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a,,-Globulin is a rat protein of as yet unknown function whose synthesis can be induced by glucocorticoids
and several other hormones. Induction by glucocorticoids is a secondary response to the hormone: protein
synthesis is required before the hormone can exert its stimulatory effect on o,,-globulin transcription. We have
used the linker-scanning mutagenesis procedure, followed by transfer of the mutant genes into mouse L-cells
for analysis of their phenotype, to determine sequences within a cloned a,,-globulin promoter that are required
for its regulation by glucocorticoids. Mutations between positions —115 and —160 abolish or greatly reduce the
inducibility of «,,-globulin by the hormone. Mutations just upstream from this region, between positions —177
and —220, have an opposite effect; they increase induction two- to fourfold.

Steroid hormones are important regulators of gene expres-
sion in many organisms. In general, these hormones exert
their effects at the transcriptional level, inducing or repress-
ing the synthesis of specific mRNAs (reviewed in references
1, 61). These effects can be either direct or indirect. A direct
or primary response is characterized by insensitivity of
mRNA induction to inhibitors of protein synthesis and by a
rapid increase in the transcription of the inducible gene (62).
In the best-studied example of a primary response, the
induction of mouse mammary tumor virus (MMTYV) tran-
scription by glucocorticoids, the hormone receptor complex
binds to specific DNA sequences within the provirus and, by
a still unknown mechanism, stimulates transcription from
the viral promoter (reviewed in references 47, 48).

Indirect or secondary responses to steroid hormones
require protein synthesis for transcription of the induced
RNA and usually shows a lag between administration of the
hormone and initiation of the response. The classical exam-
ple of such a response is the induction by ecdysterone of the
late puffs on the chromosomes of Drosophila salivary glands
(reviewed in reference 46). The late puffs, unlike the early
puffs, do not appear if protein synthesis is inhibited when the
glands are first treated with the hormone. It seems likely that
during the lag period a regulatory protein(s) is synthesized in
response to the hormone. This protein is required for the
expression of the secondary response (2, 13). This scheme,
though reasonable, remains a conjecture. In no system have
the regulatory proteins been purified or their genes cloned. A
first step towards isolating such a regulatory protein would
be the identification of sequences associated with the gene
which are essential for hormonal regulation. These se-
quences are likely to be binding sites for the hormone-
induced regulatory protein(s). In this paper we report the
identification of DNA sequences required for the induction
of transcription from a rat a,,-globulin promoter, a promoter
indirectly regulated by glucocorticoids.

ay,-Globulin is a small protein of unknown function abun-
dant in the urine of adult male rats but absent from that of
females. Urinary oa;,-globulin is made in the liver. The
hormonal regulation of hepatic ay,-globulin synthesis has
been studied in great detail (reviewed in references 15, 31,
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49). Androgens, glucocorticoids, growth hormone, and insu-
lin are required for a,,-globulin synthesis in vivo, while
estrogens strongly inhibit synthesis. Runoff transcription
experiments with isolated rat liver nuclei show that the
steroid hormones regulate synthesis at the level of transcrip-
tion (27). Protein synthesis is required for the induction of
ay,-globulin by glucocorticoids (11). Recently, as,-globulin
has been found in a number of secretory organs of the rat
including the salivary, lachrymal, mammary, and preputial
glands (21; 33; J.J. Maclnnes, E. S. Nozik, and D. T.
Kurtz, submitted for publication). Each organ is character-
ized by a unique pattern of a,,-globulin isoelectric variants
and mode of hormonal regulation, likely the result of dif-
ferent a,,-globulin gene sets being expressed in each tissue.

The a,,-globulins are encoded by a family of 20 to 25 genes
clustered on chromosome 5. A number of these genes have
been isolated (28). Two of the genes, each flanked by several
kilobase pairs of noncoding sequence, were shown to retain
their responsiveness to glucocorticoids when transfected
into mouse L cells (29). Inducibility was not lost when the
flanking sequences of one of the genes, designated 91, were
trimmed to 235 base pairs (bp) at the 5’ end and 400 bp at the
3’ end. Fusion of the first 400 bp of a,,-globulin coding
sequence together with 500 bp of 5’-flanking sequence to the
herpes simplex virus thymidine kinase gene rendered the
kinase inducible by glucocorticoids (32). Thus, the nucleo-
tide sequences required for the regulation of a5,-globulin by
glucocorticoids have been restricted to 235 bp of 5'-flanking
sequence. The rat organs in which gene 91 is normally
expressed is not yet known. Its sequence and the protein
isoform for which it encodes are most similar to a;,-globulin
genes expressed in the salivary gland (unpublished results).

In the present study we have mutagenized this 235-bp
region by the linker-scanning strategy developed by
McKnight and Kingsbury (37). The effect of these mutations
on the induction of ay,-globulin mRNA was assayed in L
cells stably transfected with the mutant genes. Mutations
between —115 and —160 (relative to the transcription initia-
tion site) abolish or significantly reduce induction by the
hormone. We propose that these sequences are the binding
site for a regulatory protein induced by glucocorticoid treat-
ment of the cells. Mutations just upstream from this region,
between —177 and about —200, have an opposite effect; they
increase the gene’s inducibility by the hormone two- to
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fourfold. We believe this to be the first time sequences
essential for the secondary response of a gene to a steroid
hormone have been identified.

In the course of our experiments we noticed a peculiar
sensitivity of a,,-globulin induction to inhibition by cyclo-
heximide. Concentrations of cycloheximide that almost
completely abolish ay,-globulin induction had little effect on
total cellular protein synthesis. This effect was not observed
when protein synthesis was inhibited by emetine. Inhibition
of ay,-globulin induction by emetine closely paralleled its
effect on overall protein synthesis.

MATERIALS AND METHODS

Materials. Unless otherwise indicated, all enzymes were
purchased from New England Biolabs. Sigma Chemical Co.
supplied hormones, cycloheximide, and emetine. Tissue
culture medium, bovine calf serum, and Geneticin were
supplied by GIBCO Laboratories. Guanidinium thiocyanate
was obtained from Fluka AG. Radiolabeled compounds
were purchased from Amersham Corp. SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate), TBE (90 mM Tris-
borate [pH 8.0], 2 mM EDTA), and Denhardt solution were
prepared as described in Maniatis et al. (35). RU486 was the
generous gift of Roussel Uclaf SA.

