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ABSTRACT. Estrogen regulation of the rat prolactin gene requires sequences within the DNase |
hypersensitive site 1l (HSIl). We have used overexpressed mouse estrogen recé@pkar) protein to
study interactions of ER with an imperfect estrogen response element (ERE) and four ERE half-site
sequences from HSII. We confirmed that&Ras higher affinity for ERE half-sites than for the imperfect
ERE. As expected, the imperfect ERE formed a complex witlw BRnilar to that between mERand

a consensus ERE in gel shift assays. ThexEEBmplex with half-sites, however, had faster mobility on

a 4% polyacrylamide gel than the ER-omplex with a consensus ERE, indicating that the complexes
had different compositions. Ferguson analysis revealed that thehaRsite complex had a larger
molecular weight and higher negative charge than the/Eéhsensus ERE complex. Similar results were
observed with purified human ER showing that the E&/half-site complex contained only ERand
oligonucleotides. These results are best explained by a model in which a dimendsBRund to two
half-site oligonucleotides. We propose that twodE@imers may interact with the four ERE half-sites in
HSII to influence estrogen regulation of this gene.

Estrogens are important regulators of mammalian growth tive site Il (HSII), 1.5-1.8 kbp from the promoter (reviewed
and metabolism, accomplishing these functions through thein 15). Recent results from mice with a deletion of thedeR
regulation of expression of specific genés-@). Estrogens gene (ERKO mice) have confirmed the importance of
regulate the activities of the transcription factors estrogen estrogens in prolactin production: Female ERKO mice have
receptor (ER) o and ERB, which bind to specific DNA 20-fold lower prolactin mRNA levels than wild-type mice,
sequences known as estrogen response elements (ERES) ireduced lactotroph cell density, and smaller anterior pituitar-
the vicinity of estrogen-regulated genes. The consensus EREjes overall (6). Another important regulator of the prolactin
the DNA sequence with highest affinity for ERis an gene is the transcription factor Pit-1, which binds to four
inverted repeat of the sequence AGGTCA separated by threesites close to the promoter and four sites within H3IT)(
base pairs4). Although this sequence has been used for most In heterologous cell lines, both Pit-1 and &Rnust be
in vitro studies of ERV/DNA interaction, its natural occur-  present for estrogen regulation of the prolactin gene to occur
rence is rare§, 6), and many EREs instead contain weaker (18, 19).

ERa binding sequences. Imperfect EREs are similar to  The DNA sequences mediating estrogen responsiveness
consensus EREs but have mutations which reduce theirof the rat prolactin gene have been studied in some detail.
affinity for ERo (for examples, seé—9). Some EREs consist ~ An imperfect ERE close to Pit-1 binding site 1D was
only of half-sites, in which unpaired AGGTCA sites are identified by its ability to bind to purified ER (20). This
present {0—12). The ERs stimulate transcription through sequence was shown to be essential for estrogen regulation
the recruitment of coactivator complexes which contain in reporter gene assay21( 22); however, in some studies,
histone acetylase and methylase activitie3 (4). additional upstrean2@) or downstream23) sequences were

Estrogens have been known for some time to be importantalso required for an estrogen response. Lannigan and Notides
regulators of transcription of the prolactin gene in the (24) identified another DNA sequence within HSII to which
lactotroph cells of the anterior pituitary. The estrogen- ER bound with high affinity; the secondary structure of the
responsive sequences are found within DNase | hypersensiDNA was important for ER binding to this sequence, but

the exact site of ER binding was not identified.

