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We examined in detail the DNA interaction of the nuclear receptors NGFI-B and steroidogenic factor 1
(SF-1) by using a series of gain-of-function domain swaps. NGFI-B bound with high affinity as a monomer to
a nearly linear DNA molecule. The prototypic zinc modules interacted with a half-site of the estrogen receptor
class, and a distinct protein motifcarboxy terminal to the zinc modules (theA box) interacted with two AIT base
pairs 5' to the half-site. SF-1 bound in the same manner as NGFI-B, with an overlapping but distinct sequence
requirement 5' to the half-site. The key features that distinguished the NGFI-B and SF-1 interactions were an
amino group in the minor groove of the SF-1 binding sequence and an asparagine in the SF-1 A box. These
results define a common mechanism of NGFI-B and SF-1 DNA binding, which may underlie a competitive
mechanism of gene regulation in steroidogenic tissues that express these proteins. This monomer-DNA
interaction represents a third paradigm of DNA binding by nuclear receptors in addition to direct and inverted
dimerization.

It is well established that the receptors for steroid hor-
mones are intracellular proteins that are themselves tran-
scription factors. Binding of steroid to the conserved car-
boxy-terminal domains results in a conformational change
that allows shedding of heat shock proteins, phosphoryla-
tion, translocation of the protein to the nucleus, and binding
to specific DNA sites via the conserved central domain of
the proteins (1, 13, 18, 24, 31, 42, 45). Proteins with these
characteristic, conserved functional domains also mediate
the effects of vitamin D, all-trans- and 9-cis-retinoic acid,
thyroid hormone, the insect molting hormone ecdysone, and
probably various fatty acid compounds (5, 9, 12, 17, 22, 33,
37, 63). The term nuclear receptor is now generally applied
to this superfamily of proteins to broaden the consideration
of their functions while recognizing their general receptor-
like characteristics. This term may still be inadequate, since
molecular cloning techniques have revealed many proteins
that share these structural features but whose function is
unknown (the orphan receptors), which may serve as tran-
scription factors regulated by other means (27, 41). At least
one protein of this class, NGFI-B (also called nur77), is
closely regulated at the transcriptional level by the actions of
growth factors and membrane depolarization, but once ex-
pressed NGFI-B can activate transcription without exoge-
nously added ligand (6, 16, 38, 43, 61, 64, 65).
The first demonstrations of DNA binding by nuclear

receptors were made by examining the promoters of known
glucocorticoid- and estrogen-regulated genes (19, 20, 44).
The identified response elements function as inverted re-
peats of protein-specific 6-bp elements (termed half-sites)
separated by three nonconserved base pairs, each half-site
interacting with one molecule of a steroid receptor dimer (23,
55). Many nonsteroid receptors have since been shown to
bind inverted half-site repeats with different spacings (11) or
direct rather than inverted repeats (26, 35, 40, 53, 60). One
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half-site of these direct repeat motifs is often bound by the
retinoid X receptor (RXR) in a heterodimeric complex (21,
32, 67, 68). A fascinating feature of these sites is that there
are only two currently recognized half-site variants, the
glucocorticoid receptor (GR; 5'-AGAACA) and estrogen
receptor (ER; 5'-AGGTCA) types, with most proteins rec-

ognizing the ER type. This led to the hypothesis that
differential DNA binding by nuclear receptors is based
primarily on half-site orientation and spacing and thus is
based on the dimeric nature of these proteins (40, 60).

Functional and structural analyses have made these char-
acteristics of DNA binding increasingly clear at a molecular
level. The central conserved domain of nuclear receptors
chelates two zinc atoms via eight invariant cysteines in a
manner not unlike that of the TFIII-A protein, which led to
the use of the term zinc fingers to describe this domain (3, 8).
However, crystal and nuclear magnetic resonance structures
have revealed that, unlike the TFIII-A class of zinc fingers,
the GR and ER DNA binding domains fold into a single
tertiary structure dependent on both zinc-chelating modules
(14, 34, 49). The first zinc module contains an a-helix
encompassing a motif (the P box [59]) that determines
half-site specificity by making contacts in the major groove
at the distinguishing central base pairs (34). Within the
second zinc module there is a surface created in part by a
loop (the D box [59]) that can interact with its counterpart on
the other molecule of a dimer bound to an inverted repeat,
creating a remarkably strong and specific dimerization inter-
face (34). Finally, we recently identified a dimerization motif
immediately downstream of the second zinc module (the T
box) that might accommodate the head-to-tail orientation of
two monomers bound to a direct repeat by interacting with
the opposite face of the second molecule of the dimer pair
(66).
To explore the function of the orphan receptor NGFI-B,

we previously used a yeast genetic selection system and
other analyses to define the nucleotide sequence bound by