Mutagenesis. An outline of the mutagenesis procedure is
shown in Fig. 3. A library of deletions, extending into the
promoter from the a,,-globulin structural gene (3’ deletions),
was made by Bal 31 nuclease digestion from the Sall site of
plasmid p91FHS. A 10-pg portion of plasmid DNA was
digested with Sall. The DNA was precipitated with ethanol
and dissolved in 300 p.l of buffer containing 12 mM CacCl,, 12
mM MgCl,, 20 mM Tris hydrochloride (pH 8), 1 mM EDTA,
0.6 M NaCl, and 3 U of Bal 31 nuclease and incubated at
15°C. After incubation for 5, 10, and 15 min, 100-pl samples
of the mixture were added to a tube containing 50 pl of
phenol-CHCl; (1:1) and 10 wl of 0.25 M EDTA, and the tube
was vortexed and then centrifuged briefly. The organic
phase from each tube was discarded, the aqueous phase was
extracted three times with CHCl;, and the DNA was precip-
itated with ethanol. To ensure that the ends of the DNA
fragments were blunt, the DNA from each time point was
dissolved in 60 pl of 10 mM Tris hydrochloride (pH 7.5), 6
mM MgCl,, 6 mM 2-mercaptoethanol, 60 mM NaCl, 0.1 mM
concentrations of each of the four deoxynucleoside triphos-
phates, and S U of the Klenow fragment of DNA polymerase
I and incubated for 30 min at 37°C. Xhol linkers were added
to the DNA fragments, and the plasmids were circularized as
described by Maniatis et al. (35). Several sets of deletions
were made in the course of this work, some with an Xhol
linker with the sequence CCTCGAGG (Amersham) and the
remainder with the sequence TCTCGAGA (Worthington
Diagnostics). Analogously, deletions from the opposite end
of the promoter region (5’ deletions) were prepared by Bal 31
nuclease digestion from the Xbal site of plasmid p91ZBK
(see Fig. 3).

The plasmids were transformed into the DH1 strain of
Escherichia coli as described by Hanahan (22). Single colo-
nies were picked, 100-ml cultures were grown, and plasmid
DNA was isolated by the boiling method (35). The endpoint
of each deletion was determined by sequencing the promoter
DNA adjacent to the Xhol linker by the method of Maxam
and Gilbert (36).

Plasmids carrying linker-scanning mutations of the ay,-
globulin promoter were assembled from three fragments of
DNA (see Fig. 3): the approximately 1.2-kilobase Pvul-Xhol
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fragment of the appropriate 3’ deletion, containing part of
the B-lactamase gene and the distal portion of the ay,-
globulin promoter; the approximately 4-kilobase Xhol-
BamHI fragment of the desired 5’ deletion, containing the
proximal portion of the promoter and the ay,-globulin struc-
tural gene; and the 1.5-kilobase Pvul-BamHI fragment of the
vector pOH203-33 (a derivative of pAT153 [55]) containing
the complementary portion of the B-lactamase gene. A 1-pg
amount of each of the parental plasmids was digested with
the appropriate restriction enzymes, and the resulting DNA
fragments were separated by agarose gel electrophoresis.
The desired fragments were extracted from the gel and
combined in 50 pl of a buffer containing 50 mM Tris
hydrochloride (pH 7.4), 10 mM MgCl,, 10 mM dithiothreitol,
1 mM spermidine, 1 mM ATP, and 400 U of T4 DNA ligase.
After incubation at 15°C for 16 h the ligation products were
transformed into DH1 as described above. Ampicillin-
resistant colonies were picked and plasmid DNA was iso-
lated from 100-ml cultures. The structure of each mutant was
checked by restriction enzyme analysis. An intact copy of
ay,-globulin gene 91 (28), from the HindIIl site 500 bp
upstream from the gene to the BamHI site 300 bp down-
stream, was inserted in the same vector to serve as an intact
control (plasmid WT91).

Transfection and induction procedures. Ltk~ aprt™ cells
(59) were transfected by the method of Wigler et al. (59). The
day before the transfection confluent L cells were split 1:20
in Dulbecco modified minimum essential medium plus 10%
calf serum. Each 100-mm plate was treated with a calcium
phosphate precipitate containing 10 ng of linker-scanning
mutant plasmid DNA, 1 pg of the neomycin resistance
plasmid pKOneo (D. Hanahan, Cold Spring Harbor Labora-
tory), and 20 pg of L-cell carrier DNA. The precipitate was
incubated with the cells for 12 h. The medium was replaced
and the cells were incubated for a further 24 h. They were
then refed with selective medium containing 800 pg of
Geneticin (50% G418 sulfate) per ml. Clones of resistant cells
could be seen in 2 weeks, usually S to 20 per plate. The
efficiency of transfection could be increased 5- to 10-fold by
treating the cells with Dulbecco modified minimum essential
medium-glycerol (3:1) for 1 min immediately after removal of
the precipitate. After each plate was washed twice with
Dulbecco modified minimum essential medium, they were
treated as above. After 3 weeks of selection the clones on
each plate were trypsinized, replated, and grown to conflu-
ence. Each plate was split 1:8 and incubated for 2 days
before hormone treatment.

Four of the eight plates were incubated in medium con-
taining 2 uM dexamethasone and 1 pg of bovine insulin per
ml. The other four plates served as controls. The plates were
refed 2, 5, and 7 days later. After 9 days, total cellular RNA
was prepared from three plates of hormone-treated cells and
three plates of untreated cells. Cellular DNA was prepared
from the one plate of treated cells, and the cells from the
remaining untreated plate were stored frozen in liquid nitro-
gen.

Preparation and analysis of cellular RNA and DNA. Total
cellular RNA was prepared by a slight modification of the
guanidinium thiocyanate-CsCl procedure described in
Maniatis et al. (35). Cellular DN A was prepared as described
by Wigler et al. (60). The copy number of a,,-globulin genes
in DNA from each transfected cell line was determined by
Southern blot analysis (35).

Poly(A)* RNA was prepared from total cellular RNA as
described in Maniatis et al. (35). Northern blots were done
by the formaldehyde method as described by the same
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authors except that a synthetic oligodeoxynucleotide (24
bases long, complementary to positions +52 to +75 of
az,-globulin mRNA) was labeled and used as a probe. The
blot was prehybridized at 54°C for 2 h in 50 ml of buffer
containing 6 X SSC, 10X Denhardt solution, and 50 pg of
yeast tRNA per ml. Probe was added (20 pmol, 5 x 10’
cpm/pg) and incubation was continued at 54°C for 12 h. The
filter was washed with 6x SSC at 25°C to remove excess
probe and then at 60°C in 6x SSC-1 mM sodium pyrophos-
phate for 5 min.

S1 nuclease assay. An S1 nuclease assay was used to
quantitate the a,-globulin mRNA sequences present in total
RNA from the transfected cell lines. The probe was a
40-base synthetic oligodeoxynucleotide with the same se-
quence as the coding strand of a;,-globulin gene 91 between
positions —8 and +32. The probe was labeled with [32P]PO,
in the following manner. A 35-pmol portion of the oligonu-
cleotide was dissolved in 7 pl of H,O and heated to 70°C for
2 min. A 1-ul amount of a buffer containing 0.5 M Tris
hydrochloride (pH 7.6), 0.1 M MgCl,, 1 mM spermidine, and
1 mM EDTA, 1 pl of 50 mM dithiothreitol, and 1 ul of T4
polynucleotide kinase (10 U; Pharmacia Fine Chemicals,
Inc.) were added to the oligonucleotide solution, and this
mixture was added to a tube in which 600 w.Ci of [y->*P]ATP
(>5,000 Ci/mmol) had been dried. After incubation at 37°C
for 30 min the reaction mixture was heated to 70°C for 2 min
and cooled, 1 pl of kinase was added, and the mixture was
incubated for 30 min more at 37°C. A S-ul portion of 0.1%
sodium dodecyl sulfate and 35 pl of HO were added to the
tube. The labeled probe was separated from ATP by two
successive rounds of ‘‘spin dialysis’’ (26) through Bio-Gel
P30. The probe was diluted to 0.065 pmol/pl in 10 mM Tris
hydrochloride (pH 7.4)-1 mM EDTA and stored at 4°C. The
specific activity of the probe was 3 x 108 to 5 x 10® dpm/pg.