* This work was supported by NIH Grants HD08192 and HH07259 ~ Murdoch et al. 25) identified a sequence close to Pit-1
awarded to J.G.; I.A. was a trainee of the University of Wisconsin binding site 4D which bound ER with higher affinity than

Biotechnology Training Program funded by NIH Grant GM08349. the imperfect ERE identified earlier. This sequence contained
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4441; FAX: (608) 262-3453; Email: gorski@biochem.wisc.edu. one perfect half-site of the consensus ERE. Intriguingly, the
* Current address: Integrated Genomics, Inc., 2201 W. Campbell Parkratio of ER to ERE appeared to be 1:1, suggesting that ER
Dr., Chicago, IL 60612. may bind to this sequence as a monomer, and we have been

1 Abbreviations: ER, estrogen receptor; ERE, estrogen response; ; i [P ; _
element; ERKO, estrogen receptor knockout: PRL, prolactin: HSII, interested in characterizing this interaction further. Unfor

DNase | hypersensitive site I1;,E173-estradiol; MHT, 4-hydroxyta-  tunately, the interaction was too weak for detection in gel
moxifen; MW, molecular weight; DBD, DNA binding domain. shift assays when rat uterine cytosol was the source of ER
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(25); however, using mouse ERoverproduced in a bacu-
lovirus system 26), we have now been able to detect&R
binding to this sequence and other ERE half-sites from HSII

Biochemistry, Vol. 39, No. 13, 2008843

nonspecific IgG at 1:10 final dilution. Both antibody stocks
contained 50% glycerol and 10 mg/mL bovine serum
albumin. The protein standards were thyroglobulin (669

in gel shift assays. We have found that the complex betweenkDa), alcohol dehydrogenase (150 kDa), bovine serum

ERa and half-sites is distinct from that between &RBnd a
consensus ERE. The Efhalf-site complex forms a faster-
migrating complex on a 4% polyacrylamide gel, which would
usually indicate a smaller protein/DNA complex. In this case,
however, Ferguson analysis indicated that theJbRlf-site

albumin (66 kDa), ovalbumin (45 kDa), and cytochrome
(12 kDa). Protein standards were prepared individually in
TDGK buffer; 50ug of each protein was loaded on each
gel. The running buffer was high ionic strength Friglycine

(50 mM Tris base, 390 mM glycine, 1.0 mM EDTA).

complex has a higher molecular weight and higher negative Electrophoresis was carried out at 45 mA constant current

charge than that of ER with a consensus ERE, and we
attribute this to one E®& dimer interacting with two half-
site oligonucleotides. In vivo the four ERE half-sites in the
rat prolactin HSII region may interact with two ERlimers

without buffer recycling until the orange dye neared the

bottom, about 90 min. After electrophoresis, the half of each
gel containing the protein standards was removed and
transferred to Coomassie blue staining solution (45% ethanol,

and contribute to estrogen regulation of this gene. In this 10% acetic acid, 0.1% Coomassie brilliant blue dye). After

scenario, each ERrdimer would interact with two widely
separated half-sites, forming a bridge between them.

EXPERIMENTAL METHODS

Oligonucleotides.Oligonucleotides were ordered from

Research Genetics. Two 31-base oligonucleotides were
annealed to form a 35 bp double-stranded oligonucleotide
with a 4-base overhang on each end. Oligonucleotides were

labeled with the Klenow fragment by filling in the ends with
[a-*2P]dATP and unlabeled dCTP, dGTP, and dTTP as
previously described2g). Labeled oligonucleotides were
purified over DuPont NENSORB 20 columns.

Estrogen ReceptoPRurified human ER protein was from
Panvera Corp. (Madison, WI). Mouse ERvas produced

overnight staining, the gels were incubated with®batches

of destaining solution (30% ethanol, 5% acetic acid), and
then dried on Whatman 3M paper. The half of each gel
containing the gel shifts was transferred directly to Whatman
3M paper, and the top and bottom of the gel were marked
on the paper. The gels were then dried and exposed to film.
The migration distances of the protein standards and gel shift
bands from the top of the gel were measured, and the relative
mobility (R) was calculated by dividing these by the
migration distance of the orange dye from the top of the
gel. The slopes andintercepts of the Ferguson plots were
determined by linear regression using the computer program
Cricket Graph III.