5794

Vol. 13, No. 9



MONOMER-DNA BINDING BY NUCLEAR RECEPTORS 5795

this protein as the octamer 5'-AAAGGTCA (the NGFI-B
response element, or NBRE [64]). We have since demon-
strated that NGFI-B participates in the ACTH-mediated
transcriptional activation of the gene encoding steroid 21-
hydroxylase from an NBRE within this promoter, strength-
ening NGFI-B's identity as a growth factor-regulated nu-
clear receptor (65). The NBRE represented an unusual site
for binding and transcriptional activation by a nuclear recep-
tor since it contained only one ER half-site, and in addition
it required nucleotides that did not appear to constitute a
second half-site. Experiments with NGFI-B-RXR-1 DNA
binding domain chimeras demonstrated that NBRE binding
requires an unusual amino acid motif (the A box) immedi-
ately downstream of the T box (66).

In this report, we demonstrate that the essential contacts
of the NGFI-B-NBRE interaction can be entirely accounted
for by a protein monomer. Specifically, the NGFI-B zinc
modules contact the ER half-site in the NBRE in the same
manner as those of steroid receptors, and amino acids of the
A box contact nucleotides adjacent to the half-site. These
additional contacts occur in the minor groove of the DNA,
on the same face of the DNA double helix as the zinc
module-half-site contacts. Finally, we demonstrate that
monomer DNA binding is not unique to NGFI-B, because at
least one other nuclear receptor, steroidogenic factor 1 (SF-1
[25]), binds in essentially the same manner, with an overlap-
ping but distinct sequence specificity at the 5' adjacent
nucleotides. Since SF-1 and NGFI-B binding activities are
coexpressed in the adrenal gland, the tissue of NGFI-B-
mediated 21-hydroxylase activation (25, 65), it is likely that
this mode of DNA binding will underlie a competitive
mechanism of gene regulation.

MATERIALS AND METHODS

Preparation of bacterial extracts. To obtain the NGFI-B
and SF-1 glutathione S-transferase fusion proteins (GST-B
and GST-S, respectively), polymerase chain reaction (PCR)
products (with the NGFI-B cDNA [381 and total cDNA
made from mouse adrenal gland mRNA as templates, re-
spectively) corresponding to the residues shown in Fig. 3A
were ligated into the BamHI and EcoRI sites of the vector
pGEX-1 (Pharmacia, Uppsala, Sweden). The plasmid encod-
ing GST-GB was obtained in a similar fashion by using the
plasmid BGB, which encodes full-length NGFI-B with GR
zinc modules, as a PCR template. The constructs GST-BS1,
GST-BS7, and GST-BS8 were made by making two PCR
products corresponding to the appropriate chimera halves,
which were joined by a three-part ligation into the pGEX-1
vector. To facilitate three-part ligation, a NotI site was
introduced into GST-BS8 by silent mutation, and an SphI
site was introduced into GST-BS7 by a V-to-L change. In
these constructs, the stop codon was provided by the vector,
which resulted in the addition of a few foreign amino acids at
the carboxy terminus. The constructs GST-BGt, -Bel, -Btl,
-Bt2, -Bt3, -BStl, -BSt2, -BSt3, and -BS2 to -BS6 were made
by single PCR on appropriate DNA templates with reverse
primers that encompassed the EcoRI site, a stop codon, and
the necessary chimeric regions. All plasmids were se-
quenced through the entire downstream domain.
Escherichia coli DH5a was transformed with the plasmid

of interest and grown to saturation at 37°C in Luria-Bertani
medium containing 100 ,ug of ampicillin per ml. This culture
was diluted 10-fold into fresh Luria-Bertani medium plus
ampicillin and incubated at 37°C with vigorous aeration for 1
h. IPTG (isopropyl-3-D-thiogalactopyranoside) was added to

a final concentration of 0.1 mM, and the cultures were
incubated for an additional 2 h. Cells (3 ml) were harvested
by centrifugation and resuspended in 1 ml of ice-cold gel
shift buffer (see below). Cells were lysed by two 15-s
sonications, and the insoluble material was pelleted by
centrifugation in a microcentrifuge. Five microliters of this
crude lysate (-9 Axg of protein, as determined by the
Bradford protein assay with bovine plasma globulin as a
standard) was used as a protein source in each gel shift
binding reaction. To visualize and quantify the induced
protein, 50 ,ul of the supernatant was boiled in protein
sample buffer and electrophoresed on a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
(10% polyacrylamide) followed by staining with Coomassie
brilliant blue. To estimate the solubility of a given fusion
protein, the crude supernatant was electrophoresed on an
SDS-PAGE gel (10% polyacrylamide) next to a one-third
volume of bacterial culture boiled in protein sample buffer.
When indicated, the GST-B fusion protein was partially
purified from the crude lysate by binding to glutathione-
agarose beads (Sigma, St. Louis, Mo.), with 1 ml of packed
resin per 100 ml of bacterial culture. The beads were washed
with 30 volumes of gel shift buffer, and the fusion protein
was eluted with 3 volumes of 10 mM reduced glutathione
(Sigma). The protein solution was then equilibrated with gel
shift buffer by a NAP-10 column (Pharmacia).