For each S1 protection assay 25 pg of RNA was dried in a
Microfuge tube (Beckman Instruments, Inc.). The RNA was
dissolved in 20 pl of buffer containing 10 mM Tris hydro-
chloride (pH 7.4), 0.4 M NaCl, 1 mM EDTA, 0.1% sodium
dodecyl sulfate, and 0.125 pmol of oligonucleotide probe.
After heating to 90°C for 2 min the tubes were transferred to
a 65°C heating block and incubated for 1 h. Each tube was
taken from the heating block, and 0.25 ml of ice-cold buffer
containing 30 mM sodium acetate (pH 4.8), 0.6 M NaCl, 1
mM ZnSOy4, 5% glycerol, 20 pg of denatured calf thymus
DNA per ml, and 200 U of S1 nuclease (Pharmacia) was
added. After incubation at 25°C for 1 h 75 pl of a stop mix
containing 2 M NH, acetate, S0 mM EDTA, and 100 pg of
calf thymus DNA per ml was added to the nuclease digest,
followed by 1 ml of ethanol. The DNA was precipitated at
—20°C, collected by centrifugation, washed with 1 ml of
ethanol, and dried. Each sample was dissolved in 7 pl of
loading buffer (7 M urea, 0.01% xylene cyanol, 0.01%
bromophenol blue in TBE), heated to 65°C for 2 min, and
applied to a denaturing gel containing 15% polyacrylamide
(15 by 20 by 0.05 cm). When the bromophenol blue reached
the bottom, electrophoresis was stopped and the gel was
autoradiographed overnight at —70°C with an intensifying
screen. With the autoradiogram as a guide, the fragment of
gel containing the probe protected from nuclease digestion
by ay,-globulin mRNA was excised and added to 3 ml of
Aquasol (New England Nuclear Corp.), and its radioactivity
was determined in a scintillation counter.

S1 digestion of a,,-globulin mRNA-probe hybrids pro-
duced a cluster of protected fragments rather than a single
discrete band (e.g., see Fig. 4, lane a). Similar clusters are
often seen with larger probes but are less apparent because
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of the lower resolution of the gels used. This imprecision in
S1 nuclease digestion was not reduced by altering the
enzyme concentration, temperature of digestion, or ionic
strength or by including polyamines in the digestion buffer.

Inhibition of protein synthesis. The effect of cycloheximide
and emetine on a,,-globulin mRNA induction was deter-
mined by treating two subconfluent plates of WT(91)-1 cells
with hormones and the inhibitor at the indicated concentra-
tion. Incubation was for 3 days with the medium changed
daily. Cultures incubated with <0.2 pg of cycloheximide or
0.1 pg of emetine per ml became confluent within this time.
Cellular RNA was prepared and assayed for ay,-globulin
transcripts as described above.

To assay the effect of the inhibitors on protein synthesis,
plates of WT(91)-1 cells were prepared as above but after 60
h of incubation 300 wCi of [>*S]methionine (1,115 Ci/mmol)
was added to each plate. Twelve hours later the plates were
washed three times with cold phosphate-buffered saline and
the cells were removed by scraping. The cells were sus-
pended in 1 ml of a buffer containing 10 mM Tris hydrochlo-
ride (pH 7.4), 25 mM NaCl, and 5 mM MgCl,. A 100-pl
portion of 2% Triton X-100-2% deoxycholate solution was
added to each sample, and the cells were broken by sonica-
tion. The cell extracts were centrifuged for 30 min at 140,000
X g. A 15-pl amount of the supernatant was spotted onto
small squares of Whatman 3MM paper. The squares were
dropped into cold 15% trichloroacetic acid (TCA), washed in
three changes of TCA, and then heated in TCA to 100°C for
S min. The squares were washed twice with cold TCA and
twice with ethanol and dried before scintillation counting.

RESULTS

«ay,-Globulin gene expression in transfected L cells. In
earlier experiments we showed that transfected a,,-globulin
genes were expressed and regulated by glucocorticoids in
mouse L cells (29). A number of experiments were done to
determine how well the induction of aj,-globulin by
glucocorticoids in L cells mimicked this induction in vivo
and in a rat cell line of hepatic origin. One cell line,
WT(91)-1, was used in these experiments. This line was
derived from a mass culture of L cells transfected with
plasmid WT91, a plasmid carrying an intact copy of oy,-
globulin gene 91. WT(91)-1 contains an average of four to
five copies of the a,,-globulin gene per cell.

The dependence of a,,-globulin mRNA accumulation in
WT(91)-1 cells upon dexamethasone concentration is shown
in Fig. 1A. At 10~° M dexamethasone there is no detectable
induction of ay,-globulin RNA. As the concentration of
hormone was raised, the degree of induction steadily in-
creased. Even at very high concentrations (10™° M) induc-
ibility had only begun to plateau. At these high glucocorti-
coid concentrations, however, the growth of the L cells was
greatly reduced. Consequently, the concentration of
dexamethasone was fixed at 2 X 107 M in subsequent
experiments. Insulin was included in the medium of cells
treated with dexamethasone to reduce the latter’s toxic
effect on L cells. Insulin was not required for the induction
of ay,-globulin mRNA in transfected cells (data not shown).
In this respect a,,-globulin expression in L cells differs from
its expression in more physiologically relevant cells. In rat
liver (50) and A49 cells, a hepatoma cell line that synthesizes
as,-globulin (58), full a,,-globulin induction is dependent on
insulin.

The kinetics of a,,-globulin mRNA induction by
dexamethasone in cell line WT(91)-1 is shown in Fig. 1B.
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FIG. 1. Induction of a,-globulin mRNA in transfected mouse L
cells. (A) Dose-response curve for a,,-globulin mRNA induction by
dexamethasone. Cells of mass culture (WT(91)-1 were treated with
the indicated concentrations of dexamethasone for 9 days. Total
RNA was isolated from the cells and assayed for ay,-globulin
transcripts by the S1 nuclease protection procedure (see text). The
induction of ay,-globulin mRNA is expressed as the ratio of a,,-
globulin transcripts present in 25 pg of RNA from hormone-treated
cells to the transcripts present in 25 pg of RNA from untreated cells.
(B) Kinetics of ay,-globulin induction. Lines of transfected L cells
containing wild-type ay,-globulin genes [WT(91)-1], mutant genes of
reduced inducibility [LS(-144/-138)-6], and hyperinducible mutant
genes [LS(-183/-169)-7] were treated with 2 X 107 M dexametha-
sone. After 3, 6,9, and 12 days of induction, total cellular RNA was
prepared from each cell line, assayed for its az,-globulin mRNA
content, and compared with the a,,-globulin mRNA content of cells
not treated with the hormone.