RESULTS

in Sf21 cells using a baculovirus system described previously Overexpressed mERBinding to ERE Half-Sites Can Be

(26). The preparation of cell extract from Sf21 cells has also
been described previous|2§).

Gel Shift AssaysGel shift samples were prepared in
TDGK buffer (10 mM Tris, pH 7.5, 1 mM dithiothreitol,
10% glycerol, 0.1 M KCI) with 0.1 mg/mL sheared herring
sperm DNA, 40 000 cpm of labeled oligonucleotide, and
Sf21 cell extract containing mERor purified hERx. Some
samples contained antibody ER722Z)(at 1:10 final dilution.

Detected by Gel Shift Assays. this study we compared
mERa binding to sequences from the rat prolactin gene with
MERo binding to the consensus ERE from tienopus
vitellogenin A2 gene (vit ERE) 4). The rat prolactin
sequences are all found within DNase | hypersensitive site
Il (HSII), which contains the sequences required for estrogen
regulation R0, 21, 28). The sequences were prepared as 35
bp oligonucleotides with the sequences given in Figure 1.

The storage solution for ER712 contained 50% glycerol and The numbers in parentheses after the prolactin (PRL)

10 mg/mL bovine serum albumin. The samples were
incubated on ice fo4 h before being loaded onto the gel.

oligonucleotide names refer to their locations relative to the
transcription initiation site. The coordinates used are those

Orange G dye was loaded into one Iane to monitor the reported by Kladde et al2@), which differ somewhat from
progress of the electrophoresis. The running buffer was low the sequence reported by Maurg@) PRL1 is the imperfect

ionic strength TAE (6.7 mM Tris, pH 8.0, 3.3 mM sodium
acetate, 1.0 mM EDTA). The gels containeg tunning
buffer with 2.0% glycerol and 4.0% acrylamide (acrylamide:
bisacrylamide ratio of 37.5:1). After this solution was
degassed, 450L of 10% ammonium persulfate and Q.
of TEMED were added to initiate polymerization; poly-

ERE identified by Maurer and Notide2@. PRL2 is the
half-site studied by Murdoch et aR%). Since the PRL2 half-
site had high affinity for ER, we also tested three other half-
sites found within HSII for ER binding: PRL3, PRL4, and
PRL5. One of these half-sites (PRL5) was found to be
essential for estrogen regulation of the rat prolactin g28g (

merization proceeded for at least 45 min. Gels were run at PRL6 was selected as a negative control which contains no

60 mA constant current with buffer recirculation. After 30

known ERE sequence. We also included a two base pair

min pre-electrophoresis, samples were loaded and run formutant of the vit ERE (mut ERE) which has about 1000-
about 90 min, until the Orange G dye was near the gel fold lower affinity for ER than the consensus vit EREL.

bottom. The gel was then dried onto Whatman 3M paper

and exposed to film.

Ferguson AnalysisA series of eight nondenaturing gels
from 3.0 to 6.5% polyacrylamide (acrylamide:bisacrylamide

As a first step, we studied whether overexpressed mER
at two different concentrations could bind to these sequences
on gel shift (Figure 2). While 1.0 nM mERprotein was
enough to shift vit ERE, binding to PREZ3 could not be

ratio of 19:1) were subjected to electrophoresis, with protein detected at this concentration; however, with 20 nM mER
standards and ER/ERE samples on the same gels. The ggbresent, binding to all of these sequences could be detected.
shift sample conditions were the same as those given aboveAddition of antibody ER712 produced supershifts, showing
except that each sample contained antibody ER712 orthat these shifted bands definitely contained mERhe
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VitERE ERE: VM12 3456
AGCTTCCGAGGAGGTCACAGTGACCTGGAGCGGATC