In vitro translation. The plasmid used to express NGFI-B
in vitro was created by ligating an NcoI-SalI fragment
encoding NGFI-B with a BamHI linker inserted at the AgeI
site into the pCITE vector (Novagen, Madison, Wis.).
Plasmid fl-BS6 was obtained by a three-part ligation of PCR
products extending between (i) the BamHI site and a NotI
site introduced in the A box by silent mutation and (ii) the
NotI site and the unique AatII site of NGFI-B. Plasmid
fl-BS1 was created by a three-part ligation into fl-BS6 of (i) a
PCR product extending from the BamHI site to an SphI site
at the NGFI-B-SF-1 junction and (ii) a double-stranded
oligonucleotide spanning the SF-1 T box from the SphI site
to the added NotI site. Generation of proteins from these
plasmids was accomplished in vitro by coupled transcription
and translation with the TnT T7 reticulocyte lysate system
(Promega, Madison, Wis.) and Express-labeled methionine
(NEN), according to the manufacturers' directions. Five
microliters of a translation mixture was used in each gel shift
binding reaction. This volume was also electrophoresed on
an SDS-PAGE gel (10% polyacrylamide) which was dried
and exposed to a Phosphorimager screen overnight. The
relative amount of radioactivity incorporated into each pro-
tein was measured by volume integration with the Image-
Quant software package (Molecular Dynamics) to ensure
that similar amounts of protein were added to all lanes of
Fig. SB.

Gel shift procedure. Oligonucleotides were synthesized on
an Applied Biosystems model 394 synthesizer with the
"trityl off' option with A, C, G, T, and inosine phosphora-
midites from Applied Biosystems and 5-methyl cytosine
phosphoramidite from Pharmacia. After cleavage and depro-
tection in ammonium hydroxide at 55°C overnight, the
oligonucleotides were purified on a NAP-10 column (Phar-
macia) with Tris-EDTA as the buffer. Gel shift probes were
prepared by mixing 25 ,ug of each oligonucleotide strand,
heating to 90°C, and annealing at room temperature for 30
min. After electrophoresis on a 20% acrylamide gel cast with
lx Tris-borate-EDTA buffer, the band corresponding to
double-stranded oligonucleotide was cut out and purified by
passive elution and ethanol precipitation. Two hundred fifty
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nanograms of annealed probe (with an extinction coefficient
of 40 mg/ml at an optical density of 260 nm) was phosphor-
ylated to a specific activity of >108 cpm/,ug with 75 ,Ci of
[y-32P]ATP (Amersham) and 10 U of T4 polynucleotide
kinase (New England Biolabs) and purified on a Nick column
(Pharmacia).

Gel shift analyses were performed as follows. The appro-
priate amount of a given protein fraction was added to 50 ,ul
of gel shift buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM
EDTA, 1 mM dithiothreitol, 5% glycerol) that contained (i)
0.5 ng of 32P-labeled double-stranded oligonucleotide probe,
(ii) 3 jig of sonicated herring sperm DNA, (iii) the indicated
amounts of unlabeled competitor oligonucleotides, and (iv)
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 5
,ug of leupeptin and pepstatin each per ml [Fig. SD only]).
Binding reaction mixtures were incubated for 30 min at room
temperature (except Fig. SD reaction mixtures, which were
incubated on ice) and electrophoresed at 150 mV on a 5%
acrylamide gel cast with 0.5 x Tris-borate-EDTA. Gels were
dried and exposed to film or a Phosphorimager screen. All
measurements of radioactivity present in given band (see
Table 2) were made with the volume integration option in the
ImageQuant software package, with a pixel background
correction taken from a region with no radioactive signal.