The induction is very slow. For the first 2 to 3 days after
hormonal stimulation little or no a,,-globulin mRNA accu-
mulates above the basal level. This is an exceptionally long
lag period. The lag periods for 16 proteins inducible by
steroids have been tabulated by Palmiter et al. (41). Only
one, B-glucuronidase of mouse kidney, has a lag time (36 h)
comparable to that of a,,-globulin; for the others the lags are
much shorter. After the lag period a,,-globulin mRNA
accumulates at a linear rate until a steady-state level is
achieved after 9 to 12 days of induction. The level of
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ay,-globulin mRNA attained in fully induced WT(91)-1 cells
is about one-tenth that found in adult male rat liver (see Fig.
5). From the induction curve, the half-time for the accumu-
lation of ay,-globulin RNA was determined to be about 3.5
days.

Cycloheximide is a potent inhibitor of oa;,-globulin mRNA
accumulation. In cultured rat hepatocytes (11) and in A49
cells (58) induction of aj,-globulin by glucocorticoids re-
quires ongoing protein synthesis. We wished to confirm this
requirement in L cells. In the course of these experiments it
became clear that a,,-globulin mRNA induction is extraor-
dinarily sensitive to inhibition by cycloheximide. Because of
the induction’s long lag period the transfected cells had to be
cultured for 3 days with the hormone before induction was
detectable. Three days of exposure to cycloheximide at the
concentrations usually used for short-term studies (2 to 20
pg/ml) proved toxic to the cells. We sought, therefore, to
determine the lowest cycloheximide concentration that
would inhibit the induction. Figure 2A shows the effect of
cycloheximide concentration on as,-globulin mRNA accu-
mulation in WT(91)-1 cells. At 0.01 pg of cycloheximide per
ml the induction was reduced to half the control value; by 0.1
wpg/ml induction had fallen to a low plateau level. General
protein synthesis, as measured by [**SImethionine incorpo-
ration into acid-precipitable material, was about five times
less sensitive to cycloheximide. A 0.05-pg/ml concentration
of cycloheximide was required to inhibit protein synthesis by
50%. The shape of the inhibition curve, however, suggests
that a small part of the protein synthesis capacity of L cells
may be more sensitive to cycloheximide than the remainder.
Further work is required to explore this interesting possibil-
ity.

The high sensitivity of a,,-globulin induction to inhibition
by cycloheximide seems to be a specific property of this
inhibitor. When protein synthesis was inhibited by increas-
ing concentrations of emetine, also an inhibitor of peptide
chain elongation, the decline of a;,-globulin mRNA accumu-
lation matched the inhibition of general protein synthesis
(Fig. 2B).

Two other features of Fig. 2A should be noted. First, the
basal level of a,,-globulin mMRNA as well as the induced level
were reduced by low concentrations of cycloheximide. This
suggests that some factor involved in both basal and induced
transcription is unusually sensitive to cycloheximide. This
factor is unlikely to be the glucocorticoid-inducible regula-
tory protein because a promoter mutant (LS-137/—125) that
abolishes induction, presumably by destroying the regula-
tory protein’s binding site, does not reduce basal expression
(see Fig. 4, lanes e and f) or alter the sensitivity of basal
expression to inhibition by cycloheximide (not shown).
Second, even at high cycloheximide concentrations (0.2
png/ml) a very weak induction by dexamethasone can still be
detected. This could represent stabilization of a,,-globulin
transcripts in hormone-treated cells or stimulation of tran-
scription by the hormone-receptor complex alone, in the
absence of the hypothetical transcription factor. We think
the latter possibility unlikely because the potent antigluco-
corticoid RU486 (8), at concentrations sufficient to prevent
induction by dexamethasone, has no effect on the basal level
of ay,-globulin expression (data not shown).

Protein synthesis is required for the maintenance of ajy,-
globulin induction as well as its initiation. Addition of
cycloheximide to an induced culture of WT(91)-1 cells
resulted in an immediate, exponential decline in its ayy,-
globulin mRNA content (Fig. 2C). The level of a5,-globulin
mRNA in uninduced cells also declined after cycloheximide
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FIG. 2. Inhibition of a,-globulin induction by cycloheximide
and emetine. (A) Inhibition by cycloheximide. Cultures of WT(91)-1
cells, either treated (O) or not treated (O) with 2 X 107 M
dexamethasone, were incubated in medium containing the indicated
concentrations of cycloheximide. After 3 days the cells were as-
sayed for their ability to incorporate [**S]methionine into acid-
precipitable material (solid lines) and for their a,,-globulin mRNA
content (dashed lines) as described in Materials and Methods.
Protein synthesis and ay,-globulin mRNA accumulation are ex-
pressed as a percentage of the levels shown by hormone-treated
cells in the absence of the protein synthesis inhibitor. (B) Inhibition
by emetine. Cultures of WT(91)-1 cells were treated as above except
that protein synthesis was inhibited by emetine rather than cyclo-
heximide. (C) Deinduction of a,,-globulin mRNA. WT(91)-1 cells
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FIG. 3. Construction of linker-scanning mutants of a,,-globulin
gene 91. Bal 31 nuclease was used to generate two nested series of
deletions, one that originated from a Sall site within the coding
sequence (3’ deletions) and a second that originated from an Xbal
site upstream to the promoter (5’ deletions). 5’ and 3’ deletions
whose endpoints were separated by approximately 8 bp were joined
at their Xhol sites (8 bp) to generate a series of linker-scanning
mutations in the oy,-globulin promoter. The dark box represents
az-globulin coding sequence; the open boxes, a,,-globulin flanking
sequence; thin lines, plasmid vector sequences; and heavy lines, the
B-lactamase gene of pBR322. Restriction sites that have been
changed to sites with a new enzyme specificity are shown in
parentheses. Kb, kilobases.

treatment. Cycloheximide could cause the observed decline
in the steady-state level of a,,-globulin mRNA in two ways:
by inhibiting transcription of the «y,-globulin gene or by
promoting the degradation of a,,-globulin mRNA. The latter
possibility is unlikely because the level of ay,-globulin
mRNA declined at the same rate when induced WT(91)-1
cultures were either treated with cycloheximide or deprived
of dexamethasone (Fig. 2C).

