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tion

FIG. 1. Typical ESR spectra ofMSL.labeled erythrocytes atpH 8.0

Spectrum A, without chlorpromazune; Spectrum B, with chlorpro-

mazine. The amplitudes of low-field lines of the strongly immobilized

component (5) and of the weakly immobilized component (W) are

indicated.

may be amino groups (18). This type of spectrum has
been described previously (10-12, 17-24) as a superposi-
tion of at least two spectra, reflecting at least two types
of spin-label binding sites.

The amplitude ratio of the weakly and strongly im-
mobilized signals (W/S) has often been used to monitor
the relative amount of weakly and strongly immobilized
label motions in the protein molecules in membranes
under different conditions. As discussed by many authors
(10-12, 17-24), the W/S ratio is a sensitive and conven-

ient monitor of the physical state of membrane proteins.

In particular, it has been shown (10-12) that CPZ pro-
yokes an “immobilization” of the protein-bound spin
labels. These changes in ESR spectra have been consid-

ered to arise from drug-induced alterations of the protein
conformation of one of the spin-labeled sites (10-12).

We have also noticed that CPZ markedly alters the

ESR spectra of MSL in erythrocyte membrane. At a
concentration of 3 mr�i (Spectrum B in Fig. 1), the am-

plitude of the spectrum is drastically reduced; more than
that, the weakly immobilized spectrum is almost corn-
pletely removed. The W/S ratio is consequently mark-
edly decreased. By increasing progressively the concen-
tration of CPZ it was found that the W/S ratio is grad-

ually decreased (Fig. 2). The concentration of 3 rn�t CPZ

seemed to be the end-point of a titration, in agreement
with previous reports (10-12).

We have tried to clarify the mechanisms of the changes
of ESR spectra induced by CPZ. Thus far two possible

mechanisms have been considered (8, 10-12). One mech-
anism is that of CPZ-induced changes in organization
and/or conformation of membrane proteins resulting in
a decreased binding of MSL at the weakly immobilized
sites and an increased binding at the strongly immobi-
lized site (17, 24). A second mechanism would be the
CPZ-induced solubilization from erythrocyte membranes
of some proteins containing most of the weakly immo-
bilized sites. It has been suggested that CPZ acts prefer-
entially on the superficial membrane protein layers (2).
Therefore, if the proteins loosely bound to erythrocyte
membranes are solubilized by CPZ and if such proteins
contain most of the weakly immobilized label sites, the
spectral changes induced by CPZ could be explained.

In order to discriminate between these two possible

mechanisms we have studied CPZ-induced solubilization
of proteins from the erythrocyte membrane in compari-
son with a standardized procedure for eluting loosely
bound proteins (including spectrin) from erythrocyte
membranes (14). On the other hand, the spectral changes
induced by CPZ were compared with changes in the ESR
spectra of MSL-labeled erythrocyte ghosts induced by
decreasing pH to 4.5, a condition known to induce

changes in the organization of proteins in the erythrocyte
membrane.

The protein release from the erythrocyte membrane
induced by CPZ has been followed by determination of

protein concentration and by electrophoretic analyses of
the pellet and the corresponding supernatant after mem-
brane incubation in CPZ. A weak protein-solubilizing
effect of CPZ has been noted: at a concentration of 3 m�i
after 15 mm of incubation, less than 1� of the membrane

protein is released in the supernatant. In contrast, low-
salt treatment (14) releases as much as 28� of the mem-

brane protein.
Electrophoretic comparisons of the proteins in eryth-

rocyte ghosts and in the fractions obtained after CPZ
incubation or by low-salt treatment are shown in Fig. 3,

and the results of quantitative (lensitornetry are listed in
Table 1.

The labeling of erythrocyte ghosts with MSL induced
only minor changes: Band 5’ was slightly increased and

Band 8 was decreased (see notations in Fig. 3). After
cPz incubation (Fig. 3) some proteins were aggregated

and did not enter the running gel. Some of these may
have originated in spectrin, as Band 1 plus Band 2 (where
spectrin is located) was markedly decreased in the pellet

after CPZ incubation. A slight decrease in the percentage
of Bands 4.5a and 6 could also be noticed. As shown in
Fig. 3 and Table 1, the proteins released by CPZ were

mainly Band 6 (around 60g.) and Band 4.5a, as well as
some polypeptides with molecular weights below 20,0(X)

(which we called 8’). The low-salt treatment solubilized
mainly Components 1, 2, and 5 (Fig. 3; Table 1), in

1.0 3.0 C (mM) agreement with Fairbanks et al. (14).
Butterfield et al. (22) suggested that spectrin contains

many of the W sites. However, we found that ESR
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Prel.#{247}
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FIG. 3. Electrophorograms

a, Erythrocyte ghosts; b, ghosts labeled with MSL; c, pellet obtained after incubation of ghosts with chlorpromazine; d, polypeptides released

in the supernatant after incubation with chlorpromazine; e, pellet obtained after low-salt treatment of ghosts; f, supernatant after low-salt

treatment. Details of sample preparation are given under Methods. Hemoglobin and polypeptides are numbered following the system of Fairbanks

et al. (14) with minor changes. Hb, Hemoglobin; DF, dye front.

spectra of the pellet and supernatant after EDTA treat-
ment have both MSL binding sites. Therefore the W
signal cannot be attributed to proteins loosely bound to
erythrocyte membranes. On the other hand, the CPZ
treatment of both pellet and supernatant (Fig. 4) after
EDTA treatment showed a decrease in the amplitude of
the ESR signal, with a marked reduction of the W/S
ratio.

