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ABSTRACT  The biological pro})erties of cortisol 21-mesy-
late iCM), an alkylating derivative of cortisol, were investigated
in a line of rat hepatoma tissue culture (HTC) cells. CM appears
to bind to glucocorticoid receptors in cell-free extracts because
CM inhibits the specific binding of EH]dexamethasone. How-
ever, in whole cells CM not only fails to induce the enzyme ty-
rosine aminotransferase ({TyrATase) but also inhibits the in-
duction of TyrATase by dexamethasone. Thus CM is an anti-
glucocorticoid. This is not caused by cell death, because CM is
relatively nontoxic up to concentrations of 10 uM. The con-
centration of CM needed for half maximal inhibition of TyrA-
Tase induction is an order of magnitude lower than that pre-
dicted from the apparent cell-free affinity of CM for the glu-
cocorticoid receptors of HTC cells, which suggests that the
cell-free binding data does not reflect an equilibrium situation.
In fact, the reactive a-keto mesylate group was intentionally
incorporated into cortisol in hopes of obtaining a steroid capable
of undergoing irreversible reactions. When HTC cells were
preincubated with either CM or the reversible antiglucocort-
icoid progesterone and then washed to remove free steroid, only
the CM-treated cells failed to show subsequent induction of
TyrATase by dexamethasone. Furthermore, preincubation of
HTC-cell cytosol with CM blocked ~75% of the subsequent
exchange binding of [SH]dexamethasone to glucocorticoid re-
ce&tor sites. Thus, the actions of CM in whole and broken cells
either require an exceptionally long time for reversal or are not
reversible. Together, these results indicate that CM is a unique
antagonist and could be an irreversible antiglucocorticoid in

vitro.

Steroid antagonists have been quite useful in studying the
mechanism of steroid hormone action both in vivo and in vitro
and have had practical clinical applications. The antiestrogens
nafoxidine and tamoxifen have been extensively employed in
studies of estrogen action (1-6) and are used in the treatment
of estrogen-dependent breast cancer (7, 8). Investigations with
the antiglucocorticoid progesterone led to the allosteric model
of glucocorticoid action (9). The antimineralocorticoid spiro-
nolactone is used in the treatment of hypermineralocorticoid
syndromes and as a diuretic (10).

After the initial observations of steroid hormone antagonism
(9, 11-15), radioactively labeled antagonists have been em-
ployed to try to establish their mechanism of action. Although
the details are far from understood, it does appear that all of the
above steroid antagonists exert their effects through the ap-
propriate steroid receptor (1-6, 9, 16). However, this is not the
only possible mode of action of an antagonist. In theory, an
antagonist could affect any of the known and unknown steps
involved in steroid hormone action—from entry of the steroid
into the target cell to the production of the observed biological
end products. Long-acting steroid antagonists (e.g., refs. 1-6)
are of particular interest in mechanistic studies and clinical

applications; an “irreversible” antagonist would be excep-
tionally useful. Irreversibility could be defined as permanent
inhibition of the steroid-induced effect(s), but because of the
regenerative properties of biological systems, this is an im-
probable result. A more likely definition is that an irreversible
antagonist covalently inactivates one or more steps in the ste-
roid-specific chain of events. Restoration of steroid sensitivity
in the affected system would thus require renewal of the
blocked elements, which could occur rapidly or slowly.

We have prepared several derivatives of active glucocorti-
coids for the purpose of affinity-labeling glucocorticoid re-
ceptors (17, 18). In the course of these studies, we observed some
unique biological properties for one of these steroids, cortisol
21-mesylate (CM). The results described below indicate that
CM, which is an alkylating steroid (18, 19), is an exceptionally
long-acting antiglucocorticoid in whole and broken cells and
could be an irreversible inhibitor of glucocorticoid action.

EXPERIMENTAL

[*H]Dexamethasone (24 Ci/mmol; 1 Ci = 3.7 X 1010 bec-
querels) was purchased from Amersham. Dexamethasone
(16a-methyl-9a-fluoro-1,4-pregnadiene-113, 17a, 21-triol-
38,20-dione) was a gift from T. Y. Shen of Merck Sharp &
Dohme. Cortisol (4-pregnene-110, 17a, 21-triol-3,20-dione)
was purchased from Sigma. The growth of rat hepatoma tissue
culture (HTC) cells in spinner (9) or monolayer cultures (20)
has been described. The spinner culture cells were centrifuged
in a 0°C rotor (700 X g for 15 min), washed twice with phos-
phate-buffered saline (700 X g at 0°C for 5 min), and stored
at —20°C for up to 3 months before use. The induction of ty-
rosine aminotransferase (TyrATase) was studied in whole cells
at 37°C; steroid binding to cell-free receptors was conducted
at 0-4°C. Details of the cell-free competition assay (21), the
cell-free exchange assay (18), and the whole-cell TyrATase
assays with monolayer cultures (21) are to be found elsewhere.
Quantitations of protein and TyrATase activity were achieved
by the methods of Lowry et al. (22) and Gopalakrishnan and
Thompson (20), respectively. CM was prepared as described
elsewhere (18).

