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SUMMARY

KESSEL, DAVID: Enhanced membrane glycoprotein synthesis induced by adriamycin.
Mol. Pharmacol. 16, 306-312 (1979).

Within 30 mm of exposure of P388 murine leukemia cells to the anthracycline anti-tumor

drug adriamycin, cell-surface electronegativity and incorporation of radioactive fucose
into membrane glycoproteins were markedly increased, while cell surface hydrophobicity

and incorporation of thymidine into DNA decreased. Incorporation oflabeled leucine into

cell protein was unaffected. These data indicate a drug-induced increase in production of
electronegative and hydrophilic membrane glycoproteins which was not found when

adriamycin-resistant cells were similarly treated.

INTRODUCTION

Adriamycin is a broad-spectrum anti-tu-
mor antibiotic which is useful in the treat-
ment of neoplastic disease in man (1). The

major mode of drug action involves inter-
calation into the DNA helix, leading to
inhibition of nucleic acid biosynthesis (2-
4). Conversion of adriamycin to a free-rad-
ical form may be required both for its in-

teraction with DNA (5) and for the drug-
induced peroxidation of lipids which has
been described (6-8). Treatment with ad-
riamycin enhances the rate of Concanavalin

A-induced agglutination of Sarcoma 180
cells (9). Properties of model membranes
(10, 11) and erythrocyte membranes (11,

12) were also altered by the drug. Data
reported therefore suggest a mode of action
of adriamycin involving cell-surface and
membrane phenomena (9-12).

Methods used in this laboratory for de-
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tection and characterization of cell-surface
and membrane alterations caused by anti-
tumor agents have previously been de-
scribed (13-15). In the present study, effects
of exposure to adriamycin of the drug-sen-
sitive P388 murine leukemia and 2 drug-
resistant sublines are examined.

MATERIALS AND METHODS

Cell lines. The P388, P388/ADR’ and
P388/VCR cell lines were obtained from
Dr. I. Wodinsky, Arthur D. Little Corp.,
Cambridge, Mass., and were maintained by
serial weekly transplant of 106 cells in
C3D2F1 male mice. Survival of animals
bearing the P388 murmne leukemia was sig-
nificantly increased (to 235-260% of con-
trol) by treatment with 0.65 mg/kg of ad-
riamycin via intraperitoneal injection. In
contrast, lives of animals bearing P3881

1 The abbreviations used are: HEPES, N-2-hydrox-

yethylpiperazine-N’-2-ethanesulfonate; ADR, adria-

mycin; VCR, vincristine; PEG, polyethylene glycol

(mol. wt. 6000); PEG-palmitate, palmitate ester o
PEG with 70% of available OH groups estenifled; Con

A, Concanavalin A.
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ADR (selected for adriamycin resistance)

and P388/VCR (selected for vincristine re-
sistance) were not prolonged by treatment
with adriamycin (16, 17). In work reported
in detail elsewhere (18), Inaba and Johnson
found an LD� (adriamycin concentration
lethal to 99% of cells after 1 hour at 37#{176}in

vitro) of 0.25 1tg/mi for P388 as compared
with 200 ,�g/mi for the drug-resistant lines.

Chemicals. [‘4C]-labeled thymidine and
leucine were provided by New England Nu-

clear Corp. Stock solutions of 50 �M were
prepared by dilution with carrier to obtain
a specific activity of 10 �tCi/mi. [3H]-labeled
L-fucose was purchased from New England
Nuclear Corp.; stock solution (carrier-free)
contained 100 MCi/mi. Adriamycin was sup-
plied by the Division of Cancer Treatment,
National Institutes of Health; 10 mg/mi

stock solutions were stored under nitrogen
at -20#{176}.Dextran T 500 (lot 7863) was ob-
tamed from Pharmacia, polyethylene glycol
(mol. wt. 6000) from Pierce Chemical Co.,

electrophoresis supplies from Ortec, and
marker proteins from Sigma Chemical Co.