Taken together with the weak protein-solubiizing ef-
fect of CPZ and with the absence of any ESR signal in
the supernatant obtained after CPZ incubation of MSL-
labeled ghosts, these data show that the “detergent-like”
property of CPZ (2) cannot explain the alterations in the
ESR spectra of MSL-labeled erythrocyte membranes
induced by this drug.

The possibility that changes in organization or confor-
mation of membrane protein may explain the spectral

changes induced by CPZ was explored by comparing the

spectra of MSL-labeled ghosts at pH 4.5 and pH 8.0 in
the presence and absence of CPZ. In agreement with
previous reports (17, 24) we noted that lowering the pH
to 4.5 in the absence of CPZ virtually eliminated the
weakly immobilized component, presumably by conver-
sion to the strongly immobilized component (Fig. 5).
Values for the W/S ratio for membranes at pH 8.0 are
4.5 ± 0.5 and at pH 4.5 are 0.6 ± 0.2 (mean and standard

error of the mean for five experiments). At pH 4.5 CPZ
did not markedly change the spectra.

It is known from previous studies that a decrease in
the W/S ratio may be an indicator of conformational
changes in MSL-labeled proteins (25). However, in the
presence of CPZ at pH 8.0 the weakly immobilized com-
ponent was eliminated without conversion to the S com-
ponent, but with a concomitant reduction in the ampli-
tude of the S component. It seems therefore that the
spectral changes induced by CPZ in MSL-labeled ghosts
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TABLE 1

Pre I

I and 2

3

31.9

27.8

2.2

3.5

4.1

4.2 4.3

4.5a 7.0

4.5b 4.9

5 1.4

5’ 4.16 1.6

6.9 2.4

7 5.4

34.7

27.9

2.2

4.6

3-7

8.6

4.0

2.2

4.0

0.9

1.8

2.4

18.0

26.1

30.0

1.9
3.1

2.6

4.6

3.6

0.5

2.6

1.4

1.7

2.4

Hb + DF

13.4

59.8

3.5

15.8

50.7

1.9

4.0

2.9

5-5

2.4

1.3

5.5

2.4

3.4

4.2

47.4

7.8

5.6

3.7

8.6

3.()

5.6

:3.4

8.6

3.0 1.5 14.9

106
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FIG. 5. ESR spectra ofMSL-labeled erythrocytes at pH 4.5

Spectrum A, without CPZ; Spectrum B, with 3 mM CPZ.

Distrib

Band no.”

ution ofprotein in fractions ofe

Control ghosts MSL-labele

rythrocyte ghosts after vario

d ghosts CPZ

Sediment

us treatments (percenta

treatment5

ge of total membra

Low-salt

ne protein)

treatment’

Supernatant Sediment Supernat.ant

8

8’ 11.9

‘, According to the nomenclature of Fairbanks et at. (14) with minor modifications indicated in Fig. 3.

F, Procedure A under Methods.
‘. After Fairbanks et al. (14) as described under Methods.

cannot be explained by conformational changes in mem-
brane proteins.

When a sample of ghosts was first incubated with CPZ
at pH 8.0 and then brought to pH 4.5, the weakly im-
mobilized component was again eliminated; however, the
amplitude of the spectrum was reduced (Spectrum B in
Fig. 6 compared with Spectrum B in Fig. 5). This suggests
again that a reduction of the nitroxide in MSL by CPZ
is taking place.

The reduction of the label by CPZ was documented by
determination of spin concentration after dissolution of
the labeled ghosts in NaOH. In the absence of CPZ it
was found that erythrocyte ghosts contained 39.8 nmoles
of spin label per milligram of protein. After incubation
with CPZ the spin concentration was reduced to 23.5
nmoles per milligram of protein. This means a 40% re-
duction by CPZ of the spin concentration.

The CPZ-induced decrease in amplitude of the ESR
spectrum of MSL-labeled erythrocytes was followed un-
der various conditions, taking for comparison the reduc-
tion of the ESR signal by ascorbate. In one series of

experiments the incubation of ghosts with CPZ was per-
formed according to Procedure A (see Methods); how-

ever, the period of incubation ranged from 0 to 15 mm.
As shown in Fig. 7, after 5 min of incubation the W

component was markedly decreased and after 15 mm it
was completely reduced. The reduction of the S compo-
nent was much slower: signal amplitude was 80% of the

A.�

B.-�\��-

106

FIG. 4. Effect of chiorpromazine on the ESR spectra of the super-

natant obtained after low-salt treatment of erythrocyte ghosts

Spectrum A, without CPZ; Spectrum B, with 3 mat CPZ.

original after 5 mm and 50% after 15 mm. This shows

that CPZ was reducing the weakly immobilized compo-
nent much faster than the strongly immobilized one.

As depicted in Fig. 8, ascorbate (0.5 mM) reduced both
components at the same rate. Since this reduction was
followed as soon as ascorbate was added we tried to

perform similar experiments with CPZ. Therefore Pro-
cedure B of incubation (see Methods) was followed. As
shown in Fig. 9, under these conditions CPZ decreased
the ESR signal amplitude more slowly as compared with
incubation by Procedure A. However, there was still a
difference in the manner of reduction of the two compo-
nents of the ESR spectrum. During the first 3 hr of
incubation the reduction of the W component was faster
than that of the S component, the latter not being
reduced at all for the first 20 min of incubation.

The reduction process did not seem to require oxygen,
since it occurred (at a slightly higher rate) when both the

MSL-labeled membranes and the CPZ solution were
bubbled with nitrogen or argon. The nitroxide signal
could not be restored in reduced membranes by bubbling
oxygen. When oxygen was bubbled through a sample of
partially reduced erythrocyte membranes, the reduction

of the nitroxide was slowed considerably (Table 2).