mut ERE
AGCTTCGAGGAGATCACAGTGATCTGGAGCGGATC

PRL1 (-1600 to -1573)
AGCTGCATTTTTGTCACTATGTCCTAGAGTGGATC

PRL2 (-1740 to -1714)
AGCTAACTAAAGGTCACAAGCTGCTTCAGATGATC

PRL3 (-1547 to -1521)
AGCTATAGATCATGAGGTCATAACGATTTATGATC

PRL4 (-1786 to -1760)
AGCTAGAACCAGGTCATCTGTCAGTCCAAATGATC

PRLS (-1573 to -1547)
AGCTGCTTTGGGGTCAGAAGAGGCAGGCAGAGATC

PRL6 (-1631 to -1608)
AGCTCATGAGTGGAACTTTGGAGTGCATTAAGATC

Ficure 1: Oligonucleotides used in this study. All oligonucleotides
were 35 base pairs in length and double-stranded. Vit ERE is the
consensus ERE from the Xenopus vitellogenin A2 geberout
ERE is similar to vit ERE, but contains a mutation in each half-
site 31). The numbers in parentheses after the prolactin (PRL)
oligonucleotides refer to the locations of the sequences relative to FIGURE 3:  Gel shift assay of sequences from the rat prolactin gene.
the transcription start site. The numbers are based on the sequencEach lane contains Sf21 cell extract with 20 nM mEPBrotein.

of Kladde et al. 29). V, vit ERE; M, mut ERE; -6, PRL1-PRLS6.

oligo vit PRL1 PRL2 PRL3 In Figure 2 the mobility of mER bound to PRL2 and
APER712 = — = 4T— = = 4T o = T = =] PRL3 half-sites appeared to be greater than that of theanER
ERM) - L2020 12028 - 12020 - 120 ,20 complex with vit ERE or PRL1. This can be seen more
clearly in Figure 3, in which two other half-site sequences
ki : from HSII were tested for ER binding (PRL4 and PRL5).
: Also in this gel, mut ERE and PRL6 were run as negative

$ d controls. In this figure, it can clearly be seen that neER

bound to all of the oligonucleotides containing a half-site
(PRL2-5), and the mobility of the complex was the same
regardless of which half-site oligonucleotide was bound. Also
the mobility of the mER/half-site complex is higher than
that for mERx bound to vit ERE or PRL1. PRL1 and vit
ERE form complexes with mE&Rwith similar mobilities.
Similar results have been found for ER interacting with other
imperfect EREs{—9). There is a very faint band present in
the lane containing mut ERE, but no complex is seen between
MER and PRL6. Therefore, mER is binding to the PRBE1
oligonucleotides through specific binding interactions.
Previously Murdoch et al26) found that the PRL2 half-
site sequence bound ER from rat uterine cytosol with higher
affinity than the PRL1 imperfect ERE. We wanted to
determine whether the same was true for overexpressed
mouse ER from Sf21 insect cells. To compare the relative
affinities of mERx for PRL1 versus PRL2 and PRL3, we
used unlabeled oligonucleotides to compete Withlabeled
FiGURE 2: Gel shift assay with two concentrations of mEprotein. vit ERE in a gel shift assay with overexpressed noERata
Gel shift assays were performed with Sf21 cell extract containing not shown). The amounts of cold oligonucleotides were 50
Fi]tc'tﬂef 1t?;nzeocr(‘)'\rftar?niﬁngfggin-rgt%nneaviﬂigi%ﬁgﬂ?%m%; tlg% . times and 500 times as much as the labeled vit ERE. The
eftmos , ; : ; ;
contains antibody ER712, whichpcauses a supershiftgof theahER PRL1 oligonucleotide did not reducg the ER/vit ERE band
DNA complex. at all, even at 500-fold excess, w_hlle PRL2 and PRL3 at
500-fold excess reduced the ER/vit ERE band by 45% and
prolactin EREs show less binding at 20 nM micEhan vit 33%, respectively. The results of this assay showed that,
ERE at 1.0 nM mER, suggesting that the differences similar to ER from rat uterine cytosol, overexpressed mouse
between affinities are greater than 20-fold. This is in ERa had higher affinity for a half-site than for the imperfect
agreement with previous studies with ER from rat uteR. ( ERE from HSII.
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FIGURE 5: Ferguson plots of mEdRand purified hER. binding to