Incubations. Suspensions of freshly-iso-

lated cells in HEPES-buffered Fisher’s me-
dium (pH 7.2) containing 10% horse serum
were filtered through glass wool to remove
clumps, and brought to a density of 2 x 106

cells/nil. One ml portions of this suspension
were incubated at 37#{176}with 0-30 �sg/mi 1ev-
els of adriamycin for 30 mm. The cells were
then collected by centrifugation, washed
once with fresh medium, and used for fur-
ther studies.

Adriamycin accumulation was measured
by extraction of pellets of 2 x 106 cells with

500 �tl of CHC1-EtOH (1:1). The debris was
removed by centrifugation and the drug

concentration in the supernatant fluid was
determined fluorometrically (19).

Effects of prior exposure to adriamycin
on incorporation of labeled precursors into
acid-insoluble material were measured by
suspending drug-treated cell pellets in fresh
medium at 37#{176}.To 1 ml suspensions of 2
x 106 cells were added the 10 �il stock so-

lutions of substrates described above. After
5 mm incubations with labeled thymidine
and 30 mill incubations with labeled fucose
or leucine, the cells were collected by cen-
trifugation. Thymidine and leucine incor-

poration was determined by washing pellets
twice with 0.3 M HC1O4. The pellets were
then solubilized (NCS, Amersham/Searle)
for determination of radioactivity of liquid
scintillation counting. Fucose incorporation

into glycoproteins was measured (20) by

three washings of cell pellets with 5% tri-
chloroacetic acid, one wash with CHCL�:
methanol:ether (2:2:1) and one wash with

methanol. The residue was solubiized and
radioactivity determined as described

above.

Membrane studies. After fucose labeling,
cell membranes were isolated (21) and an-
alyzed by polyacrylamide gel electrophore-

sis using 5% gels. After electrophoresis (2
mA/gel, 2 hours) the cylindrical gels (5 x

75 mm) were sliced into 1 mm sections and
radioactivity in each section was measured
by liquid scintillation counting. Protein
standards (ovalbumin, bovine serum albu-
mm, chymotrypsinogen, ferritin, and cata-
lase) were run on similar gels which were
then stained with Brilliant Coomassie Blue

so that the relationship between molecular
weight and migration could be estimated.

Alternatively, fucose-labeled cells were
lysed, nuclei removed, and the post-nuclear
fraction extracted with lithium diiodosali-
cylate to selectively solubiize glycoproteins
as previously described (22). The glycopro-

tein fraction was purified by subsequent
dialysis and extractions (22) and the level

of radioactivity in this preparation was
measured by liquid scintillation counting.

To determine the nature of the radioac-
tive material in these membrane fractions,
the purified membranes or diiodosalicylate
extract was hydrolyzed in 0.5 ml of 1 N HC1
at 100#{176}for 60 mm. The debris was removed
by centrifugation, and the supernatant fluid
was concentrated in uacuo and stored over
NaOH pellets to remove traces of HC1. The

radioactive material was then analyzed by
paper chromatography as previously de-

scribed (23).
Electrophoretic mobility. The electro-

phoretic mobility at the shear plane was

monitored with the Mark II apparatus sup-
plied by Rank Bros., Cambridge, U.K. Cells
were suspended in a solution containing
4.5% sorbitol, 14.5 m.rs� NaCl and 1 m�i
NaHCO3 at pH 7.0 (24). The electropho-
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retic mobility of individual cells was mess-
ured in both directions with change of po-
larity between measurements. At least 30

such measurements were made for each
determination.

Partitioning studies. After treatment of
cells with adriamycin as described above,
pellets containing 106 cells were suspended
in 100 � of 150 mr�i NaCl and then added

to a 9.9 g mixture of 5.0% (w/w) Dextran
T-500 + 3.6% PEG made up in 140 mi�i
NaC1 + 10 nm� sodium phosphate buffer at

pH 7.0 and containing 0.001% PEG palmi-
tate (27). After gentle mixing, a 1 ml portion
was removed and the cell concentration
measured with a Coulter Electronic Parti-
cle Counter, after appropriate dilution. The
phases were then allowed to separate for 20
mm at 22#{176}.An aliquot of the upper phase

was removed and the cell number measured
as before. The partition coefficient is de-
fined as the number of cells in the top phase
expressed as a percent of the total cell
number (25).