RESULTS

CM prevents the cell-free formation of receptor-dexametha-
sone complexes. Thus, in a cell-free competition assay with
crude receptors from a well-characterized (9, 17, 18, 21, 23) line
of rat hepatoma tissue culture (HTC) cells, the apparent affinity
of CM for glucocorticoid receptors was found to be ;sth that
of the parent steroid cortisol (Fig. 1). This result was not
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F1G. 1. Determination of the relative affinities of cortisol and CM
for HT'C-cell glucocorticoid receptors in a cell-free competition assay.
Duplicate crude HT'C-cell receptor solutions were incubated for 3 hr
at 0°C with 5.6 nM [*H]dexamethasone and varying concentrations
of cortisol or CM (final protein concentration = 5.1 mg/ml). A 500-fold
excess of dexamethasone was used to determine the level of nonspe-
cific binding of the 3H-labeled steroid. The average specifically bound
[3H]dexamethasone in the presence of varying concentrations of
cortisol (O) or CM (@) was plotted as percentage of the control
(variation < £4%) (21).
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unexpected because, in general, the introduction of bulky
substituents on the C-21 of glucocorticoids results in derivatives
with a reduced affinity for glucocorticoid receptors (18, 24).
What was unexpected was the effect of CM on the induction
of TyrATase.

HTC cells display several biological responses to glucocor-
ticoids (9, 25). TyrATase is one specific glucocorticoid-inducible
enzyme in HTC cells; extensive studies by Tomkins et al. argue
that TyrATase induction in HTC cells is a primary response to
glucocorticoids that is initiated by the binding of steroid to a
specific cytoplasmic receptor (23). Because the whole-cell
dose-induction curve usually agrees quite well with the cell-free
binding of steroid agonists to receptors (21, 23, 26), it was sur-
prising that the whole-HTC-cell biological activity of CM did
not parallel the above determined cell-free affinity of CM for
HTC-cell receptors. Instead of being %;5th as active as cortisol
in inducing TyrATase in whole HTC cells, CM was completely
inactive (Fig. 2). One explanation for this lack of biological
activity is that the reactive CM is converted to an inactive ste-
roid. Alternatively, CM could be an anti-inducer or an inhibitor
of glucocorticoid action. The inhibition by CM of TyrATase
induction by the glucocorticoid dexamethasone in whole cells
(Fig. 3) showed that the second interpretation is correct—i.e.,
that CM is an antiglucocorticoid. Furthermore, CM apparently
is a potent antiglucocorticoid.

If CM inhibits TyrATase induction by interaction with glu-
cocorticoid receptors (which has not yet been ascertained), then
the K; for CM would reflect the strength of its association with
receptors. Analysis of Fig. 3 allowed a rough estimation of the
ICsp, or apparent K;, for CM (~10~7M) that was an order of
magnitude lower than that expected from the apparent affinity
of CM for HTC-cell receptors (see Fig. 1). This fact suggested
that the kinetic parameters of CM binding to receptors would
be completely different from those of the parent steroid corti-
sol—i.e., a very slow rate of association but an extremely slow
rate of dissociation (27)—or that CM is acting as an irreversible
inhibitor of glucocorticoid action. One approach to establishing
CM as an irreversible inhibitor of TyrATase induction by glu-
cocorticoids is to see if the effects of CM can be reversed by
washing the cells. Most glucocorticoids are readily removed
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Fi1G. 2. Biological activity of dexamethasone, cortisol, and CM
in whole HTC cells. Duplicate monolayer cultures of HT'C cells were
treated with fresh medium containing 1% EtOH with or without
dexamethasone (A), cortisol (m), or CM (@) for 18 hr at 37°C, fol-
lowed by harvesting and determination of the specific enzyme activity
of TyrATase as described (21). The basal level of TyrATase activity
is shown by the dashed line.