Methylation interference. Methylation interference was
performed essentially as described in reference 52. The
two strands of NBRE-MI (where the top strand is 5'-CTlC
ACACTGGAGTTGTAAAAGGTCATGCTCAATTTCTAG
CATC) were synthesized as described above except that the
"trityl on" option was used, which allowed for purification
and detritylation with an oligonucleotide purification car-
tridge (Applied Biosystems). Two hundred fifty nanograms
of each strand was then labeled with [.y-32P]ATP as de-
scribed above, and EDTA was added to a final concentration
of 2.5 mM to inactivate the polynucleotide kinase. One
microgram of the appropriate unlabeled opposite strand was
added and annealed by heating to 90°C followed by incuba-
tion at room temperature for 30 min. The labeled, double-
stranded probe was then purified, first on a Nick column and
then by electrophoresis on a 20% acrylamide gel followed by
passive elution and ethanol precipitation. A total of 1.4 x 106
cpm of each probe was methylated in 100 ,ul of Tris-EDTA
by adding S pl of 20% dimethyl sulfate (made with ethanol)
and incubating for 10 min on ice. The reaction was stopped
by the addition of 100 ,ul of stop solution (10% ,B-mercap-
toethanol, 0.6 M sodium acetate, 100 ,g of sonicated herring
sperm DNA per ml), and the DNA was harvested by ethanol
precipitation. A total of 2.5 x 105 cpm of each methylated
probe was then incubated with 20 pl (3.7 p,g) of purified
GST-B in 200 RI of gel shift buffer for 30 min, followed by
electrophoresis on a 5% acrylamide gel cast with 0.5x
Tris-borate-EDTA. The bands corresponding to free and
GST-B-bound probe were visualized by autoradiography of
the wet gel and were excised. The DNA was electroeluted
onto NA45 paper (Schleicher & Schuell), eluted with 1 M
NaCl at 55°C, and ethanol precipitated with 500 ng of
sonicated herring sperm DNA as the carrier. The DNA was
cleaved by resuspension in 90 ,ul of Tris-EDTA, with piper-
idine added to a final concentration of 10%, and incubation
for 30 min at 90°C. The piperidine was removed by three
cycles of lyophilization, with 50 RI of H20 added between
cycles, and the DNA was resuspended in formamide. Ten
thousand counts per minute of each cleaved DNA was then
electrophoresed on a 17% sequencing gel, which was
wrapped in plastic wrap and exposed to film.

Cell transfection and luciferase assays. The plasmid used to

express NGFI-B in tissue culture cells was JDM723, which
had a BamHI linker inserted at the AgeI site. The plasmids
used to express fl-BS1 and fl-BS6 were constructed by
ligating (i) the BstEII-BamHI fragment of JDM723 encoding
the amino terminus of NGFI-B and (ii) the BamHI-HindIII
fragments of the pCITE fl-BS1 and fl-BS6 vectors, encoding
the DNA binding domain and carboxy terminus of NGFI-B,
into the BstEII and HindIII sites of JDM723 in a three-part
ligation. The luciferase reporters AAA-luc and TCA-luc
were made by ligating unphosphorylated double-stranded
oligonucleotides containing two copies of the 9-base AAA or
TCA sequences (in tandem, separated by five nucleotides)
into the BamHI site of Pro-36-luc, just upstream of the
minimal prolactin promoter (64). These were screened by
PCR to verify that the orientation of the oligonucleotides
was the same. CV-1 cells were transfected and luciferase
activity was measured exactly as previously described (64).
The data in Fig. 5C represent the average of at least two
different experiments performed with two different DNA
preparations.

RESULTS

The NBRE is limited to 9 bp. We previously suggested that
NGFI-B binds to DNA as a monomer largely on the basis of
the observation that the NBRE contains only one ER
half-site, which implied that only one protein molecule binds
by interactions between (i) the zinc modules and the ER
half-site and (ii) the A box and the nucleotides 5' to the
half-site (66). Also, mixing differently sized forms of
NGFI-B did not reveal dimerization; however, this assay
yields a positive result only when dimerization occurs, and
the negative result with NGFI-B was not conclusive. How-
ever, it is also possible that the role of theA box is to change
the specificity of the zinc modules such that they interact as
a dimer with atypical, perhaps overlapping, half-sites that
include the 5' A/T base pairs of the NBRE.
To examine the contacts made between NGFI-B and DNA

in more detail, we first performed methylation interference
with a bacterially expressed protein that contained the
NGFI-B DNA binding domain (including the zinc modules
through the A box) fused to GST-B. This protein bound
specifically and with high affinity to NBRE-containing oligo-
nucleotides (see below). Significant interference with GST-B
binding was observed only when methylation occurred on
the nucleotides of the ER half-site or the A/T base pairs 5' to
the half-site, with only minor interference observed when
nucleotides one position beyond these were methylated (Fig.
1). Thus, the NBRE is completely limited to 9 bp, an
observation consistent with previous analyses of NBRE
mutants tested with native NGFI-B (64). Furthermore, be-
cause methylation at A nucleotides occurs on the minor
groove of DNA (52), these interference results gave a
preliminary suggestion that the A box contacts the 5' adja-
cent nucleotides in the minor groove.
The Zn module-half-site interaction. To establish the link