A.

B
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Fi;. 6. Effect ofchlorpromazine andpH on MSL.labeled erythro.

cyte membranes

Spectrum A, no CPZ, pH 8.0; Spectrum B, after 15 mm of incubation

at pH 8.0 in 3 mM CI�Z, the pH of the erythrocyte suspension was

adjusted to 4.5.

We may therefore conclude that CPZ has a strong

reduction activity toward the MSL nitroxide bound to
erythrocyte membrane proteins. The differences in the
manner of reduction under various conditions of incu-

bation may be attributed to differences in the accessibil-
ity of CPZ to the nitroxide in Procedures A and B. It
seems that Procedure A facilitates the contact of CPZ

with MSL bound to W sites. The reduction of the ESR
signal by CPZ can explain the spectral changes induced
by this drug under all of the conditions mentioned above.

DISCUSSION

The typical ESR spectrum of erythrocyte membranes
labeled with MSL at the sulfhydryl groups consists of
two types of label environment: a weakly immobilized
component and a strongly immobilized component. Com-
parison of one-half of the splitting of the outer hyperfine
extrema of the strongly immobilized component to the

T�2 principal values of nitroxides doped in appropriate
host single crystals indicated that sulthydryl groups in
this environment are essentially completely immobilized
(22). It was therefore considered that the strongly im-
mobilized component may be associated with spin labels
located within the membrane proteins in such a way that
their motion is severely restricted (19).

FIG. 7. Decrease in the amplitude of the W and S components of

MSL�labeled erythrocvte ghosts as a function ofincubatton with 3mM

chiorpromazine (Procedure A described under Methods)

Portions (50 �d) from a ghost suspension containing 4 mg of protein

l)er milliliter were labeled with MSL at pH 8.0 as described under
Methods; they were then diluted with equal volumes of a 6 mM CPZ

solution and incubated at room temperature for 0, 1, 5, and 15 mm.

After dilution with 5P8 the samples were centrifuged at 20,000 x g for

20 mm and the pelleted ghosts were used for ESR measurements.

40

20

0 �- 15 45 6’5 B’5 1O5 n�n

FIG. 8. Decrease in amplitude ofthe W and S components of MSL-

labeled erythrocyte ghosts as a function of incubation u’ith 0.5 mM

ascorbate

A ghost suspension (50 s.d) containing 4 mg of protein per milliliter

was mixed with 5 51 of 5 mM ascorbate; the sample was then sealed in

a glass capillary tube, and the ESR spectra were recorded after the

time periods indicated.

For the weakly immobilized component, one-half of

the splitting between the low- and high-field lines is a
measure of AN, the nitrogen isotropic hyperfine coupling
constant. A comparison ofAN in the MSL ghost spectrum
and in 5P8 and dodecane, respectively, indicated that the
weakly immobilized sites are in a highly polar environ-
ment (22); these sites are therefore not likely to be in the
lipid matrix of the membrane but rather exposed to the
polar medium, i.e., bound on the membrane surface or in
porelike structures within the membrane (19).

It is obvious (Figs. 1 and 2) that CPZ markedly alters

the spectra of MSL in erythrocyte membranes. At pH
8.0 in the presence of 3 m�i CPZ the weakly immobilized

component is almost completely removed and the ampli-
tude of the spectrum is drastically reduced.

Three possible mechanisms may be considered to ex-
plain the spectral changes induced by CPZ in MSL-
labeled erythrocyte membranes: (a) selective solubiliza-
tion by CPZ of some proteins which have an increased
proportion of weakly immobilized sites over strongly
immobilized sites, compared with the membrane; (b)
changes in organization and/or conformation of mem-
brane proteins; and (c) reduction of the nitroxide group

ofMSL by CPZ.

40

20

5/- 1 2 3 4 5 h

FIG. 9. Decrease in the amplitude of the W and S components of

MSL�labeled erythrocyte ghosts as a function of incubation with CPZ

(Procedure B described under Methods)

A ghost suspension (50 #1) containing 4 mg protein per milliliter was

mixed with 5 �tl of a CPZ solution (to obtain 3 mM final concentration):

the sample was then sealed in a glass capillary tube, and the ESR

spectra were recorded after the time periods indicated.
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TABLE 2

Effect of oxygen on the spectral parameters of MSL-labeled

erythrocyte membranes incubated with CPZ

Two identical samples of ghosts were incubated with 3 mr�i CPZ

(Procedure A as described under Methods. One sample (I) was then

sealed in a glass capillary tube. The other sample (II) was bubbled with
oxygen for 3 mm, then sealed in a glass capillary tube filled with oxygen.

Sample Time W/S Amplitude of the
components

S W

mm %of control

I 0 2.08 1.00 24.6

15 0.68 50 4.0

II (treated with oxygen) 0 2.05 100 24.6

15 2.07 100 24.0

Selective solubilization of proteins cannot explain the
spectral changes induced by CPZ. This mechanism has
been proposed for maleimide spin-labeled synaptic mem-
brane, where CPZ induced changes in the ESR spectra
similar to those in MSL-labeled erythrocyte membranes
(2). However, synaptic membrane protein solubiization
by CPZ was much stronger than in erythrocytes. More
than 25% of the synaptic membrane protein is released
in the supernatant after incubation in 3 m�i CPZ. The
supernatant gave a spectrum composed of three sharp
lines resembling free MSL (2). In the case of erythrocyte
membranes, CPZ has a weak solubiizing effect: less than
1% of membrane protein was released by incubation in 3
mM CPZ. The polyacrylamide gel electrophoretic analy-
sis showed that proteins released in the supernatant
consist of Band 6, Band 4.5a, and some small molecular
weight polypeptides.