vit ERE and PRL2 oligonucleotides. The relative mobiliB)(of

each protein/DNA complex was measured on a series of gels with
different percentages of acrylamide (%T), and the data are presented
as a Ferguson plot. mERvit ERE, black circles; hER/vit ERE,

open circles; mER/PRL2, black triangles; hE®®RPRL2, open
squares. For mERVvit ERE, Kr = 0.128, logY, = —0.090,r2 =
0.999; for hERWvit ERE, Kr = 0.128, logY, = —0.058,r2 =
0.994; for mERUVPRL2,Kg = 0.157, logY, = 0.114,r2 = 0.994;

for hERW/PRL2,Kg = 0.161, logY, = 0.142,r2 = 0.999.

Ficure 4: Effects of ligand occupancy on binding of m&Ro
DNA sequences from the rat prolactin gene. Gel shifts were analysis was very close to the molecular weight of one

performed with the oligonucleotides vit ERE (V), PRL3 (P3), PRL1  antibody. Thus, in this system Ferguson analysis appears to

(P1), and PRL2 (P2). Sf21 cell extract containing either 2 nM ; P ;
mERb. (for vit ERE) or 20 "M mER (for PRL oligonucleotides) be more effective for determining the differences between

was present. The samples were incubated either with no ligand, Similar protein/DNA complexes than for determining the
with 20 nM 173-estradiol (), or with 4-hydroxytamoxifen (MHT).  exact molecular weight of a complex.

Each sample contained 0.2% ethanol. Ferguson plots of mE® complexes with vit ERE and
PRL2 half-site are shown in Figure 5. At lower polyacryl-
regardless of whether it is bound to an estrogen, an amide concentrations (%T), there is a difference between
antiestrogen, or no ligan@®). We studied whether binding ~ {he mobilities of mER. with vit ERE or with PRL2 ERE.

of the estrogen J#estradiol (E) or the antiestrogen 4-hy- At higher %T, however, the difference is less pronounced,
droxytamoxifen (MHT) to mER affected its interactions and this results in Ferguson plots which cross at around 7.0%
with the PRL1 ERE or the PRL2 and PRL3 half-sites (Figure |- The Ferguson plots for these complexes have different
4). We found that these same complexes formed in ap- $Iopes _an@mtercepts, prowdmg strong ewdence_that rrmER
proximately equal amounts regardless of occupancy of the 'S forming a complex with half-sites that has a different size
receptor by & MHT, or no ligand; however, we cannot rule ~ 2nd charge from the complex between mEéhd vit ERE.

out small effects of these ligands on the affinity of the mER  Ferguson analysis was also performed with purified human

ER binds to a consensus ERE with the same affinity

for half-sites. ERa (Figure 5). The supershifts in Figure 2 had shown that
Characterization of the Difference between no ERE ERa was present in the protein/DNA complex, but they did
and mERY/Half-Site Comp|exes by Ferguson Ana|y§ibe not address whether additional proteins were present. We

difference in mobility between mERcomplexes with vit ~ found that purified human E&Rbehaved very similarly to
ERE and half-sites could be due to a difference in size, MERx in Ferguson analysis, providing strong evidence that
charge, or conformation of the protein/DNA complexes. To ho other proteins were present in these complexes.Kkhe
further characterize this difference, we performed gel shift values for mER/vit ERE and hERU/vit ERE complexes
assays on a range of polyacrylamide gels and subjected thavere identical, while the lodo value of the hER/vit ERE
results to Ferguson analysi®3]. Two values can be complexwas slightly higher than that of the méiit ERE
determined from a Ferguson plot: the retardation coefficient complex. These results are similar to those observed previ-
(Kg) is the negative of the slope, and the log mobility at 0% Ously with the same techniqu2q). TheKg values for mER

