the
mutant can maintain its permeability barrier at much lower ATP levels that can
the parental cell line (Fig. 3). These data show that the colchicine-resistant
mutants have an alteration in this active drug permeability barrier. This more
efficient permeability barrier could be the reason for the much reduced drug
permeability of these mutants at normal ATP levels.

In this paper we have also presented evidence in vitro for the existence of a
membrane-associated protein kinase-phosphoprotein phosphatase system which
may be involved in the phosphorylation and dephosphorylation of various
membrane proteins in vivo. One of the major differences in the protein phos-
phorylation pattern observed between the parental and mutant cell lines was
the enhanced phosphorylation of two high molecular weight protein peaks
(Fig. 4). The phosphoprotein phosphatase activity of these isolated membranes
seems to be the same in both mutant and parental cell lines (Fig. 6). In pre-
liminary experiments, evidence has been obtained that this phosphatase will
also dephosphorylate membrane proteins but does not seem very specific for
any one protein (unpublished data). It will need to be investigated further
whether differences in phosphatase activity play a role in the delayed response
to cyanide-induced stimulation seen in the mutant cell lines.

Since it is of importance to determine whether or not the pattern of phos-
phorylation observed in vitro reflects that in vivo, we have attempted to label
these proteins in vivo by incorporating [*?P]lorthophosphate into whole cells
and analyzing the membranes of these cells by polyacrylamide gel electro-
phoresis. So far we have been unable to detect the phosphorylation of these
proteins using this procedure. This could be due to a number of different
reasons. For example, the label could be removed by the phosphatase during
the membrane isolation or perhaps not enough label could be incorporated for
the phosphorylation of these proteins to be detected.

Juliano et al. [15] have reported the presence of a surface glycoprotein on
the mutant cell lines which is absent or in decreased amounts in the parental
cell line. This glycoprotein (the “P”’ glycoprotein) also appears to be one of the
major proteins phosphorylated in the mutant cell membranes (Fig. 4). Evidence
for this stems from the fact that the “P” glycoprotein (labeled by [*H]glucos-
amine) and the phosphorylated peak co-migrate on acrylamide gel electro-
phoresis (Fig. 4). Furthermore the correlation of the amount of the phos-
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phorylated protein with the degree of resistance in the two independently
selected mutants CH®C4 and CHRC5, and the lack of this phosphorylated
protein in the CH®C5 revertant 110-1 (Fig. 4), is similar to that reported for the
“P” glycoprotein [16]. The strong correlation between the amount of this
glycoprotein and the relative resistance of these cells to colchicine have led
Juliano and Ling [16] to postulate the involvement of this protein in the
resistant phenotype.

The evidence that this “P” glycoprotein was also phosphorylated by the
membrane-associated kinase suggests a role for this glycoprotein in the
maintenance of the active permeability barrier against colchicine. The mere
presence of the “P”’ glycoprotein is not enough for maintenance of a decreased
permeability since in the presence of cyanide the rate of colchicine uptake is
stimulated to a point where the rate of drug uptake becomes the same for
both the mutant and parental cell lines [4]. Thus we propose that this glyco-
protein must be in a phosphorylated state in order to maintain a decreased drug
permeability. The presence of larger amounts of the “P” glycoprotein in the
mutant cells would then result in a much lower permeability to a variety of
drugs. In addition, if the effect of metabolic inhibition is to block the phos-
phorylation of the “P”’ glycoprotein through a decrease in the ATP level, then
the resulting decrease in phosphorylated “P”’ glycoprotein should yield a stimu-
lation in drug uptake.

Numerous workers have found that metabolic depletion results in a variety
of alterations in membrane structure. For example, in chicken erythrocytes
metabolic depletion has been reported to result in an increase in the exposure
of the membrane lipids toward phospholipase C [19,20], phospholipase A [21]
and trinitrobenzene sulfonic acid [21]. Metabolic depletion has also been
reported to have effects on lectin-induced agglutination in transformed cells
[22] and human erythrocytes [23,24] as well as inducing shape changes in
human erythrocytes [25—28]. In the CHO cell system, metabolic depletion
results in marked changes in membrane permeability to a variety of drugs [4].
It seems possible that all these effects are mediated through a phosphorylation-
dephosphorylation of membrane proteins.

The mechanism whereby the phosphorylated ‘“‘P” glycoprotein might be able
to maintain a decreased permeability for compounds such as colchicine, which
enter these cells via an unmediated mechanism [3], is not known. However,
these data are consistent with the model proposed by Ling [29] in which this
glycoprotein is involved in the modulation of membrane lipid fluidity in a
manner resulting in decreased drug permeability. It would be of considerable
interest to determine the molecular mechanism whereby this glycoprotein
could modulate membrane lipid fluidity.
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