No ESR signal could be noticed in the supernatant of
MSL-labeled erythrocyte membranes after CPZ incuba-
tion. When loosely bound proteins were solubiized from

such ghosts by low-salt treatment, both pellet and super-
natant gave composite ESR spectra, containing the W
and S label binding sites. It may be concluded that

protein solubilization cannot explain the alterations in
ESR spectra of MSL-labeled erythrocyte ghosts incu-
bated in CPZ.

The pH dependence of the spectra (Fig. 5) reveals two
things: (a) at pH 4.5 a part of the W component is
converted to the S component, and (b) CPZ does not
markedly alter the spectra. The first observation is in
agreement with data of other authors (17, 24) and mdi-
cates a pH-induced change in the organization and/or
conformation of the proteins in the erythrocyte mem-
branes. It has been well documented from morphological
studies that, upon decreasing pH, erythrocyte mem-
branes shrink and eventually form aggregates at pH 4.5,
the isoelectric point of spectrin/actin (26). It appears
that the aggregation process is associated with a conver-
sion of the MSL weakly immobilized binding sites to the
strongly immobilized ones, so that a marked decrease in

the W/S ratio can be noticed (Fig. 5). The lack of effect
of CPZ on the ESR spectrum at pH 4.5 indicates that
CPz does not have access to the nitroxide groups in

proteins aggregated at pH 4.5, and consequently little

change occurs in the spectra.
It should be emphasized that the pattern of changes

induced by CPZ at pH 8.0, even though the W/S ratio is
decreased, is different from that induced by a pH value
of 4.5. At pH 8.0 the W component is eliminated without
conversion to the S component but with a concomitant
reduction in the amplitude of the S component.

It may therefore be concluded that the ESR spectral
changes induced by CPZ in MSL-labeled erythrocyte

membranes cannot be explained by changes in confor-
mation of the proteins because in such cases a decrease
in the amplitude of one component is associated with an
increase in amplitude of the second component. In case

of conformational changes induced by o-phthaldehyde
(27) the decrease in the W/S ratio is due to the conver-
sion of weakly immobilized sites to strongly immobilized
sites, whereas the reverse is true for the conformational
changes induced by neutral salts in spin-labeled eryth-

rocyte membranes (20, 21).
The common feature of the ESR changes induced by

CPZ in MSL-labeled erythrocyte membrane prepara-
tions under various conditions is a reduction in the am-
plitude of the ESR signal. Accordingly, we interpret the
ESR spectral changes to be a result of a reduction of
nitroxide free radicals of MSL by CPZ. This interpreta-
tion is in agreement with the property of phenothiazine
derivatives to yield free radicals; for example, this has
been obtained by ultraviolet irradiation (28, 29). The free
radicals generated by phenothiazine derivatives repre-
sent reactive species which destroy nitroxide free radi-

cals, probably by a reduction reaction. As shown by the
photochemical study of Leterrier and Kersant#{233} (28) of

the interaction of phenothiazine derivatives with spin-
labeled fatty acids incorporated into lecithin multibiay-

ers, the reduction reaction occurs only if the drug can
reach the nitroxide group of the spin label. In the above-

mentioned study (28), CPZ was found to be preferentially
located in the polar part of the bilayer.

In another photochemical study, Leterrier et al. (29)
noticed that under ultraviolet irradiation phenothiazine

derivatives reduced the fatty acid spin labels included in
erythrocyte ghosts and synaptic plasma membranes.
Measurements of the reduction kinetic constants of two
different types of spin labels gave information about the
location of the drugs inside the membranes. The authors
suggested that CPZ seems to localize at the contact area

of the peripheral proteins with the polar head of phos-
pholipids (29).

Several authors have found that CPZ is bound to
proteins as well as to lipids of the erythrocyte membrane
and is asymmetrically distributed over two halves of the
membranes (see ref. 30 for a review), being preferentially
bound to the inside face of the membrane. The greater
number of binding sites on the inside face is associated
with the presence of phosphatidylsenne in that side of

the membrane and possibly with the presence of more
protein binding sites on the inner half as compared with
the outer half of the membrane (30).

From the above-mentioned considerations one may
assume that CPZ will preferentially reduce the nitroxide
group of MSL which is in a polar environment, i.e., the

W component. This proved to be the case (Figs. 6-9).
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In conclusion we found that CPZ is quite powerful in
reducing free radicals in membranes. If our interpretation

is correct, this might have consequences for patients
receiving long-term treatment with phenothiazine deriv-
atives. However, more data with purified materials need
to be obtained concerning this reaction outside of the
membrane. Such studies are in progress in our laboratory.
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SUMMARY

We present pharmacological and genetic evidence that regulation of different genes by
glucocorticoid hormones in the rat hepatoma cell line, HTC, occurs in a coordinate
manner. We have analyzed the responses of four different glucocorticoid-inducible pro-
teins, tyrosine aminotransferase [L-tyrosine:2-oxoglutarate aminotransferase (EC
2.6.1.5)], glutamine synthetase [L-glutamate:ammonia ligase (EC 6.3.1.2)], a secreted

glycoprotein Belt I, and the mouse mammary tumor virus (MMTV)-encoded protein
(gp52) in these cells. The concentration of dexamethasone necessary for half-maximal
induction of each of these proteins is 10-20 n.�i, the same concentration necessary to half-
saturate glucocorticoid receptors. Furthermore, glucocorticoids of varying potency elicit
parallel inductions of these markers. MSN5.3, a glucocorticoid receptor-defective cell line
selected for its inability to induce gp52, is also unable to induce the other three cellular
gene products. In contrast, another class of variants incapable of gp52 induction retains
inducibiity of the other three markers. We show here by “superinfection” with MMTV
that these cells harbor a defect in the original integrated provirus itself and not in the
cellular induction machinery. The results presented here suggest that the induction of
glucocorticoid-responsive genes in these cells is mediated by a single glucocorticoid
induction pathway.