Transport studies. The effect of prior
treatment with adriamycin on amino acid
and nucleoside transport was determined
as described previously (13).

Studies with another inhibitor. To ascer-
tan whether effects seen in this study were
produced by non-specific inhibition of DNA
synthesis, freshly-isolated P388 cells and
P388 sublines were incubated in medium

containing 1 j�M cytosine arabinoside for 30
min at 37#{176}.These cells were then used for
determination of electrophoretic mobility,
partition coefficient, and for the measure-
ment of incorporation oflabeled thymidine,
leucine and fucose into acid-insoluble mac-
romolecules as described above.

RESULTS

All results are shown in terms of cell
number. One gram of cells (wet weight)
contained 2.4 x 108 � 3.0 x 108 P388/
ADR or 3.1 x 108 P388/VCR cells. The
Coulter Channelyzer 1000 indicated mean
diameters of 11.25 � for P388, 10.74 z for
P388/ADR and 10.48 ,i for P388/VCR. Mr.

I. Wodinsky, Arthur D. Little Corp., re-
ported that typical preparations of these
cells freshly isolated from mice contained
less than 1% macrophages.

Adriamycin accumulation. Incubation
for 30 mm at 37#{176}in medium containing 10
pg/mi of drug resulted in accumulation of
33 ± 2.4 ;.tg of adriamycin per i07 P388 cells.
For P388/ADR and P388/VCR, the corre-
sponding numbers were 17 ± 1.4 and 18 ±

1.5 �tg/107 cells.
Drug effects on precursor incorporation.

Incorporation of labeled thymidine into
DNA was inhibited by approximately 50%
when P388 cells were treated first with 3

�tg/m1 of adriamycin for 30 mm (Table 1).
To produce the same effect in P388/ADR
and P388/VCR, a drug level of 10 jzg/ml
was required. A 30 mm incubation with
drug levels as high as 30 pg/mi did not
affect leucine incorporation into protein in
any cell line.

Incorporation of fucose into glycoprotein
was markedly stimulated by 0.3 �tg/mi of
adriamycin in the P388 cell line. The incor-
poration of fucose by untreated P388/ADR
and P388/VCR cells was inherently greater
than P388, and was not affected by adria-
mycin levels of 3-30 pg/nil.

When cells were incubated with radioac-
tive fucose for 60 mm, and membranes then
isolated as described by Bosmann et al.

(21), we found a recovery of total acid-in-
soluble radioactivity ranging from 70-78%
in separate experiments involving all three
cell lines. When the membrane material
was subjected to analysis by gel electropho-
resis (5% gels as described by Bosmann et

al. [21]), all of the radioactivity incorpo-
rated during this brief labeling interval was
found to migrate in a single peak. A com-
parison with the migration rate of several
standard protein samples indicated an ap-
proximate molecular weight of 25,000.

Extraction of nuclei-free cell homoge-
nates with lithium diiodosalicylate followed

by removal of low molecular-weight mate-
rials (22) resulted in the recovery of 68% of
radioactive fucosylated products in P388

cells, 74% in P388/ADR and 78% of P388/
VCR. Paper chromatography of acid hy-
drolysates of isolated membranes or of the
lithium salt extract indicated the radioac-
tive product to be >90% fucose.

Electrophoretic mobility. The mobility
of P388 cells was inherently less than that
of P388/ADR and P388/VCR (Table 2).
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ADR (selected for adriamycin resistance)
and P388/VCR (selected for vincristine re-
sistance) were not prolonged by treatment
with adriamycin (16, 17). In work reported
in detail elsewhere (18), Inaba and Johnson
found an LD� (adriamycin concentration
lethal to 99% of cells after 1 hour at 37#{176}in

vitro) of 0.25 pg/mi for P388 as compared
with 200 �tg/ml for the drug-resistant lines.