between the NGFI-B zinc modules and the prototypic ER
half-site in the NBRE, we sought to switch the specificity at
this half-site to that of GR. Binding of GST-B to the NBRE
oligonucleotide AAA was abolished by a mutation that
altered the ER half-site to a GR half-site (probe AAA-G; Fig.
2 and Table 1). However, when the zinc modules in GST-B
were replaced with those of GR (GST-GB), the protein now
bound to AAA-G and to the glucocorticoid response element
(GRE) itself but not to the NBRE. The GST-GB-AAA-G
interaction was uniquely dependent on the NGFI-B A box in
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FIG. 1. Methylation interference of the NGFI-B-NBRE interac-
tion. Methylation interference was performed with both strands (top
and bottom) of the NBRE-containing oligonucleotide NBRE-MI
(see Materials and Methods) by using bacterially expressed, purified
GST-B (Fig. 2A). F indicates the cleavage pattern of free oligonu-
cleotide, and B indicates the pattern of protein-bound oligonucleo-
tide. The span of nucleotides where interference was observed is
indicated for both strands.

GST-GB, since its deletion (protein GST-GBt) eliminated
binding to probe AAA-G but not to the GRE. It was also
dependent on the A/T base pairs 5' to the half-site, since no
protein bound when these were mutated to G/C base pairs
(probe GCG-G). Thus, it is possible to switch the specificity
of the NBRE to a GR half-site in a manner that maintains the
unique structural requirements for NGFI-B-NBRE binding.
In a different sense, GR can be made to bind a single half-site
if an appropriate A box-S' nucleotide combination is pro-
vided. We conclude by inference that the NGFI-B zinc
modules interact with the ER half-site in the NBRE in a
fashion similar to that of steroid receptor zinc modules.
The A box-DNA interaction. The above results, in combi-

nation with our previous analysis of NGFI-B-RXR chimeras
(66), strongly suggest that the A box forms interactions with
the A/T base pairs 5' to the ER half-site in the NBRE. To
demonstrate this directly, we sought to switch the specificity
at the 5' nucleotides via compensatory mutations in the A
box amino acids. An examination of the literature revealed
that the orphan nuclear receptor SF-1 binds to the NBRE, as
well as other apparent half-site monomers, found in the
promoter of the 21-hydroxylase gene (25, 47). Other reports
have shown that SF-1 (termed the embryonal long terminal
repeat-binding protein, or ELP, in these studies), as well as
its Drosophila melanogaster homolog FTZ-F1, binds to an
optimal DNA sequence, 5'-TCAAGGTCA, which also con-
tains a single ER half-site (28, 56, 57). We hypothesized that
SF-1 binds to these sites as a monomer in the same manner
as NGFI-B.
The SF-1 DNA binding domain was expressed in bacteria

as a GST fusion (GST-S). The initial endpoints (Fig. 3A and
Table 2), which include more residues than are present in
GST-B, were chosen because the homology between SF-1

it

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 2. The NGFI-B zinc modules interact with the ER half-site
in the NBRE. (A) A schematic of the GST fusion proteins used in
panel B. The GST portion is shown in black (with a break to indicate
a discontinuity in scale), the NGFI-B portions are in white, and the
GR portions are in gray. Numbers above the bars correspond to the
NGFI-B (38) and GR (62) amino acids at the endpoints of the
relevant regions. (B) A gel shift assay was performed with crude
bacterial lysates containing the proteins diagrammed in panel A and
oligonucleotide probes shown in Table 1. The autoradiogram was
somewhat overexposed to demonstrate the absence of protein-DNA
complexes for the GST-BG-GCG-G and GST-BGt-AAA-G pairs.

and FTZ-F1 extends for nine amino acids beyond the A box
(Table 3). The GST-S-DNA complexes were much weaker
than was observed for GST-B, due in part to the fact that
bacterially expressed GST-S was not completely soluble.
Nonetheless, it is clear that GST-S bound to the NBRE
oligonucleotide with a low but measurable affinity but bound
significantly better when the nucleotides 5' to the half-site
were changed from 5'-AAA to 5'-TCA (oligonucleotide
TCA, Fig. 3 and Tables 1 and 2). In marked contrast, GST-B
did not bind at all to TCA (Fig. 3B). This difference in
binding was due primarily to the second of these nucleotides,
A versus C, since GST-B bound equally well to probes AAA
and TAA (with a slight preference for TAA) but bound not at
all when only the second position was changed (probe ACA).
Thus, while SF-1 is somewhat more tolerant to changes,
SF-1 and NGFI-B display markedly different specificities for
the nucleotides 5' to an ER half-site. Replacement of the
SF-1 zinc modules in GST-S with those of NGFI-B (protein
GST-BS1) did not affect its SF-1 sequence specificity (Fig.
3B). This indicates that the domain downstream of the zinc
modules provides the residues necessary for site discrimina-
tion, consistent with an interaction between the SF-1 zinc
modules and ER half-site in a manner parallel to NGFI-B.
We could not test the converse construct (SF-1 zinc modules
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TABLE 1. Oligonucleotides used in this study'