from whole cells by washing (9). Thus HTC cells were prein-
cubated overnight with vehicle, progesterone [a known re-
versible antiglucocorticoid (9, 26)], ot CM. The cells were then
washed once and resuspended in fresh medium containing 20
nM dexamethasone with or without the steroid of preincuba-
tion. A plot of the ensuing time course of TyrATase induction
(Fig. 4) shows the normal induction of TyrATase for vehicle-
or progesterone-pretreated cells, confirming the reversible
nature of progesterone action (9, 26) and the efficacy of our
procedures in removing noncovalently bound steroid. In
marked contrast, however, these procedures did not reverse the
effects of the CM preincubation. There was no induction of
TyrATase in the CM-pretreated, dexamethasone-posttreated
cells until ~8 hr after the wash procedure, a time when the
vehicle- and progesterone-pretreated cells showed considerable
induction of TyrATase (Fig. 4). Even 24 hr after the wash

<
(=]

60

50

40

Specific activity of TyrATase,
nmol/mg of protein per min

0 . . ‘ .
10° ° 10t 1077 107 10°°

Steroid, M

FI1G. 3. Inhibition of dexamethasone induction of TyrATase
activity in whole HT'C cells by CM. Duplicate monolayer plates of
HTC cells were treated with medium containing 1% EtOH with or
without dexamethasone (A) or CM (@) as controls and 20 nM dexa-
methasone with varying concentrations of CM (@). After incubation
for 18 hr at 37°C, the specific enzyme activity of TyrATase in cell
extracts (21) was plotted against the concentration of that steroid
present in varying amounts. The range of each duplicate determina-
tion is shown by error bars when it exceeds the area of the data points.
The basal level of TyrATase activity is indicated by the dashed
line.
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FI1G. 4. TyrATase induction after EtOH, progesterone, or CM pretreatment of HT'C cells. Spinner cultures containing 200 ml of HTC cells
at 2 X 105 cells per ml were treated with 0.938 ml of EtOH with or without 0.469 mM progesterone or 1.28 mM CM. After incubation at 37°C
for 15.5 hr, ~6 X 107 cells were centrifuged at 600 X g for 10 min at 22°C and resuspended in 200 ml of “conditioned” medium that also had been
“incubated” at 37°C for 15.5 hr. After a second centrifugation, each cell pellet was again resuspended in 210 ml of “conditioned” medium. Duplicate
aliquots (3 ml) were removed for zero-time protein and TyrATase determinations, and duplicate 50-ml aliquots were placed in 100-ml Wheaton
bottles containing 300 ul of EtOH with or without 3.67 uM dexamethasone for the EtOH preincubated cells and 300 ul of EtOH solutions of
3.67 uM dexamethasone without or without 0.367 mM progesterone (for the progesterone pretreated cells) or 1.0 mM CM (for the CM pretreated
cells). The cells in Wheaton bottles were incubated in a rotating water bath (37°C at 175 rpm) with 3-ml aliquots being removed at various time
points for protein and TyrATase determindtions in the usual manner (21). The specific enzyme activity of TyrATase was then plotted against
the length of time of incubation after the addition of steroid to washed cells for (i) EtOH pretreated cells treated after wash out with dexamethasone
(@—a@) or EtOH (@---@); (ii) progesterone pretreated cells treated after wash out with dexamethasone (0—©) or dexamethasone with
progesterone (©---©); and (iii) CM pretreated cells treated after wash out with dexamethasone (0—0) or dexamethasone + CM (O---0).
The average variation among duplicates was +2.4%. Similar results have been obtained when the final concentrations of CM and progesterone

were equal (i.e., 4.0 uM; data not shown).

procedure, the magnitude of TyrATase induction in the
CM-pretreated, dexamethasone—-posttreated cells was signifi-
cantly reduced; this limited induction could be blocked if CM
is added with dexamethasone after the wash procedure. Finally,
it is noteworthy that CM, 24 hr after being “removed” from the
cells by the washing procedure, was just as efficient in reducing
the magnitude of TyrATase induction as was progesterone
when it was continuously present int the cells (Fig. 4).

The observed inhibition of dexamethasone induction of
TyrATase by CM does not seem to be due to general toxicity
of the reactive CM for several reasons. () In two experiments,
comparison after 16-24 hr of cells treated with 13 uM CM and
0.1 uM cortisol or with 6 uM CM and 0.04 1iM dexamethasone
to vehicle-, cortisol-, or dexamethasone-treated controls revealed
no effect on cell number and cell viability (93-94% compared
to 93-97% for controls, as determined by trypan blue exclusion)
and only minor effects on total cell protein (~1% increase to 6%
decrease). (#) In six experiments, including one of the above,
the effect of the maximum dose of 13 uM CM for 16-18 hr on
total HTC-cell protein content was minor (average of 12% lower
than vehicle-, cortisol- or dexamethasone-treated controls). In
three other experiments involving longer exposure to CM (i.e.,
16-hr preincubation with vehicle or 3-6 uM CM followed by
another 24 hr with added dexamethasone), the proteins in the
cells chronically treated with CM were an average of 20% lower
than those of the vehicle, with or without dexamethasone,
controls. (iit) After ~24 hr, CM was no longer completely in-
hibitory, and some inducibility of TyrATase returned to HTC
cells (data not shown).