T (|og YO) is they intercept_ TheKg is related to molecular and hERx bound to the PRL2 half-site were also very similar,
size and shape, while l0g, depends on the charge and, to and here also the loY, value for the hER complex was

a lesser extent, the size of the complex. In a previous study,higher than that of the mE&complex.

we showed that the overexpressed mouse. BBund to vit Ferguson analysis of mERinteraction with both EREs
ERE as a dimer with one oligonucleotide present, but was repeated 3 times with similar results, and the numerical
Ferguson analysis of gel shift data resulted in an overestimatevalues determined from the plots are presented in the top
of the molecular weight of the compleX). When we part of Table 1 with standard errors. The differences observed
compared the E®/vit ERE complex with a supershifted betweenKg and log Yy values for the two complexes are
complex containing ER, vit ERE, and antibody ER712, we  statistically significant (paired test,P < 0.05), reflecting
found that the difference in MW predicted by Ferguson differences in size and charge. Normally, one would predict
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Table 1: Ferguson Plot Parameters and Molecular Weight Estimates the adjacent DNA. This type of interaction was observed in

for Complexes of mER with Consensus ERE and Half-Site the crystal structure of the glucocorticoid receptor DBD
Oligonucleotide% binding to an oligonucleotide with two half-sites separated
mMERwVit  mMERwWPRL2  difference by four base pairs instead of the usual thig®.(The results
Kn 0122+ 0.004 0.146L 0.008 0.024% 0.003 presented here argue strongly for the third model. Ferguson
log Yo —0.125+ 0.022 0.042- 0.044 0.167- 0.022 analysis was used to demonstrate that the complexes between
MW Krvs MW 250+ 6 301+ 16 514 11 ERoa and half-site oligonucleotides are larger and have higher
(x107® negative charge than the complex betweenoEd&hd a
'Oqggm\/ 2271+£12 282+ 20 55+ 8 consensus ERE, which contains two ER proteins and one
VKg VS 218+ 10 2734+ 18 55+ 7 oligonucleotide 26). If model 1 was correct, the mass of
/MW the ERv/half-site complex would be 40% less than that of
aValues ofKg and logY, were determined from three experiments. the ERxw/consensus ERE complex; if model 2 was correct,
The differences between these values for mBR and mERVPRL2 the size and charge of the ERomplexes with half-site and

are statistical_ly significant (pair_d:dest,P < 0.05). The MW estimates consensus oligonucleotides would be identical, and there
were determined from three different plots relatitg and MW. would be little or no difference between their gel shift
S ) mobilites. From the results presented here, it is clear that
that a faster migrating complex on a gel shift had a lower model 3 applies to this interaction. This result also agrees
molecular weight. Surprisingly, we found that the mHER  with previous data from Murdoch et a2%) in which the
half-site complex, which migrated faster on the 4% poly- ratio of ER protein to PRL2 half-site oligonucleotide was
acrylamide gels, had a high#&k value than the mE&/vit 11
ERE complex, reflecting a larger molecular size. TheYpg The best explanation for the observed results, then, is a
value for the mER/half-site complex was also larger, dimer of ERx binding to two half-site oligonucleotides. In
indicating a.h|gher negative charge on this complex than on this model, the ligand binding domain of ERorms a strong
the mERwVvit ERE complex. Therefore, at low polyacryl-  gimerization interface that holds the two &Rproteins
amide concentrations, the higher negative charge offsets th%gether 87, 38), and each DNA binding domain binds to a
larger molecular size and allows the migRalf-site complex half-site. Since ER binds to each of the four half-site
to move more quickly. _ oligonucleotides tested here in the same manner, this appears

shift assays, but in separate lanes. From these standards, Wgg|f-site sequence. It is likely that the interaction we have
were able to estimate the molecular weights of the complexesgypserved in vitro also occurs within the cell. Although we

and the difference between them. Three equations have beeRaq to increase the ERprotein concentration in order to