Mutagenesis. The linker-scanning method (37) was used to
mutagenize 235 bp of sequence upstream to the a,,-globulin
transcription start site. This method was chosen because,

were incubated for 8 days in the presence (O) or absence (O) of 2 X
10~°® M dexamethasone. At time zero, either the cells were washed
free of the hormone (dashed line) or cycloheximide (0.1 pg/ml) was
added to the medium. At the indicated times total cellular RNA was
isolated and assayed for a,,-globulin mRNA by the S1 nuclease
protection precedure (see text). The levels of ay,-globulin mMRNA
are expressed as a percentage of that present in hormone-treated
cells at time zero.
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TABLE 1. Properties of the linker-scanning mutants

Net deletion or

Mutant Linker sequence® insertion (bp)
LS-38/-31 A 0
LS-44/-39 A +2
LS-44 A +7
LS-58/-51 C 0
LS-70/-61 A —2
LS-84/-61 A -16
LS-101/-98 B +4
LS-116/-107 B -2
LS-137/-125 A -5
LS-144/-138 B +1
LS-152/-144 B -1
LS-158/-156 A +5
LS-176/-169 B 0
LS-183/-162 B -4
LS-183/-169 B -7
LS-183/-173 A -3
LS-197/-189 A -1
LS-222/-214 B -1
LS-235/-214 B —14

“ The linker sequences are: A, CCTCGAGG; B, CCTCGAGA; C,
TCTCGAGA.

unlike point mutagenesis, fairly long sequences can be
efficiently saturated with mutants. In addition, linker-
scanning mutants, unlike deletions, retain the spacing of
promoter elements found in the *‘wild-type’’ sequence.

The protocol used to generate the mutants is illustrated in
Fig. 3. Briefly, two deletion mutants of the promoter, one
lacking distal sequences (5’ deletion) and the other lacking
proximal sequences (3’ deletion) are joined by an 8-bp Xhol
linker. In the ideal case the parental deletions would be
chosen such that the linker exactly replaces 8 bp of promoter
sequence. In most cases, however, the two deletions were
greater or less than 8 bp apart, creating linker-scanning
mutants carrying small deletions or insertions. The proper-
ties of the mutants used in this study are presented in Table
1.

S1 nuclease protection assay. The determination of o;,-
globulin mRNA levels in total RNA from many different
transfected cell lines required a rapid, simple, and sensitive
assay. A modification of the S1 nuclease protection assay (7)
best satisfied these criteria. The only departure from stan-
dard procedures was the use of a short synthetic oligode-
oxynucleotide as a probe. The S1 assay provided both a
qualitative and a quantitative estimate of the amount of
as,-globulin mRNA present in samples of total cellular
RNA. The results of a typical assay are shown in Fig. 4. The
fragment of the probe protected from nuclease digestion by
ay,-globulin was located on the electrophoresis gel; the piece
of gel containing the protected fragment was excised, and its
radioactivity was determined. When total RNA from male
rat liver (about 0.01% a;,,-globulin mRNA) was assayed, the
amount of probe protected was linearly dependent on the
amount of RNA over the range 0.04 to 25 pg of RNA (data
not shown). There is no protection of the probe by RNA
present in untransfected L cells (Fig. 4, lane b).

Unexpectedly, total RNA from L cells transfected with
a,-globulin genes contained transcripts that protected the
entire oligonucleotide probe from nuclease digestion (Fig. 4).
The amount of this RNA is considerably greater than the
amount of correctly initiated a,-globulin transcripts, is little
affected by treatment of the cells with glucocorticoids, and
bears no fixed relationship to the amount of correctly initi-
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ated mRNA. The structure of the aberrant transcripts is
unknown. They may initiate at sites in the transfected DNA
flanking the ay,-globulin genes and ‘‘run through’ the as,-
globulin promoter. The Northern blot shown in Fig. S is
consistent with this suggestion. Male rat liver poly(A)* RNA
(lane a) contains a single, abundant species of a,,-globulin
mRNA. An RNA of the same size is present in poly(A)*
RNA from cell line WT(91)-1. However, the transfected cell
RNA also contains a large, heterogeneous population of
RNAs longer than the authentic aj,-globulin messenger.
These RNAs are present both before and after hormone
treatment (lanes b and c) and can be detected in total cellular
RNA (lanes d and e).

Effects of linker-scanning mutations on induction of o,-
globulin expression by dexamethasone. Plasmid DNA from
each linker-scanning mutant and a plasmid conferring resist-
ance to the antibiotic G418 were cotransfected into mouse L
cells. Mass cultures of cells resistant to the antibiotic (10 to
20 clones per culture in early experiments, 50 to 200 clones
per culture later) were prepared and treated with dexameth-
asone for 9 days. Total cellular RNA was isolated from
induced and uninduced cells and assayed for ay,-globulin
mRNA as described earlier. The autoradiogram resulting
from a typical set of assays is shown in Fig. 4. For each pool
of transfectants, the ratio of ay,-globulin mRNA present in
25 ng of total RNA isolated from hormone-treated cells to
that present in 25 pg of RNA from untreated control cells
defines the induction displayed by that cell line.

It should be noted that expression of genes transfected
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FIG. 4. S1 nuclease assay of a,,-globulin mRNA induction in
cell lines containing wild-type or mutant ay,-globulin genes. Total
cellular RNA from male rat liver (lane a, 1.7 pg of liver RNA, 25 pg
of L-cell RNA), dexamethasone-treated L cells (lane b, 25 ug), and
from untreated and hormone-treated cultures of the indicated
transfected cell lines (lanes c to j, 25 ug) was assayed for aj,-
globulin mRNA as described in Materials and Methods. The period
of induction was 9 days. The arrow marks the position of the 32-base
fragment of the probe that is protected from nuclease by correctly
initiated a,,-globulin mRNA. The dark band at the top of the
autoradiogram is a fraction of the 40-base probe that is completely
protected, probably by aberrant transcripts that run through the
a,-globulin promoter. The degree of induction observed in each cell
line is as follows: WT(91)-1, 24-fold; LS(-137/-125)-9, 0.7-fold;
LS(-183/-173)-9, 58-fold; LS(-38/-31)-2, 8-fold. The concentration of
asy,-globulin mRNA in male rat liver RNA is about seven times
higher than in RNA from fully induced WT(91)-1 cells.
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into tissue culture cells is strongly influenced by their site of
integration into the host chromosome (19). It is often difficult
to distinguish these ‘‘position effects’’ from the effect of
interest, that of the mutations on ay,-globulin gene expres-
sion. We tried to average the position effects by using mass
cultures of transfected cells, each a pool of many indepen-
dent clones, and by analyzing ay,-globulin induction in a
number (usually four to five) of mass cultures containing
each mutant.