We next looked to see if the cell-free action of CM—i.e.,
prevention of dexamethasone binding to HTC-cell recep-
tors—was reversible. By using our described exchange condi-
tions (18), crude HTC-cell receptors were incubated with
enough cortisol or CM to occupy ~75% of the receptor (based
on data of Fig. 1). After ~3 hr, activated charcoal was added
to remove free steroid and to inactivate steroid-free receptors
(18). An excess of [3H]dexamethasone was then introduced to
examine the ability of receptors previously exposed to cortisol
or CM to bind the added 3H-labeled steroid. The preincubation
of HTC-cell receptors with CM reduced by ~75% the ability
of these receptors to subsequently bind [*H]dexamethasone
(Fig. 5). Thus CM is either a long-acting or an irreversible in-
hibitor of one aspect of glucocorticoid action in broken
cells—i.e., the ability of glucocorticoids to bind to glucocorticoid
pretreated receptors.

DISCUSSION

We have investigated some of the biological properties of CM,
a chemically reactive derivative of cortisol, in cell-free and
whole-cell assays utilizing the well-studied line of HTC cells
(9, 17, 18, 21, 23, 25, 26, 28). CM contains the novel a-keto
mesylate group that specifically and rapidly reacts with thiols
at 0°C (18, 19). Thus CM is a new alkylating steroid that would
be predicted to readily form covalent steroid complexes with
thiol-containing molecules, peptides, and proteins. This steroid
is an inhibitor of glucocorticoid action in a whole-cell biological
assay (Fig. 3). As such, CM is one of a small number of anti-
glucocorticoids containing glucocorticoid-specific structures
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FiG. 5. Inhibition of [3H]dexamethasone exchange binding to
preformed complexes by CM. By using the described exchange assay
(18), crude HT'C-cell receptors were preincubated with 60 nM cortisol
or 1.35 uM CM for 2.8 hr at 0°C (final protein concentration, 7.0
mg/ml). After addition of activated charcoal to remove free steroid
and to inactivate steroid-free receptors, followed by centrifugation
to pellet the activated charcoal, the preincubated cytosols were ad-
justed to 19 nM [*H]dexamethasone with or without 11 uM dexa-
methasone. After subsequent incubation for the indicated time, ac-
tivated charcoal was again added to remove free steroid, and the
amount of specifically bound [3H]dexamethasone (equals total minus
nonspecific binding) that was formed by exchange binding in cortisol
(0—O0) or CM (@#—@) preincubated cytosols was determined. For
comparison, the amount of nonspecific binding in cortisol (0) or CM
(@) preincubated receptor solutions is shown by the dashed line.
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(29, 30). Furthermore, the data of Figs. 4 and 5 indicate that
the effects of CM are not readily reversible under conditions
that do reverse the actions of other known reversible steroids
such as progesterone (Fig. 4) or cortisol (Fig. 5). Thus, CM is a
unique, long-acting, and possibly irreversible antiglucocorticoid
in whole cell and broken cell systems.

At this point it must be emphasized that while CM does
compete with [3H]dexamethasone for binding to glucocorticoid
receptors (Fig. 1), we do not know if the long-acting, apparently
irreversible effects of CM (Figs. 4 and 5) are due to reaction
with receptors. We cannot rule out other noncompetitive in-
teractions of CM with receptors or reactions of CM with un-
known factors that might be needed for receptor activity. Ra-
dioactively-labeled CM is required to answer these questions
and to begin to elucidate the mechanism of CM action.

Although there are a few apparent exceptions (21), the
concentration of a given steroid required to give half-maximal
biological response is greater than or equal to the Kg4 of the
binding of the same steroid to its receptor (23, 26). In contrast,
the ICso (or apparent K;) of CM is ~0.1 uM (Fig. 3), which is
equal to the K4 of cortisol induction of TyrATase in HTC cells
(data not shown). This ICsq (apparent K;) is an order of mag-
nitude less than the apparent Kq of CM for HTC-cell gluco-
corticoid receptors (Fig. 1). This disagreement is most easily
explained by nonequilibrium conditions with the chemically
reactive CM, especially in the cell-free competition assay of Fig,
1. While short-time competition assays with the tritiated forms
of potent glucocorticoids such as dexamethasone are routinely
used to determine the relative Kgs of unlabeled steroids for
receptors (17, 18, 21, 26, 30-32), a half-time of 3-10 hr# for the
dissociation of dexamethasone from receptors (34) requires that
competition assays of 15-50 hr be used to obtain true equilib-
rium measurements. Thus, for steroids with slow dissociation
rates, these competition assays largely reflect the varying as-