Name Nucleotide sequence

1 2 3
AAA(NBRE)5' A A A A G G T C A
AAA-G 5'A A A A G A A C A
GCG-G 5'GC G A G A A C A
GRE 5'G C G A G A A C A C A G ITG T T C T|
TAA 5'T A A A G G T C A
ACA 5'A C A A G G T C A
TCA 5'T C A A G G T C A
TAG 5'T A G A G G T C A
TA(I/C) 5'T A I A G G T C A

13' A T C T C C A G Ti
TA(G/M) 5'T A G A G G T C A

13' A T T C C A G Ti
TGA 5'T G A A G G T C A
T(I/C)A 5'T I A A G G T C A

13' A C T T C C A G Ti
T(G/M)A 5'T G A A G G T C A

13' A M T T C C A G Ti
T(CII)A J5'T C A A G G T C A

13' A I T T C C A G Ti
T(M/G)A 5'T MA A G G T C A

13' A G TIT C C A G TI
a The oligonucleotide probes used in this study are indicated by the name

and sequence of the top strand of the relevant binding site. The primary
half-sites in the oligonucleotides are boxed, as is the secondary half-site in the
GRE probe. The position numbers used to describe the base pairs 5' to the
primary half-site are indicated above the AAA (NBRE) oligonucleotide. All
oligonucleotides have, in addition to the sequence shown, a 5' extension
GAGTITT and the 3' extension TGCIrCAA1TT (sequences are the top
strand). While all probes were completely double stranded, the bottom strand
of an oligonucleotide pair is shown only to indicate the nature of the modified
base substitutions, where I represents deoxyinosine and M represents 5-meth-
yl-deoxycytosine.

with the NGFI-B downstream domain) because it was com-
pletely insoluble when expressed in bacteria as a GST
fusion.
The proteins shown in Table 2 were used to demonstrate

that the minimal downstream domain needed for specific
DNA binding is similar for NGFI-B and SF-1. Both GST-B
and GST-BS1 could be terminated immediately after the A
box with no change in overall DNA binding affinity or
specificity (GST-Btl and GST-BStl), indicating that the
extended domain of conservation between SF-1 and FTZ-F1
does not affect binding by GST-S or GST-B. Furthermore,
both proteins were rendered ineffective at DNA binding
when the A box was deleted (GST-Bt3 and GST-BSt3).
Interestingly, when a truncation was made within the A box
of SF-1 (GST-BSt2), the protein still bound to DNA, albeit
with somewhat reduced affinity, in contrast to GST-Bt2,
which did not bind. A comparison of GST-BStl with GST-
BS2, which both contain the NGFI-B zinc modules and the
SF-1 T box region, verifies that specificity for differing 5'
adjacent nucleotides lies entirely within the A box, since the
change in specificity between these constructs was com-
plete. Further comparison of the constructs GST-BStl with
GST-BS4 and GST-BS2 with GST-BS5 further limits speci-
ficity to the amino-terminal portion of the A box, specifically
the first three amino acids (note construct GST-BS3). Thus,
mutation of one or two nucleotides in the target DNA can be
compensated for by a change in only three A box amino
acids, which indicates that contact is made between these
amino acids and nucleotides. The fact that no partial change
in specificity was observed (for example, equal binding to all
probes) further indicates that a small number of contacts

A
GST Zn Modulcs

_.- .

247 GM 352
GST-B

78 183

329 156
GST-BS1 --m - - I ;-a- d-X

B
Protein GST-B GST-BSI
Probe p>OC\C\>$ P C'

Competitoir N S N

2 3 4 5 6 7 8 9 10 11 12

FIG. 3. DNA binding by NGFI-B and SF-i GST fusion proteins.
(A) A schematic of the GST fusion proteins used in panel B and
Table 2. The GST portion is shown in black (with a break to indicate
a discontinuity in scale), the NGFI-B portions are in white, and the
SF-i portions are in gray. Numbers above the bars correspond to
the NGFI-B (38) and SF-i (56) amino acids at the endpoints of the
relevant regions. (B) A gel shift assay was performed with crude
bacterial lysates containing the proteins GST-B and GST-BSi and
oligonucleotide probes shown in Table i. Where indicated, 200 ng of
a specific (S) or nonspecific (N) competitor oligonucleotide was
added (lane 2, AAA; lane ii, TCA; lanes 3 and 12, GRE). -, no
competitor added. Lanes i to 4 are somewhat overexposed to bring
out the less prominent GST-BS1 complexes. A faint band in lane 7
is not visible but was detectable with a Phosphorimager (Table 2).