INTRODUCTION

Steroid hormones probably exert most of their effects

by altering the rates of transcription of specific genes (for
reviews see refs. 1 and 2). The currently accepted two-
step model for steroid action, originally proposed by

Jensen et al. (3) and Gorski et al. (4), can be summarized
as follows: the hormone first binds to a soluble, cytoplas-
mic receptor protein that undergoes a structural altera-
tion (“activation”) followed by accumulation of the ste-
roid-receptor complex in the nucleus. Within the nucleus,
interaction of this complex with specific sites on DNA or
chromatin is presumed to be responsible for the observed

changes in gene expression. The exact nature of these
nuclear acceptor sites, however, remains obscure.

Within any particular cell type only a limited number
of genes is under the control of a given class of steroid
hormone. For example, glucocorticoid hormone treat-
ment of tissue culture cells derived from rat hepatomas
alters the rate of synthesis of only 10 or 12 out of more
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GM25821 and GM17368, and was aided by a Basil O’Connor Starter

Research Grant from the National Foundation-March of Dimes.

I Supported by National Institutes of Health Predoctoral Training
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2 Recipient of a Predoctoral Fellowship from the Pharmaceutical

Manufacturers’ Association. Present address, Department of Molecular

Biology, Massachusetts General Hospital, Boston, Mass. 02114.

than 2000 proteins visible by 2-dimensional pAGEi (5).

Similar observations have been made in studies of var-
ious cell types responsive to other classes of steroids (2).

We have recently used MMTV-infected HTC rat hep-
atoma cells to analyze the actions of glucocorticoid hor-
mones by genetic and molecular techniques. In previous
reports (6, 7) we demonstrated that cells selected for
their inability to induce gp52 in response to dexametha-
sone (a potent glucocorticoid) exhibit two classes of
defects. Variants derived from M1.19, a clone of MMTV-
infected HTC cells harboring multiple copies of the
MMTV provirus, contain little or no glucocorticoid re-
ceptor (6). In contrast, nonresponsive variants derived

from J2.17, an HTC clone which contains only a single
MMTV provirus, have normal receptors but appear to
be specifically defective in hormonal regulation of viral
gene expression (7). In addition to the viral gp52, HTC
cells contain several cellular gene products whose levels
are altered by glucocorticoid hormones. These include
the enzymes tyrosine aminotransferase [L-tyrosine:2-ox-
oglutarate aminotransferase (EC 2.6.1.5)] and glutamine

.‘ The abbreviations used are: PAGE, polyacrylamide gel electropho-

resis; MMTV, mouse mammary tumor viris; gp52, mouse mammary

tumor virus-encoded glycoprotein of M, 52,000; FACS, fluorescence-

activated cell sorter; DMEM, Dulbecco’s modified Eagle’s medium;

PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; DMP,

6a,16a-dimethylprogesterone.
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synthetase [L-glutamate:ammonia ligase (EC 6.3. 1.5)], as
well as a secreted glycoprotein known as Belt I, so-named
by Ivarie and O’Farrell (5) because it forms a series (or
belt) of spots on 2-dimensional gels; the function of this

protein is unknown. Detailed studies have not been re-
ported comparing the hormonal specificity and/or extent
of induction of these three proteins; thus, it is not clear
whether the same receptor pathway is used for induction
of these diverse gene products.

We have analyzed in greater detail the glucocorticoid
responsiveness of both viral and cellular gene products
in wild-type and variant HTC cells. Our results strongly
suggest that a single receptor mediates the induction of
the glucocorticoid-responsive genes in these cells; how-
ever, the absolute extent of induction varies among the
four markers we have studied. In addition, we present
evidence that one class of glucocorticoid-unresponsive

variants is defective at the level of the MMTV provirus
itself and not in the cellular machinery required for
hormone action.

MATERIALS AND METHODS

Cell lines. All cell lines used were derived from the rat hepatoma

cell line, HTC (8), which was infected with MMTV, giving rise to a

number of clonal cell lines containing different numbers of MMTV

proviral DNA copies (9). One resulting cell line, J2.17, which contains

one proviral copy of MMTV, was mutagenized with ethyl-methane

sulfonate as described (7), giving rise to a population of cells called JZ.

This cell population was then subcloned, giving rise to the cell line JZ.1.
The cell line JZN3.7 was selected from the JZ population using the

FACS as described (7) and exhibits little, if any, glucocorticoid-me-

diated gp52 induction. The glucocorticoid-unresponsive cell line,

MSN5.3, was derived from another MMTV-infected HTC cell line,

M1.19, which contains approximately 10 proviral copies, as described

(6). MSC1 is a subpopulation of M1.19 cells exhibiting wild-type hor-

monal responsiveness.