Figure 6 summarizes the effects of the linker-scanning
mutants on the induction of a,,-globulin mRNA by
dexamethasone. Hormone treatment increased expression
of the intact a,,-globulin gene about 20-fold (Fig. 5, lanes ¢
and d). This induction was abolished in cells transfected with
the LS-137/-125 mutant gene. Five of the seven mass cul-

WT(91)-1I
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FIG. 5. Hybridization of an a,,-globulin probe to RNA from rat
liver and a transfected L-cell line. A 0.2-pg portion of poly(A)* male
liver RNA (lane a), S pug of poly(A)* RNA from uninduced [lane
WT(91)-1] cells (lane b), and cells induced with dexamethasone for
3.5 days (lane c¢), and 25 pg of total RNA from uninduced (lane d)
and induced (lane e) cells were electrophoresed through a 1%
agarose gel containing 2.2 M formaldehyde, blotted onto nitrocellu-
lose, and probed as described in Materials and Methods. The arrow

marks the position of correctly initiated a,-globulin mRNA.
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tures containing this mutant show no induction at all (Fig. 5,
lanes e and f); in the remaining cultures induction was very
weak (two- to threefold). The basal level of transcription is
unaffected in cells bearing this mutant. This is an important
observation because we wish to distinguish mutants that
alter the gene’s hormonal regulation from mutants that
reduce its basic promoter activity. All of the transfected cells
contain a low but detectable amount of aj,,-globulin mRNA
in the absence of added hormone (Fig. 4, lanes c, e, g, and i).
Only one mutation, LS-38/-31, reduced this basal level of
expression. The other mutants had no consistent effect on
the basal level of ay,-globulin mRNA accumulation, al-
though it is difficult to be certain of this because there were
considerable differences in basal transcription among cell
lines, probably the result of the position effects discussed
above. We conclude that, with one exception, mutants
altering ay,-globulin induction do so by altering the gene’s
regulatory sequences, not sequences required for basic
promoter function.

LS-137/-125, therefore, marks the location of sequences
essential for regulation of the gene by glucocorticoids. Three
contiguous mutants distal (i.e., further from the transcription
start site) to the ‘‘null’’ mutant, LS-144/-138, LS-152/-144,
and LS-158/-156, reduce inducibility to four- to sevenfold.
This is significantly different from the wild-type level of
inducibility (Student’s ¢ test, P = 0.01). Mutations in this
class reduce the rate at which a,,-globulin mRNA accumu-
lates in transfected cells and lower the steady-state level of
transcripts achieved after prolonged hormone treatment
(Fig. 1B). Mutations in sequences further upstream are
highly inducible. Therefore, we place the distal margin of the
regulatory region at about —160. The proximal margin of the
region is more difficult to define. The inducibility of mutation
LS-116/-107, although much higher than that of the null
mutant, is about half that shown by the wild-type gene. We
doubt that this decrease is significant since most of the
mutants between —20 and —100 are also less inducible than
the wild type. We tentatively place the proximal border of
the regulatory sequence between —110 and —120. This
coincides with the border of a region of dyad symmetry
present in the regulatory region and with the border of
sequences conserved among a,,-globulin promoters (see
Discussion). In conclusion, the mutagenesis experiments
have defined a sequence between about —115 and —160
required for as,-globulin induction by glucocorticoids. Ex-
periments to more precisely define the borders of the gluco-
corticoid regulatory element are in progress.

An unexpected outcome of the mutagenesis experiments
was the discovery of promoter mutants in which the induc-
ibility by glucocorticoids is increased. This region is defined
by a series of three overlapping mutants. LS-183/-162,
LS-183/-169, and L.S-183/-173. Cell lines containing these
mutants display increased inducibility (Fig. 6). On average,
the inducibility is double that of the intact gene (P = 0.1), but
some cell lines accumulate four times the wild-type level of
ay,-globulin mRNA in response to dexamethasone. The S1
analysis of RNA from one ‘‘hyperinducible’’ cell line is
shown in Fig. 4 (lanes g and h). The Kkinetic properties of
these mutants is the converse of the down mutations dis-
cussed above: the rate of accumulation of transcripts and the
final steady-state level of transcripts are both higher than
those of the wild type (Fig. 1B). There is a great deal of
variablity in the degree of induction displayed by cell lines
transfected with these mutants. However, 12 of 18 cell lines
containing these mutants were more inducible than the
wild-type gene. We think, therefore, that the hyperinduc-
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FIG. 6. Effect of linker-scanning mutations on a,-globulin induction. The DNA sequence is that of the promoter of a»,-globulin gene 91
(the noncoding stand is shown). The sequence is numbered backwards from the transcription initiation site (+1). The 3’ end of the sequence
is at the top. Sequences replaced by an 8-bp Xhol linker in the various linker-scanning mutants are marked by the adjacent vertical lines. The
histograms, drawn next to sequences altered by each mutation. show the induction of a»,-globulin mRNA displayed by cell lines transfected
with each mutant gene. The histograms are keyed to the appropriate mutations where overlap of the mutated sequences makes the relationship
ambiguous (mutants between —160 and —185). Each bar within a histogram shows the induction achieved by a single mass culture of cells
transfected with a mutant a.,-globulin gene after 9 days of treatment with dexamethasone. At the upper left is a histogram showing the
response of mass cultures transfected with a plasmid bearing the wild-type sequence of gene 91. The average of the inductions displayed by
all of the mass cultures containing each mutation is shown to the right of the corresponding histogram.



2342 ADDISON AND KURTZ

ibility is an intrinsic property of the mutants and is not due to
chromosomal position effects. Since LS-183/-173 is as effec-
tive as L.S-183/-162 in producing hyperinducibility, the se-
quences between —162 and —173 seem irrelevant to the
phenomenon. This is confirmed by the normal inducibility
displayed by LS-175/-169. Therefore, the proximal boundary
of the ‘‘hyperinducibility region’’ is around —177. The distal
boundary is less well defined. LS-197/-189 seems to be
mildly hyperinducible, though because of the great variabil-
ity in ay,-globulin expression among cell lines this is not
reflected in its average induction. Its upstream neighbors,
mutants L.S-222/-214 and LS-235/-214, show slightly reduced
inducibility. Therefore, the distal border of the hyperinduc-
ibility region lies around —200.

Promoters in higher eucaryotes usually contain a
“CAAT" box, a sequence related to 5'-GGC/TCAA/TCT-3’,
about 80 bp upstream from their initiation sites (6, 17, 63). In
the best-studied case, the promoter of the thymidine kinase
gene of herpes simplex virus, linker-scanning or point mu-
tants that destroy the thymidine kinase CAAT sequence
(present in inverse orientation in this gene) greatly reduce
the promoter’s efficiency (37, 38). Recently this region has
been shown to bind a factor required for efficient transcrip-
tion in vitro (24). The a,,-globulin gene 91 promoter contains
the sequence 5S'-GGCCCATAT-3', between positions —74
and —66 Fig. 6) which we assume to be its CAAT box.
Mutants LS-70/-61 and L.S-84/-61 lack this sequence in whole
or in part but retain normal promoter activity. The basal
level of ay,-globulin mRNA in cell lines containing these
mutants is similar to the wild type. Either the CAAT
sequence is not needed for transcription of the gene under
these conditions, or we have not correctly identified the
CAAT sequence.