confer the differential specificity of NGFI-B and SF-1 and
that these are made entirely by the proximal A box.
The panel of NGFI-B-SF-1 chimeras also indicates an

important function for the amino acids between the zinc
modules and the A box (the T box motif) in monomer DNA
binding. In contrast to proteins containing an SF-1 T box
(see above), proteins with an NGFI-B T box were only
capable of binding in the context of an NGFI-B A box
(compare GST-B and GST-BS6, Table 2) even though both
proteins were soluble. Viewed in another way, proper func-
tion of an SF-1 A box required the presence of an SF-1 T
box. To examine this further, we made mutations in the SF-1
T box contained within the parent clone GST-BS1. A com-
parison of the constructs GST-BS1, GST-BS7, and GST-BS8
implicated Ala-159 as a key factor in the permissive nature of
the SF-1 T box. However, changing only this amino acid did
not impart measurable SF-1 binding activity to GST-BS6
(not shown). It is important to note that these T box changes
are not primarily affecting the SF-1 sequence specificity of
GST-BS1, since GST-BS2 contained a complete SF-1 T box
but bound as NGFI-B. While the precise role of the T box
region is not made clear by these data, it presumably reflects
an important secondary structure of the region (see Discus-
sion).

Identification of minor groove contacts. We next turned to

1-
1: ......, r I -:1-M.VWRM
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TABLE 2. DNA binding by NGFI-B-SF-1 chimeras

Amino acid sequencea Extent of binding to probeb:Name
T box A box AAA TAA ACA TCA

GST-B ... GM VKEVVRTDSLKG RRGRLPS KPefivtd 87 100 (100) -c
GST-S _-- GM RLEAVRADRMBR GRNKFG P MBAUef!vtd 15 25 64 100 (30)
GST-BS1 ... GM RLAVPDR G G efivtd 6 17 30 100 (100)
GST-Bel ... GM VKEVVRTDSLKG B.RGLPS KPKQPPDAS 91 100 (94)
GST-Btl ... GM VKEVVRTDSLKG RRGRLPS K 76 100 (87)
GST-Bt2 ... GM VKEVVRTDSLKG RRGB
GST-Bt3 ... GM VKEVVRTDBLKG
GST-BStl ... GM RL1S GNKEGP M 6 24 41 100 (105)
GST-BSt2 ... GM RLPAN ADRRRG 6 24 45 100 (54)
GST-BSt3 .-.. GMRG
GST-BS2 ... GM RRGRLPS KP 69 100 (70) -
GST-BS3 ... GM RIA RRGELPS KP 69 100 (69)
GST-BS4 ... GM RT, BRGRRGIZP X 57 100 (32)
GST-BS5 .G.GM I G aLPs K 7 23 36 100 (69)
GST-BS6 ... GM VKEVVRTDSLKG GR GP lM
GST-BS7 ... GM I....A...RGGRNSEGP MYKTDRALKef!vtd 13 31 52 100 (47)
GST-BS8 .-. GM VKEWBUIUM GRNKFGP M TDL KefLvtd

a All NGFI-B-SF-1 chimeric proteins were expressed in bacteria as GST fusions similar to Fig. 3A. Uppercase letters (with no underline) indicate NGFI-B
residues and uppercase underlined letters indicate SF-1 residues. Lowercase letters indicate residues that correspond to neither NGFI-B nor SF-1. All proteins
terminate immediately after the last amino acid shown. The GM amino acid pair that marks the end of the zinc modules is used to indicate their identity in each
protein. The small spaces in the sequences (before and after the T and A boxes) were added to facilitate comparison and do not signify a gap in the sequences.

b To reveal the different binding patterns, the amount of radioactivity in each complex is expressed as a percentage of the highest value for each given protein.
To indicate the relative affinities of the different proteins, the amount of radioactivity in either the TAA or the TCA complexes was normalized to the GST-B-TAA
or GST-BS1-TCA values, respectively (shown in parentheses).

c, no retarded complex observed for protein-DNA combination given.