# With activation of the receptor—steroid complex, the half-time for
dissociation increases to about 30 hr (33; W. B. Pratt, personal com-

munication).
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sociation rates of steroid and receptor (21). Because 3 hr at 0°C
is enough to inhibit ~75% of the expected exchange-binding
of [*H]dexamethasone with CM-receptor® complexes (Fig. 5),
the above inequality of ICsp or K; = K4 can be explained by

Eq. 1,

(Dex) K (Dex) ks
CM + receptor == CM-receptor ©>CM-receptor, [1]
™' noncovalent covalent

in which k—; « k) for dexamethasone and CMY or, if CM gives
a covalent complex, ks > k—_; for CM. Thus k; for CM and
dexamethasone would be rate limiting in the cell-free compe-
tition assay. Only in the much longer whole cell experiment at
37°C (Fig. 3) would the binding of dexamethasone be close to
true equilibrium (21), in which case the tight CM-receptor
complex or the irreversible formation of covalent CM-receptor
would significantly displace the equilibrium with dexameth-
asone to cause the low ICsq of CM. In this respect, it is also of
interest to compare CM with progesterone, a known, rapidly
reversible antiglucocorticoid (26). The apparent Kgs of these
steroids with HTC-cell glucocorticoid receptors are 15 and 5
times greater, respectively, than the K4 of cortisol (31). Thus,
all other things being equal, a concentration of CM 3 times that
of progesterone would be required to cause equivalent effects.
However, due to the long-acting or irreversible nature of CM,
Fig. 4 shows that, over a 24-hr period, a preincubation with CM,
followed by washing the cells to remove the free CM, causes
just as much antiglucocorticoid activity as does progesterone
that is continuously present at one-third the CM concentra-
tion.

The observation that CM is a long-acting or irreversible an-
tiglucocorticoid in whole cells would not have been possible if
both of the following two conditions did not exist. First, CM has
to be reactive and stable, in order to give some reaction with
those components that are mandatory for steroid action, but not
be consumed by reacting at 37°C with the large excess of other
compounds that are present in HTC cells and the tissue culture
medium. The 8-hydroxy-a-keto mesylate functional group of
CM rapidly reacts with thiolate anions (R-S~) at 0°C but is es-
sentially inert toward other nucleophiles such as thiols, car-
boxylates, imidazoles, amines, and alcohols (19). Even so, we
were pleasantly surprised when the kinetics of TyrATase in-
hibition in dexamethasone/CM solutions: (data not shown) and
of experiments of the type in Fig. 4 indicated that CM was fully
active as an antiglucocorticoid in tissue culture for 17-18 hr.
Thus, the reactive CM is a long-lasting antiglucocorticoid.

The second necessary condition is that replenishment of in-
activated receptors or other cell factors needed for steroid ac-
tivity be slow. If inactivated receptors or factors were rapidly
resynthesized as soon as they were inactivated by CM, it would
be very difficult to observe any prolonged activity or irrevers-
ibility on the part of CM. However, this is obviously not the case,
because removing free CM from pretreated cells and then
adding dexamethasone cause no induction of any TyrATase for
6-8 hr and only partial induction of TyrATase after 24 hr (Fig.
4). In three experiments, TyrATase induced by dexamethasone
in CM-pretreated cells appeared an average of 2.7 hr after the

§ The terms CM-receptor and CM-receptor (see also Eq. 1) do not
imply that CM occupies the steroid-binding cavity of the receptor
but rather that CM interacts with receptors or factors required for
receptor activity in a manner that prevents the binding of dexa-
methasone.

T For cortisol, k_; is not <<k, and the half-time for dissociation is ~1

hr (27).
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onset of TyrATase induction in EtOH or progesterone-pre-
treated cells. Thus, it would appear that the rate of synthesis of
new receptors or factors is relatively slow. Further work is re-
quired to answer this question, but experiments with CM of the
type of Fig. 4 should enable a determination of the rate of
synthesis of new, functionally active receptors or factors re-
quired for steroid activity.

We thank Billie Wagner for invaluable technical asisstance, Michael
Merchlinsky for the synthesis of CM, and Kristy Titus for the prepa-
ration of this manuscript. -
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