Cell culture. Cells were grown in monolayer culture in DMEM

(Grand Island Biological Company, Grand Island, N. V.) supplemented

with 5� newborn calf serum and 3� fetal calf serum (both from Irvine

Scientific, Santa Ana, Calif.) at 37#{176}in 5� CO2. Cells were passaged by

removing cells from tissue culture dishes with PBS containing 2.5 msi

EDTA (pH 7.4) and plating them onto new tissue culture dishes at a

dilution of 1:6. After 1 day of growth and attachment to the dishes,

hormone was added to a concentration of 1 �tM (from a 10 mM stock in

959; ethanol) for a period of 48 hr, unless otherwise noted. All hormones

were obtained from Sigma Chemical Company (St. Louis, Mo.).

Tyrosine aminotransferase assay. Tyrosine aminotransferase en-

zymatic activity was determined by a colorimetric assay essentially as

described by I)iamondstone (10) which monitors the conversion of

tyrosine to p-hydroxyphenylpyruvate. About 10’ cells were harvested,

washed once with PBS, and lysed in 250 j.il of 0.25 M sucrose/lO mM

Tris (pH 7.4)/10 mM EI)TA (pH 7.4) by subjecting them to three cycles

of freezing in liquid nitrogen and thawing in a 37#{176}water bath. This

lysate was then centrifuged for 3 mm in an Eppendorf Microfuge, and

the supernatant was used as the cell extract as described (10). The fold

induction was calculated by dividing the specific activity of tyrosine

aminotransferase in cells treated with hormone by the specific activity

of cells from parallel cultures without hormone treatment. Protein

content was determined by the procedure of Bradford (11).

Glutamine svnthetase assay. Glutamine synthetase activity was

measured by the colorimetric assay described by Kulka et al. (12),

which monitors the formation of y-glutamylhydroxamic acid in the

presence of glutamine, ADP, and hydroxamic acid. Instead of filtering

the protein precipitate from the reaction products, the assay tubes were

centrifuged at 1500 x g in a Sorvall GLC2B centrifuge for 10 mm and

the absorbance of the supernatant was measured. As with tyrosine

aminotransferase, fold induction indicates the quotient of the specific

activity of cells grown in the presence of hormone divided by the

specific activity of cells grown in the absence of hormone. Protein

content was measured by the method of Bradford (1 1).

Belt I assay. Belt I is a secreted glycoprotein produced by HTC

cells. It has been shown to be a glucocorticoid-inducible protein using

2-dimensional PAGE analysis (4). For routine assays of this protein, 2-

dimensional gel electrophoresis proved somewhat unwieldy. Since this

protein sticks tightly to tissue culture dishes, we have been able to

develop a simple 1-dimensional gel electrophoretic procedure to moni-

tor the synthesis of this product in HTC cells in culture. Cells were

grown in the presence or absence of hormone as described above for 48

hr. The medium was removed and the cells were washed three times

with PBS and once with DMEM (methionine-free). Cells were then

incubated for 1 hr in DMEM (methionine-free) containing [#{176}S]methi-

onine (250 �tCi/ml) (900-1500 Ci/mmole; Amersham) and the appro-

priate concentration of hormone. The labeling medium was then re-

moved, and the cells were washed three times with PBS (to remove as

much free [#{176}S]methionine as possible) and removed from the plate

with PBS/2.5 mM EDTA (pH 7.4). The plates were washed vigorously

three or four times with PBS/EDTA (2.5 mM) and allowed to air-dry

for 15-20 mm. The proteins that remained on the plate after this

treatment were removed by scraping with a rubber policeman into

SDS/PAGE sample buffer. An aliquot of this preparation was electro-

phoresed on a 10% denaturing polyacrylamide gel as described by

Laemmli (13). Typically, a 60-mm tissue culture dish of cells was

labeled with 0.75 ml of [#{176}S]methionine-containing medium, and one-

fourth of the resulting preparation was loaded on the gel. The gel was

treated with salicylate as described (14), dried, and autoradiographed

overnight at -70#{176}using Kodak XAR-5 film. Quantitation of Belt I was

done by scanning the gel lane with an optical densitometer (E. C.

Instruments) and measuring the area under the Belt I peak.

Superinfection u’ith MMTV. Confluent cultures of GR mouse mam-

mary tumor cells were treated with 1 jiM dexamethasone for 24 hr,

medium from these cultures was collected and clarified ( 1,500 x G for

10 mm), and the virus was pelleted by ultracentrifugation (54,000 x g

for 1 hr). The virus pellet was resuspended in fresh medium at 5-10

times the original concentration; cells were infected as previously

described (9). Superinfected cultures were assayed for induction of gp52

after one or two passages (1-2 weeks after superinfection).

FAGS analysis ofgp52 induction. The amount of gp52 present on

the surface of cells was determined by analysis on the FACS after

binding rabbit antibody to gp52 (a gift from D. Robertson and H.

Varmus, University of California, San Francisco) and staining with

fluorescein-conjugated goat anti-rabbit immunoglobulin (Miles Labo-

ratories) as described previously (6). In the FACS, the fluorescence of

a single cell is measured in arbitrary logarithmic units. Ten thousand

cells were analyzed and the data were plotted as a histogram of the

fraction of total cells in gated windows of increasing fluorescence

intensity. Induction was measured in � units, which represents the

difference between the mean value (in arbitrary logarithmic units) of

cells grown in the presence and absence of 1 �tM dexamethasone. We

cannot convert these � values in JZ.1 and JZN3.7 to a fold induction,

because the uninduced level is below the limit of sensitivity of the

assay. In the M class of cells, 100 arbitrary units represent at least 20-

fold induction.