The remaining mutants merit a few comments. LS-58/-51
destroys a conspicuous run of A - T base pairs between the
gene’s CAAT and TATA boxes without reducing ay,-
globulin mRNA accumulation. LS-44/-39 has no effect on
gene expression. Inducibility is reduced in the similarly
positioned LS-44, perhaps because of changes in spacing
attendent to replacing a single base pair by the 8-bp linker.
Finally, inducibility is low in LS-38/-31. This mutant is
unique in also showing a consistently low basal level of
activity compared with the wild-type gene (Fig. 4, lanes i and
j). This may be due to the proximity of the mutation to the
gene’s TATA box, the S'-TATAAA-3’' sequence between
positions —30 and —25.

DISCUSSION

In vitro mutagenesis of a cloned DNA sequence followed
by transfer of the mutants into a suitable host cell for
analysis of their phenotypes is a powerful technique for
identifying regulatory elements associated with eucaryotic
genes. We used mouse L cells as a host cell in our study of
the ay,-promoter because they are known to have a func-
tional glucocorticoid receptor and because of the efficiency
with which this line can be transfected. In assessing the
significance of our results it is important to know how
closely the induction of a5,-globulin by glucocorticoids in L
cells, a fibroblast line, resembles its induction in more
physiologically relevant cells. a,,-Globulin induction by
glucocorticoids has been studied in vivo and in cultures of
as,-globulin-producing cell lines. The best in vitro model of
ayy-globulin induction is provided by the A49 cell line
isolated by Widman and Chasin (58). This is a derivative of
the rat hepatoma cell line FUS-5 that synthesizes ay,-
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globulin in response to glucocorticoids. In almost all re-
spects ay,-globulin expression in transfected L cells closely
resembles its expression in A49 cells. The kinetics of ay,-
globulin induction in both cell lines is identical. In each case
a slow, biphasic response is seen. The size of the induction
is much larger in A49 cells (500-fold) due to the very low
basal level of expression seen in untreated cells. A slow
induction of hepatic a,-globulin is also observed in vivo
when adrenalectomized rats are treated with hydrocortisone
(30). The steady-state level of ay,-globulin mRNA achieved
in fully induced L cells is remarkably high, 10% of that found
in adult male rate liver. Finally, in L cells, as in rat liver and
A49 cells, protein synthesis is required for the initiation and
maintenance of a,,-globulin expression.

These results suggest that ay,-globulin induction in mouse
L cells is very similar to its induction in A49 cells and in
vivo. This has the important implication that some ubiqui-
tous mechanism of induction is operating in all of these
cases. This would not be surprising if a,,-globulin expres-
sion was directly regulated by the hormone-receptor com-
plex since transfected genes usually adopt an ‘‘active’
chromatin structure (57) and glucocorticoid receptors are
found in almost all tissues (3). It is somewhat surprising in a
secondary response to the hormone, hinting that at least
some regulatory molecules induced by glucocorticoids may
have a wide distribution among tissues and among orga-
nisms. Such molecules would be important in the regulation
and perhaps coordination of hormone-controlled gene net-
works (61). If the regulatory protein does prove to be widely
distributed it is, like the glucocorticoid receptor itself, un-
likely to be an agent of tissue-specific gene expression.

Linker-scanning mutagenesis of the a,,-globulin gene 91
promoter revealed two sequences required for normal ex-
pression in response to glucocorticoids. Mutations in the
first region, between —115 and —160, abolished or signifi-
cantly reduced the inducibility of the gene. We term this
sequence the glucocorticoid regulatory region. We suggest
that this sequence is the binding site for a factor produced in
response to glucocorticoid stimulation of the cell and re-
quired for efficient transcription from the a,,-globulin pro-
moter. This site is conserved among the 14 a,,-globulin
promoters we have sequenced (unpublished results). The
promoters, like ay,-globulin structural genes (16), are over
90% homologous. In general, nucleotide differences among
the promoters are randomly distributed. However, there are
few changes between —90 and —115 and the sequence
between —116 and —137 is absolutely conserved. The latter
sequence coincides with the sequence altered in the null
mutant, LS-137/-125. The sequence data complement our
mutagenesis results and emphasize the unique importance of
the sequences around —130 for a,,-globulin regulation.

The regulatory sequence we have identified in the oy,-
globulin gene 91 promoter is also conserved in sequences
flanking the genes for the homologous major urinary protein
(MUP) of mouse. Clark et al. (12) have sequenced two highly
homologous MUP genes, one of which is a pseudogene. The
as,-globulin sequence most closely resembles the MUP
pseudogene showing 80% homology to 400 bp of sequence
flanking the 5’ end of the MUP gene. The divergence
between the rat and mouse promoters is due to scattered
base pair substitutions and small insertions and deletions.
The glucocorticoid regulatory region we have identified in
the a,,-globulin promoter is conserved in both MUP genes
(90% homology). However, the ‘‘hypersensitivity’’ region is
only 50% homologous and the TATA box is quite different in
the rat and mouse genes.
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The phenotype of the null mutant LS-137/-125 is striking
and indicates that the aj,,-globulin promoter is organized
quite differently from that of MMTV, a promoter directly
regulated by the glucocorticoid receptor. Yamamoto’s labo-
ratory has shown that the hormone-receptor complex binds
to at least five sites in the MMTV promoter (42). A nested
series of deletions only gradually reduced MMTYV induction
as the binding sites were successively lost (23). Similarly,
linker-scanning mutants that disrupted individual sites pre-
vented receptor from binding to the mutated site but did not
abolish induction, although in some cases induction was
reduced (14). Thus the MMTYV regulatory region seems to be
diffuse, made up of multiple functional copies of a regulatory
sequence. This architecture contrasts with the compact
regulatory sequence we have identified in the a,,-globulin
promoter.

The a;,-globulin gene 91 promoter does contain sequences
similar to regulatory sequences associated with genes di-
rectly induced by glucocorticoids. Karin et al. (25) have
identified a consensus sequence, S5'-LGGTNLCAAINTG
TELCT-3’, common to glucocorticoid receptor binding sites in
the human metallothionein-II, and MMTV promoters (25,
51). Part of this motif, 5'-TGTTCT-3’, is found in other
promoters regulated, either directly or indirectly, by
glucocorticoids such as the human growth hormone gene
(39), the chicken lysozyme gene (45), the rabbit uteroglobin
gene (10), and the rat aj-acid glycoprotein (34, 44),
tryptophan oxygenase (53) and tyrosine aminotransferase
genes (54). This sequence is found (on the opposite strand to
that shown in Fig. 6) outside the regulatory region of gene 91
between positions —228 and —233. Mutation LS(-235/-214)
removes this sequence without drastically reducing a,-
globulin induction. Two sequences within the a,,-globulin
regulatory regions, 5'-AGAATCAA-3' between —181 and
—174 and 5'-AGATGACAT-3' between —165 and —157,
resemble a sequences, 5'-AGALCA(G):-3' (the complement
to the right end of the consensus sequence), repeated many
times in the receptor binding regions of MMTYV (42). Gluco-
corticoid receptor binding studies have not yet been done
with the oy,-globulin promoter. In their absence it
is difficult to assess the significance of these homologies.
It will be important to determine if receptor binding is
required for the induction of transcription from this pro-
moter.