Chemicals. [‘4C]-labeled thymidine and
leucine were provided by New England Nu-
clear Corp. Stock solutions of 50 �iM were
prepared by dilution with carrier to obtain
a specific activity of 10 �iCi/ml. [3H]-labeled
L-fucose was purchased from New England
Nuclear Corp.; stock solution (carrier-free)
contained 100 MCi/nil. Adriamycin was sup-
plied by the Division of Cancer Treatment,
National Institutes of Health; 10 mg/mi
stock solutions were stored under nitrogen

� at -20#{176}.Dextran T 500 (lot 7863) was ob-
tamed from Pharmacia, polyethylene glycol

� (mol. wt. 6000) from Pierce Chemical Co.,
electrophoresis supplies from Ortec, and
marker proteins from Sigma Chemical Co.

Incubations. Suspensions of freshly-iso-
lated cells in HEPES-buffered Fisher’s me-
dium (pH 7.2) containing 10% horse serum

. were filtered through glass wool to remove
clumps, and brought to a density of 2 x 106

cells/nil. One ml portions of this suspension
were incubated at 37#{176}with 0-30 jtg/mi 1ev-
els of adriamycin for 30 mm. The cells were
then collected by centrifugation, washed
once with fresh medium, and used for fur-

� ther studies.
� Adriamycin accumulation was measured

by extraction of pellets of 2 x 106 cells with
500 �d of CHC1-EtOH (1:1). The debris was
removed by centrifugation and the drug

. concentration in the supernatant fluid was
� determined fluorometrically (19).

Effects of prior exposure to adriamycin
on incorporation of labeled precursors into

. acid-insoluble material were measured by
suspending drug-treated cell pellets in fresh
medium at 37#{176}.To 1 ml suspensions of 2
x 106 cells were added the 10 �d stock so-
lutions of substrates described above. After
5 miri incubations with labeled thymidine
and 30 nun incubations with labeled fucose

� or leucine, the cells were collected by cen-
� trifugation. Thymidine and leucine incor-

poration was determined by washing pellets
twice with 0.3 M HC1O4. The pellets were
then solubilized (NCS, Amersham/Searle)
for determination of radioactivity of liquid
scintifiation counting. Fucose incorporation
into glycoproteins was measured (20) by

three washings of cell pellets with 5% tri-
chloroacetic acid, one wash with CHCl�:
methanol:ether (2:2:1) and one wash with

methanol. The residue was solubilized and
radioactivity determined as described

above.
Membrane studies. After fucose labeling,

cell membranes were isolated (21) and an-
alyzed by polyacrylamide gel electrophore-
sis using 5% gels. After electrophoresis (2
mA/gel, 2 hours) the cylindrical gels (5 x
75 mm) were sliced into 1 mm sections and
radioactivity in each section was measured
by liquid scintifiation counting. Protein

standards (ovalbumin, bovine serum albu-

mm, chymotrypsinogen, ferritin, and cata-
lase) were run on similar gels which were
then stained with Brilliant Coomassie Blue
so that the relationship between molecular
weight and migration could be estimated.

Alternatively, fucose-labeled cells were
lysed, nuclei removed, and the post-nuclear
fraction extracted with lithium diiodosali-
cylate to selectively solubiize glycoproteins

as previously described (22). The glycopro-
tein fraction was purified by subsequent

dialysis and extractions (22) and the level

of radioactivity in this preparation was
measured by liquid scintillation counting.

To determine the nature of the radioac-
tive material in these membrane fractions,
the purified membranes or diiodosalicylate
extract was hydrolyzed in 0.5 ml of 1 N HC1
at 100#{176}for 60 min. The debris was removed
by centrifugation, and the supernatant fluid
was concentrated in vacuo and stored over
NaOH pellets to remove traces of HC1. The
radioactive material was then analyzed by
paper chromatography as previously de-
scribed (23).