used to correlat&r with molecular weight (se84 and35), observe interaction with half-sites, the concentration oflER
and we have applied these to the mi#t and MERUPRL  protein was lower than the estimated physiological concen-
complexes (Table 1, lower part). Although the three equa- tration of ER within nuclei 30).
tions give varying values for the mo[ecular weights of the  \while the PRL1 imperfect ERE appears to be required
complexes, the molecular weight difference between the for estrogen regulation of prolacti, 22), there is evidence
complexes is quite constant, between 50 000 and 55 000. Thispgat it is not the only sequence within HSII capable of binding
value_ is smaller than expected for an additional rr_xl_ER to ER and that it is not the only sequence required for E
protein (66 000) and larger than expected for an additional yegylation. Maurer and Notide2@) identified the PRL1
oligonucleotide (23 000). The increase in negative charge sequence as an ER binding site by nitrocellulose filter binding
of the mERu/half-site complex, however, strongly suggests yith purified ER, but noted that additional sequences also
that a_mother ollgonucleo_tlde is present in th_|s complex. Thus, appeared to be involved in ER binding. Another ER binding
the higher charge and higher molecular weight of the mER  sjte within HSII was identified in a region with unusual
half-site corr_]plex. can be accounted fo_r by a model in yvhlch secondary structure2). Murdoch et al. 25) studied the
one mER dimer is bound to two half-site oligonucleotides. jnteraction of ER in vitro with the PRL1 imperfect ERE and
the PRL2 half-site, and found that ER bound with higher
DISCUSSION affinity to the PRL2 half-site. The importance of the PRL1
It has been known for some time that estrogen regulation sequence in Eegulation is shown by the fact that mutation
can occur through half-sites as well as through inverted of PRL1 eliminates Einduction in cells 21, 22); however,
repeats, but the way in which the ER interacts with half- mutation of the half-site in the PRL5 oligonucleotide has
sites has not been determined. From X-ray crystallographythe same effect2@). Therefore, at least one of the half-sites
results 86), we know that two ER DNA binding domains studied here is essential for estrogen regulation of the rat
(DBDs) interact with one consensus ERE oligonucleotide, prolactin gene. The effects of mutations in the other half-
with each DBD binding to one half-site. Also ERs known sites have not been studied.
to dimerize, with the major interactions occurring through ~ How could these half-site sequences be influencing
the ligand binding domain3{, 38). There are several estrogen regulation of the rat prolactin gene? It is interesting
theoretically possible ways in which ERcould interact with to note that the four half-sites tested here fall into two pairs
half-sites: (1) one ER monomer could interact with one arranged in direct repeats: PRL4 and PRL2 are separated
half-site; (2) one ER dimer could interact with one half- by 40 base pairs, while PRL5 and PRL3 are separated by
site; or (3) one ER dimer could interact with two half- 24 base pairs. Direct repeats with similar spacing have
sites. In the second possibility, one of thedeRBDs would already been shown to confer estrogen regulation on a
interact with the half-site while the other would interact with reporter gene in transient transfection assays (The same
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kind of interaction could occur in the nucleosome-free HSII
region of the rat prolactin upstream region. Alternatively,
ER could interact with the half-sites so that a large loop is
formed, with the two ER dimers acting as a clamp to hold
the loop in place. In this case, one dimer would interact with
PRL2 and PRL5 half-sites, while the other would interact
with PRL3 and PRL4 half-sites.

Since other nuclear receptors can interact with half-sites 17-

and widely spaced direct repeats, these elements may allow
fine-tuning of the response to estrogen. For instance, retinoic

14.

15.

16.
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acid receptors and vitamin D receptors can also activate from 19,
direct repeatsl(1), and PRL2 contains the sequence TAAAG-
GTCA to which the orphan receptor NGFI-B binds as a 20.
monomer 40). Different sets of nuclear receptor family

proteins may bind to these sites depending on which

hormones and nuclear receptor proteins are present at a

21.

particular time. Thus, the use of half-sites in addition to 22.
consensus and imperfect EREs may allow for more flexibility
in estrogen responsiveness.
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