The ay,-globulin glucocorticoid regulatory region displays
imperfect dyad symmetry. A 6-bp core sequence, 5'-
GCCAAG-3', is separated by 22 bp from its inverted com-
plement. If small interruptions are allowed, the complemen-
tary regions (upper case characters) can be expanded to 12
bp each:
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between the elements is, however, important for regulation
of the gene. This is indicated by the phenotype of mutation
L.S-144/-138, a mutation which alters neither element and
changes the spacing between them by only one nucleotide
yet significantly reduces induction.

Within the regulatory region shown above (positions —131
and —136) is a hexanucleotide, 5'-GGAACA-3', found at a
very similar position in the promoter of the rat a;-acid
glycoprotein gene (34, 44). Like a,,-globulin induction,
oy-acid glycoprotein induction is a secondary response to
glucocorticoids (5, 56). An estimation of the significance of
this short sequence homology between the two promoters
awaits the identification of regulatory elements associated
with the a;-acid glycoprotein gene.

The four mutations defining the glucocorticoid regulatory
region show a distinct polarity in their effects on induction.
The mutant nearest the transcription start site, LS-137/-125,
is most severe in its effects, while the most distal mutant,
LS-158/-156, is the least. The polarity may be an artifact
resulting from changes in the spacing of promoter elements.
Of the four mutants, the null mutant LS-137/-125 has suf-
fered the most drastic change in sequence, a deletion of 5 bp
in addition to the linker substitution. Alternatively, the
polarity may reflect real differences in the importance of
sequences within the regulatory region. This suggestion is
supported by the sequence analysis of ay,-globulin promot-
ers mentioned above. There is significantly greater conser-
vation of sequences around —130 than of sequences between
—140 and —160. Examples of similar effects are known, even
in much more highly symmetric regulatory sequences. In the
E. coli lactose operon, lac repressor has higher affinity for
the promoter-proximal than for the promoter-distal half of
the operator sequence (4). Another example can be found in
the herpesvirus thymidine kinase promoter: mutations af-
fecting the distal half of the CAAT box dyad have a much
more severe effect on promoter efficiency than mutations in
the other half (38).

Just upstream to the putative regulatory factor binding site
is a second regulatory sequence we term the hyperinduc-
ibility region. Mutations between —177 and about —200
increase the gene’s inducibility by glucocorticoids. These
mutations do not change the basal level of expression from
the promoter; their effect is specific to cells in the induced
state. We are unaware of other regulatory sequences that
have these properties. These mutations have a phenotype
opposite to deletions of sequences upstream to the human
B-interferon gene that raise the basal level of expression 5- to
10-fold while not affecting the induced level (64). The exist-
ence of a class of promoter mutants more inducible than the
wild-type gene hints that the function of the wild-type

5'-TGAcAtcGCCAAGTTtcaaaagggcaggaac AAtcCTTGGCTTCA-3’

-162

The presence of dyad symmetry in the regulatory region is
reminiscent of other regulatory sequences. Dyad symmetry
is often found in the binding sites for procaryotic regulatory
proteins. In these systems dyad symmetry in the regulatory
sequence correlates with a dimeric structure for the regula-
tory protein (40). Some eucaryotic regulatory proteins also
bind to sequences of dyad symmetry. Examples are the
GALA4 protein of yeasts (9, 20) and a protein that binds to the
chicken B-globin promoter (18). Unlike these examples, the
two elements of the dyad present in the a,,-globulin pro-
moter are quite far apart. Each repeat could be an indepen-
dent binding site for a transcription factor. The sequence

-118

hyperinducibility region sequence is to set the maximum
efficiency at which the promoter can function.

The mechanism by which the hyperinducibility region
exerts its effects on the promoter is obscure. Simple models
in which these mutations facilitate the binding of the regu-
latory factor, or of RNA polymerase, or reduce the binding
of a constitutive repressor are not adequate because they do
not explain how the mutants show increased expression in
induced cells yet have no effect on expression in uninduced
cells. Formulation of more complex models to explain the
properties of the hyperinducible mutants is probably prema-
ture. We do not, for example, yet know if this region can
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function independently of the glucocorticoid regulatory re-
gion.

The kinetics of induction of an intact a,,-globulin gene, a
hyperinducible mutant (LS-183/-169), and a mutant of low
inducibility (LS-144/-138) are compared in Fig. 1B. Cells
transfected with all three genes show the same lag period
between addition of the hormone and the induction of
ay,-globulin mRNA. This is expected if the lag period is
required for the synthesis of a rrans-acting regulatory pro-
tein(s) in response to the hormone. After the lag, aj,-
globulinmRNA accumulates in induced cells according to
the simple turnover kinetics originally applied to hormonally
induced enzyme synthesis by Schimke et al. (52). The initial
rates of accumulation differ among the three cell lines and
are roughly proportional to the steady-state levels of ay,-
globulinmRNA achieved in each cell line. This is exactly
the kinetic behavior expected of cis-acting regulatory muta-
tions.

The induction of a,,-globulin mMRNA by glucocorticoids is
a secondary response to the hormone. As expected, cyclo-
heximide and emetine, inhibitors of protein synthesis, pre-
vent this induction. The inhibition of induction by cyclohex-
imide has two puzzling properties. First, induction is much
more sensitive to the inhibitor than is overall protein syn-
thesis and, second, this acute sensitivity is not shown by
emetine, another inhibitor of peptide chain elongation. As
yet we have no explanation for our observations. The only
precedent we have found for this behavior is that reported by
Palmiter et al. (41). These workers found that, at concentra-
tions of inhibitor that reduced protein synthesis to a similar
degree, cycloheximide inhibited ovalumin induction by es-
trogen more strongly than did emetine. It is possible that
cycloheximide inhibits a,,-globulin induction directly, by a
mechanism independent of the drug’s effect on the eucary-
otic ribosome. This idea could be tested by studying the
inhibition of a,,-globulin induction in cells containing cyclo-
heximide-resistant ribosomes. Mutant Chinese hamster
ovary cells with such resistant ribosomes have been isolated
(43).

The mutagenesis experiments described in this paper have
delineated the sequences required for the regulation of
ay,-globulin by glucocorticoids. The task that now presents
itself is the isolation and characterization of the trans-acting
factor or factors that interact with these sequences to
increase transcription from the promoter. Our knowledge of
the factor’s properties is meager. A promoter mutation that
abolishes a,,-globulin induction by glucocorticoids has no
effect on the basal level of the gene’s expression. This basal
level of expression, unlike the induced level, is insensitive to
the antiglucocorticoid RU486. These observations suggest
that the factor is truly regulatory and is not absolutely
required for transcription.
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