Electrophoretic mobility. The electro-
phoretic mobility at the shear plane was
monitored with the Mark II apparatus sup-
plied by Rank Bros., Cambridge, U.K. Cells
were suspended in a solution containing
4.5% sorbitol, 14.5 mM NaCl and 1 m�i
NaHCO3 at pH 7.0 (24). The electropho-
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retic mobility of individual cells was meas-
ured in both directions with change of po-
laxity between measurements. At least 30
such measurements were made for each
determination.

Partitioning studies. After treatment of
cells with adriamycin as described above,
pellets containing 106 cells were suspended

in 100 �d of 150 nmi NaC1 and then added
to a 9.9 g mixture of 5.0% (w/w) Dextran
T-500 + 3.6% PEG made up in 140 nmi
NaC1 + 10 mM sodium phosphate buffer at
pH 7.0 and containing 0.001% PEG palmi-
tate (27). After gentle mixing, a 1 ml portion
was removed and the cell concentration
measured with a Coulter Electronic Parti-
cle Counter, after appropriate dilution. The
phases were then allowed to separate for 20
mill at 22#{176}.An aliquot of the upper phase
was removed and the cell number measured
as before. The partition coefficient is de-
fined as the number of cells in the top phase
expressed as a percent of the total cell
number (25).

Transport studies. The effect of prior
treatment with adriamycin on amino acid

and nucleoside transport was determined
as described previously (13).

Studies with another inhibitor. To ascer-
tam whether effects seen in this study were

produced by non-specific inhibition of DNA
synthesis, freshly-isolated P388 cells and
P388 sublines were incubated in medium
containing 1 �tM cytosine arabinoside for 30
mm at 37#{176}.These cells were then used for
determination of electrophoretic mobility,
partition coefficient, and for the measure-
ment of incorporation oflabeled thymidine,
leucine and fucose into acid-insoluble mac-
romolecules as described above.

RESULTS

All results are shown in terms of cell
number. One gram of cells (wet weight)
contained 2.4 x 108 P388, 3.0 x 108 P388/
ADR or 3.1 x 108 P388/VCR cells. The
Coulter Channelyzer 1000 indicated mean
diameters of 11.25 �i for P388, 10.74 �z for
P388/ADR and 10.48 � for P388/VCR. Mr.
I. Wodinsky, Arthur D. Little Corp., re-
ported that typical preparations of these
cells freshly isolated from mice contained

less than 1% macrophages.

Adriamycin accumulation. Incubation
for 30 mill at 37#{176}in medium containing 10

�tg/mi of drug resulted in accumulation of
33 ± 2.4 ,.tg of adriamycin per i07 P388 cells.
For P388/ADR and P388/VCR, the corre-
sponding numbers were 17 ± 1.4 and 18 ±
1.5 �.tg/107 cells.

Drug effects on precursor incorporation.
Incorporation of labeled thymidine into
DNA was inhibited by approximately 50%
when P388 cells were treated first with 3
,tg/mi of adriamycin for 30 mm (Table 1).

To produce the same effect in P388/ADR
and P388/VCR, a drug level of 10 �tg/mi
was required. A 30 mm incubation with
drug levels as high as 30 pg/mi did not
affect leucine incorporation into protein in
any cell line.

Incorporation of fucose into glycoprotein
was markedly stimulated by 0.3 gig/mi of
adriamycin in the P388 cell line. The incor-
poration of fucose by untreated P388/ADR
and P388/VCR cells was inherently greater
than P388, and was not affected by adria-
mycin levels of 3-30 �tg/nil.

When cells were incubated with radioac-
tive fucose for 60 mm, and membranes then
isolated as described by Bosmann et al.

(21), we found a recovery of total acid-in-
soluble radioactivity ranging from 70-78%
in separate experiments involving all three
cell lines. When the membrane material
was subjected to analysis by gel electropho-
resis (5% gels as described by Bosmann et

al. [21]), all of the radioactivity incorpo-
rated during this brief labeling interval was
found to migrate in a single peak. A com-
parison with the migration rate of several
standard protein samples indicated an ap-
proximate molecular weight of 25,000.