RESULTS

Induction of tyrosine aminotransferase, glutamine
synthetase, and Belt I by glucocorticoids. JZ. 1 is a clone
of mutagenized J2.17 cells (see Materials and Methods)

that exhibits glucocorticoid-inducible expression of sev-
eral proteins, including tyrosine aminotransferase, glu-
tamine synthetase, Belt I, and MMTV gp52. We have

found (data not shown) that glucocorticoid-induced ty-
rosine aminotransferase activity is maximal by 12 Kr,
glutamine synthetase activity by 24-36 hr, and Belt I
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FIG. 1. Log-dose response curves of tyrosine aminotransferase

(TAT) and glutamine synthetase (GS) to dexamethasone in JZ.1 cells

Tyrosine aminotransferase and glutamine synthetase assays were

carried out as described under Materials and Methods. Tyrosine ami-

notransferase specific activity is expressed as nanomoles of p-hydrox-

ybenzaldehyde formed per minute per milligram of protein. Glut.amine

synthet.ase specific activity is expressed as micromoles of -y-glutamylhy-

droxamic acid formed per hour per microgram of protein. The tyrosine

aminotransferase data points represent means of three independent

experiments; the glutamine synthetase data are means of four inde-

pendent experiments. Protein content was determined by the method

of Bradford (11), using bovine y-globulin as standard.

synthesis by 6 hr. MMTV accumulation has been shown
to be maximal by 16 hr (15). By making our measure-
ments 48 hr after the addition of hormone we are meas-
uring maximal levels of induction of all four markers. To
ascertain whether these proteins are induced in a coor-

dinate fashion, cells were exposed to concentrations of
� dexamethasone ranging from 0. 1 n�i to 1 �tM for 48 hr.
�- The results of tyrosine aminotransferase and glutamine

t synthetase assays of cells treated in this way are shown
�. in Fig. 1 and indicate that half-maximal induction of both
U, tyrosine amintotransferase and glutamine synthetase oc-

� curs at approximately 20 nM dexamethasone. Moreover,
the log dose-response curves are virtually superimposable
for these two enzymatic activities. The induction of Belt
I was measured by PAGE of pulse-labeled proteins bound
tightly to tissue culture plates after removal of growing
cells. The results of such an experiment are shown in Fig.

2A; the band appearing in the 50-55 K1 region of the gel
migrates at the position expected for known Belt I (5).
While there is some variability in the amounts of other
proteins in each lane, presumably arising from more or
less vigorous removal of cell debris, we have observed
very consistent recovery of Belt I in over 20 independent
experiments. Thus each lane was loaded with an amount
of plate-bound proteins recovered from equivalent num-
bers of cells. Quantitation of labeled Belt I was achieved
by optical densitometry of the autoradiogram, and the
area under the peak from each hormone concentration
was determined. These data, presented as a log dose-

response curve (Fig. 2B), indicate that half-maximal in-
duction of Belt I occurs at about 10 n�vi dexamethasone.
Since there is variability in the amounts of proteins in
bands near Belt I (e.g., Lane -6 versus Lane - 7), optical
densitometry may not be quantitatively precise in the
measurement of Belt I. The data points at C, -8, and

DEXAMETHASONE (LogM)

67K-

BELT 1+
45K-

I00
0.

V

C

0
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FIG. 2. Log-dose response ofBelt I to dexamethasone in JZ.1 cells

Cell induction and labeling with [#{176}S}methionine were carried out as described under Materials and Methods. A. The gel was a l0� denaturing

polyacrylamide gel. The molecular weight markers, bovine serum albumin (67K) and chicken ovalbumin (45K), were run in a separate lane and

stained with Coomassie brilliant blue in a methanol/acetic acid (10% v/v each) solution. After destaining, the gel was dried and autoradiographed

on Kodak XAR-5 film. Each lane represents 25% of the total labeled protein isolated from one 6-cm tissue culture dish. The last lane, labeled C,

represents a control culture where no hormone was added. B. A graphic representation of the Belt I induction is shown. Each lane was scanned

with an optical densitometer, and the area under the Belt I peaks of the resulting tracing was cut out and weighed. Various exposures of this gel

were scanned to ensure that there was linearity of response and that saturation of the film had not occurred. The data are expressed as milligrams

under the peak.
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Tyrosine amino-
transferase

.f�)l(/ ifl(IU(tiofl

Glutamine

synthetase

1�’’ induction

Progesterone I .0. 1 .6 (2) 0.9, 1 . I (2)

l)MP

Aldost eioflt

.[ol(/ induction

1.7

:3.4 ± 0.6 (6) 2.1 ± 0.3 (5)

9.8 ± 2.1 (4) 4.4 ± 1.1 (5)
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TABLE I

IFI(/U(li()fl 0/ tVlOsifl(’ (liii iflotr(ifls/C1Us(’. g/UtOnhiFIC synthetase, and

I:h�li I ni .17. 1 ((‘1/s with hOFfllOfl(�s 0/ carving glueo(-orticoul potency

Assays were cat-ned otit as described tinder Materials and Methods.

Cells were incubated for 48 hr in the presence and absence of 1 jiM of

each of the in(Ii(�ated hormones. Fold induction was determined b�

dividing I he enzymat ic activity ( tvrosine aminotransferase and gluta-

minesvnthetase) or the an�ount of protein in the gel lane (Belt I) in

the l)resc�e of hormone b� the amotint in the absence of hormone.

‘l’he (lull for tvrosin#{128}’amim)transferase and glutamine synthetase rep-

estlit iiwaii values ± standard error measurements with the number

of experinwnts in(Iicate(l in parentheses. The Belt I data represent one

(l(’( (Inlinat Ion each.