Extraction of nuclei-free cell homoge-
nates with lithium diiodosalicylate followed

by removal of low molecular-weight mate-
rials (22) resulted in the recovery of 68% of
radioactive fucosylated products in P388
cells, 74% in P388/ADR and 78% of P388/
VCR. Paper chromatography of acid hy-
drolysates of isolated membranes or of the
lithium salt extract indicated the radioac-
tive product to be >90% fucose.

Electrophoretic mobility. The mobility
of P388 cells was inherently less than that
of P388/ADR and P388/VCR (Table 2).
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TABLE 1

Effect ofadriamycin on incorporation of radioactive

precursors

Cells were incubated for 30 mm with specified levels
of adniamycin, then suspended in fresh medium and

incubated for 5 miii with [‘4C]thymidine, or for 30 min
with [‘4C}-leucine or [3H]fucose. Data are shown in
terms of counts/min of radioactivity incorporated into

acid-insoluble material pe r i0� cells.

Cell line Drug
level

Thymi-
dine

Leucine Fucose

P388#{176}

(pg/rn!)

0

3
10

30

6970t

3000
380

350

1710

1650

1510

1460

1450

2670

2480

2220

P388/ADR8 0

3

10

30

11300

10240

5350

1430

2050

2030

2080

1960

6030

6210

6830

7010

p�b 0

0.3
1.0

3
10

30

9950

8905

7510

4250

600

400

2370

2280

2295

2200

2100

2080

1900

3805

3790

3750

3500

3050

P388/ADRb 0

0.3
1.0

3
10

30

10530

9860
9720

9540

5030

1210

1940

1910
1930

1900

1890

1860

5620

5680
5990

6060

6100

6340

P399/VCRb 0

3
10

30

9920

9620
4900

1820

2270

2230

2130

2050

3570

3690

3710

3970

a Experiment 1.

b Experiment 2.

C Data shown as average of three determinations

(rounded to nearest 10).

Incubation with 0.3 pg/mi of adriamycin for
30 mm substantially increased the electro-
negativity at the shear plane of the cell of
the P388 cell, without affecting the other
cell lines. After treatment with 10 �&g/m1
adriamycin, the electronegativity of P388

was actually slightly greater than that of
the drug-resistant cells.

Partitioning behavior. To monitor
changes in cell-surface properties not re-
lated to charge, a two-phase aqueous poly-

mer system was employed. When the
phases of this mixture separate, there is no
potential difference across the interface and
less than 2% of any cell line examined here
will partition into the upper phase. Addi-
tion of 0.001% PEG-palmitate, which pref-
erentially partitions into the PEG-rich up-
per phase (27-29) attracts cells with a suf-
ficient number of hydrophobic palmitate
binding sites at or near the cell surface. The
data (Table 3) show P388/ADR and P388/
VCR cells to be inherently less hydrophobic
than P388. Treatment with 3 pg/mi adria-
mycin markedly reduced the hydrophobic-
ity of P388 without affecting the other cell
lines, a finding consistent with the hypoth-

esis of a drug-induced increase in the level

of certain hydrophilic glycoprotein on the
P388 cell surface.

Transport effects. Transport of the non-
metabolized amino acid cycloleucine, and
of the nucleoside uridine were not affected
by levels of adriamycin as high as 30 j�g/m1

in any cell line examined here.
Effects ofcytosine arabinoside. A 30 mm

incubation in medium containing 1 �tM of
this drug inhibited incorporation of a sub-

TABLE 2

Effect of adriamycin ofe!ectrophoretic mobility

Cells were incubated for 30 mm with specified levels
of adniamycin, then suspended in a sorbitol-based me-

dium (described in the text) for determination of elec-

trophoretic mobility by observation of migration rate

of individual cells in an electric field. Each measure-
ment shown involved 30 determinations with reversal

of field.

Cell line Adniamycin
level

Electrophoretic mo-
bility

P388

(pg/mi)

0
1.3
1.0

3
10

(jun/V/crn/sec)

-1.88±0.10
-1.89±0.15

-1.90±0.10

-2.0 ± 0.09

P388/ADR 0

3

10

-1.95 ± 0.10

-1.96±0.07

-1.98±0.13

P388/VCR

a Data sho

0 -1.85 ± 0.07

3 -1.85±0.09
10 -1.87±0.11

wn as mean ± S.D.



P388

P388/ADR

P388/VCR

0

3

10

30

0

3

10

30

4.9 ± 0.4
5.3 ± 0.5

5.2 ± 0.4

4.5 ± 0.3

8.8 ± 0.6

8.9 ± 0.5

8.3 ± 0.5

8.0 ± 0.6

a Results shown as average ± S.D. for five experi-
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ments.

sequent 5 mm pulse of [‘4C]thymidine into
DNA by 90-95% in all three cell lines with-

out significantly affecting partitioning be-

havior, or electrophoretic mobility. The
treatment with cytosine arabinoside did not
significantly affect subsequent incorpora-
tizn of labeled leucine or fucose into acid-
insoluble pools of macromolecules.

DISCUSSION

The transplantable P388 murine leuke-
mia was chosen for this study since it is
highly responsive to adriamycin in vivo.

For comparison, two drug-resistant sub-
lines of P388 were also examined. Previous
reports (9-12) indicated a site of action of
adriamycin which appeared to involve com-

ponents of the cell membrane. The present
study has confirmed these reports; within

30 mm of exposure of the P388 cell to
adriamycin there is a marked change in two
cell-surface properties, electronegativity
and hydrophobicity. The incorporation of

TABLE 3

Partition coefficients of cell lines

Cells were incubated for 30 mm with specified levels
of adniarnycin, then suspended in 0.9% NaCl and 0.1

ml aliquots containing i05 cells were mixed with 5 ml

portions ofeach phase ofthe 2-phase system described

in the text. Data represent percent of total cells which

appeared in the upper phase after the phases had

separated.

Cell line Adniamycin
level

Partition coeffi-
cient

(pg/ml) (%)

0 25.5 ± 2.68

0.3 15.2 ± 2.1

1.0 13.6 ± 1.8

3 12.2 ± 1.9

10 8.9 ± 0.9

30 8.2 ± 0.6

labeled fucose into cell glycoprotein was
a�lso enhanced.

These data indicate that exposure of
P388 cells to adriamycin involves enhanced

glycosylation of existing acceptors, but not
an overall increase in net protein synthesis.

The drug-resistant cells showed an inher-
ently greater amount of fucosylation during
the labeling period which was not affected
by treatment with drug.

Cells made resistant (13, 14, 26-31) to
any of a group of natural products which
includes adriamycin, daunorubicin, chro-
momycin, actinomycin D, vincristine, eme-
tine and vinblastine, are generally cross-
resistant to the others, and show a greater
rate of glycoprotein synthesis, an enhanced
cell-surface electronegativity, less glycopro-

tein degradation and a higher level of gly-
cosyltransferse activity than do parent cell

lines (32-37). It has been suggested (34-36)
that presence of an elevated level of mem-
brane glycoprotein in the drug-resistant
cells might alter membrane ‘fluidity,’ and
thereby restrict drug uptake. But the major
mode of drug resistance appears to involve

an enhanced rate of exodus of accumulated
drug (29-31, 37-39) rather than an uptake
barrier. Whether this latter phenomenon is
related to the findings reported here re-

mains to be established.
We proposed that an important conse-

quence of exposure of certain drug-respon-
sive cells to adriamycin is an alteration in
the normal pattern of glycoprotein synthe-

sis, resulting in enhanced incorporation of

at least one sugar into cell-membrane gly-
coprotein, increased cell-surface electro-
negativity, and decreased hydrophobicity.
Selection for adriamycin resistance in two
cases leads to an altered pattern of glyco-
protein synthesis, an altered cell mem-

brane, and ‘resistance’ to effects of the drug
on these cell properties. The role of the
drug-induced alterations in these and other
membrane phenomena as factors in drug
toxicity remains to be established.
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