Hormone

(‘ortisol 21.5 ± 5.5 (4) 7.8 ± 1.8 (3) 15.6

l)examethasone 24.5 ± 4.5 (4) 8.3 ± 1.8 (7) 10.1

- 7 may be slightly disproportionately high for this rea-
son, but this will not make a large difference in the
determination of a half-maximal concentration. We have
shown previously that half-maximal induction of gp52
also occurs at 10-20 nM dexamethasone in MMTV-in-
fected HTC cells (5).

Samuels and Tomkins (16) have categorized different
steroid hormones with regard to their ability to induce

tyrosine aminotransferase in HTC cells as optimal, sub-
optimal, or anti-inducers. We have analyzed the response
of JZ.1 cells to two hormones of the first class, dexa-
methasone and cortisol; two of the second class, aldoste-
rone and DMP; and one of the anti-inducer class, pro-
gesterone. Table 1 shows the results of glutamine syn-
thetase, tyrosine aminotransferase, and Belt I assays in
Jz. 1 cells incubated for 48 Kr in the presence of 1 iM of
each of these hormones. Dexamethasone and cortisol
show maximal induction of each of these three markers.
Aldosterone and DMP exhibit partial induction of all
three markers, aldosterone induction being about 60%
that of dexamethasone induction, and DMP induction
being about 25-35% that of dexamethasone induction of

TABLE 2

Concentration ofglucocorticoids needed to elicit half-maximal

induction of tyrosine aminotransferase and glutamine synthetase

Log dose-response curves were constructed for both glutamine syn-

thetase and tyrosine aminotransferase for each of these hormones as

shown in Fig. 1 . Concentrations of up to 10 �LM were administered, and

a plateau of induction was achieved in each case. The molar concentra-

tion necessary for half-maximal induction was determined graphically,

using a semiogarithmic plot for each, and is listed. The results represent

the mean ± standard error measurements with the number of experi-

ments indicated in parentheses.

Hormone Tyrosine amino- Glutamine

transferase synthetase

l)examethasone (nM) 18 ± 5 (4) 12 ± :3 (4)

(‘ottisol (ftM ) 0. 1 , 0.3 (2) 0. I , 0.2 (2)

Aldost erofli. (tIM ) 0.3, 0.5 (2) 0.4, 0.7 (2)

1)l’vIP (tiM) t).5, 0.7 (2) 0.2, 0.5 (2)

these three markers. The anti-inducer, progesterone, ex-
hibits very little, if any, induction of any of these markers.

Similar results have been obtained by Young et al. (15)
for the induction of MMTV RNA in a mouse mammary
tumor cell line.

The data in Table 1 represent experiments performed
with a single, high concentration of each hormone. We

also carried out dose-response studies of tyrosine ami-
notransferase and glutamine synthetase induction with
each of the partial inducers. The results of these expen-
ments, summarized in Table 2, confirm that these en-
zymes behave similarly in response to suboptimal as well

Belt I as optimal inducers.
Analysis ofthe glucocorticoid domain in variant HTC

cells. We have recently described the isolation of
MMTV-infected HTC cells (by selection in an FACS)

that are defective in their ability to induce viral gp52 in
2.7 response to dexamethasone (6). One class of variants
6.5 derived from the cell line M1.19, which contains about

10 copies of the MMTV provirus, exhibits markedly
decreased levels of glucocorticoid receptor. Earlier stud-

_________ ies indicated that, in addition to the loss of gp52 induc-
ibiity, these cells are unable to induce tyrosine amino-
transferase when treated with dexamethasone. We have
analyzed these cells in further detail and find that they
are also incapable of inducing glutamine synthetase or
Belt I. Figure 3A shows the results of a Belt I assay in
which induction is obvious in MSC1 cells, a subpopula-
tion of the parental M1.19 cells, whereas little or no
induction is observed in MSN5.3 cells, a variant clone

described previously (6). There are two other proteins on

these gels that exhibit dexamethasone inducibiity: one
migrates at Mr � 47Kd and the other at Mr � 35Kd. The
behavior of these two proteins seems to parallel that of
Belt I (see also Fig. 2A and Fig. 3B). We have not yet
identified these protein products, although the 35Kd
protein could be the protein�called Belt II by Ivarie and
O’Farrell (5). Table 3 summarizes the results of tyrosine
aminotransferase, glutamine synthetase, Belt I, and gp52
assays, which demonstrate coordinate loss of glucocorti-
coid-inducible markers in these receptor-deficient cells.

A second class of nonresponding variants has been
identified using JZ, which contains a single MMTV pro-
virus, as the parental population (7). Several ofthe clonal
isolates from this selection demonstrated reduced or no
induction of gp52 with retention of tyrosine aminotrans-

ferase inducibiity. In Table 3 and Fig. 3B we extend this
observation in variant clone JZN3.7 by demonstrating
that, although gp52 is not glucocorticoid-inducible, all

three cellular genes remain as responsive to the hormone
in this clone as in the normal parental population.

Superinfection of JZN3. 7 with MMTV. The results of
the studies described above suggest that the defect in
gp52 inducibiity in JZN3.7 resides in the MMTV DNA
itself or in a cellular factor (e.g., a chromosomal acceptor

protein) that is specifically required for the hormonal
responsiveness of the viral genes. In order to distinguish
between these alternatives, JZN3.7 and JZ cells were
supennfected with MMTV as described under Materials
and Methods. This introduces one or a few additional
copies of the MMTV provirus inserted randomly into the
chromosomes of the recipient cells (17). If the defect in

________ JZN3.7 resides in the original copy of MMTV DNA (i.e.,
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