a more detailed analysis of the distinguishing features of the
NGFI-B and SF-1 DNA sites, specifically the importance of
the minor groove, by using the nucleotide inosine (I). In-
osine, which forms Watson-Crick base pairs with C nucle-
otides, is identical in structure to G except that it lacks the
exocyclic amine on position C-2 of the purine ring in the
minor groove. Thus, an I/C base pair is identical to G/C in
the major groove and A/T in the minor groove (36, 52).
Substitution of the A/T base pair at position 3 of the NBRE
with G/C completely abolished binding of GST-B, consistent
with previous results (probe TAG, Fig. 4A [66]). However, a
probe with I/C at position 3 supported GST-B binding at a
level comparable to that of the NBRE itself [probe TA(I/C)].
Since no distortion of the DNA double helix was detected as
a bend in the bound or unbound NBRE (data not shown), we
conclude that the minor groove surface distinguishes an A/T
and G/C base pair at position 3 of the NBRE. To confirm
this, we used the modified pyrimidine 5-methyl cytosine (M),
which pairs with G but has a methyl group at position 5 of the
pyrimidine ring in the major groove, similar to T. As shown
in Fig. 4A, a G/M base pair at position 3 also abolished
GST-B binding [probe TA(G/M)], even though a key func-
tional group of the A/T major groove was present.
At position 2 of the N-BRE, substitution of the A/T base

pair with G/C significantly decreased, but did not abolish,
GST-B binding, also consistent with previous results (probe
TGA, Fig. 4B [64]). Again, a substitution of I/C at position 2
allowed nearly complete GST-B binding [probe T(I/C)A],
while G/M behaved similarly to G/C [probe T(G/M)A],
indicating that the minor groove surface is also critical at
position 2. Interestingly, GST-BS1 bound with a higher
affinity to probes T(G/C)A and T(G/M)A than to either the
NBRE or probe T(I/C)A, indicating that it too interacts with
the minor groove, but with a preference for the G/C base
pair. To verify this, we examined oligonucleotides with a
transversion of the G/C base pair at position 2. Substitutions
of the C/G base pair at position 2 of the probe TCA with C/I

eliminated GST-BS1 binding [probe T(C/I)A], while probe
T(M/G)A was bound as well as TCA. In contrast, substitu-
tion of C/I at position 2 conferred a slight but measurable
degree of GST-B binding to probe TCA. Thus, NGFI-B and
SF-1 respond in precisely opposite manners to changes at
position 2 in the minor groove, with SF-1 favoring the
presence and NGFI-B favoring the absence of the purine C-2
amino group.

Verification of structure-function relationships in full-length
NGFI-B. To this point, nearly all of our studies addressing
the structure-function relationships of monomer DNA bind-
ing have been performed with bacterial fusion proteins. It is
necessary to verify our observations with full-length pro-
teins. First, we translated in vitro both wild-type NGFI-B
and mutant forms bearing mutations in the downstream
domain (Fig. SA). A focused replacement of the NGFI-B A
box with that of SF-1 abolished binding to the NBRE but did
not confer binding to TCA (Fig. 5B, fl-BS6). SF-1 binding
was conferred only when the T box was changed in combi-
nation with the A box (fl-BS1). These results precisely
mirror those obtained with bacterial fusion proteins. To
verify that this same specificity is observed in cells, full-
length NGFI-B mutants were tested in a transcriptional
activation assay with promoters bearing two copies of either
the NBRE or TCA sequences (AAA-luc and TCA-luc,
respectively). As shown in Fig. SC, the pattem of activity of
these chimeric proteins closely mimics the pattern of DNA
binding seen in vitro. Most notably, the SF-1 downstream
domain conferred a greater promiscuity to NGFI-B so that
activation was observed from both sites but with a prefer-
ence for TCA.

DISCUSSION

A model of NGFI-B monomer binding. NGFI-B binds to
and activates transcription from a DNA response element
that is atypical among the nuclear receptors characterized to
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TABLE 3. Downstream domains of known and putative
monomer binding receptors

Amino acid sequencea
Nuclear receptor

T box A box

AA consensusb
NGFI-B
NURR1
CEB-1

... GM

... GM

... GM

... GM

TCA consensus' ... GM
SF-1 ...GM
FTZ-Fl ... GM

LRHd
hERRid
hERR2d
DHRd

.-. GM

.-. GM

.-. GM

... GM

VE VR SL G RRGR S
VKEVVRTDSLKG BRGRLPS
............ .................. ...

...I.HG8 S. S.

+LEAVRADRMRG GNKFGP
RLEAVRADRMRG GRNKFGP
K. .......

E.G......... ..Q..YRRLK.G..L..V.. ..Q.YKR
LK.G. - L. .... STQ.YKQ
K .. I.E. .T.. - . TYQC

Protein (-) GST-B

-r1bc C, "I
Probe v,~- ,-~ ~ --O

K K
KPKQPPDAS
...S.Q.P.
.T.LARSED

MYKRDRA K
MYKRDRALK
.......R.

RPEV.PLPF
RLDBENSPY
S.TLPNSML

Rev-ErbA-ae ...GM SRDAVRFGRIPK REKQRML AEMQSAMNL
E75e ... GM .........-V.. ...A.I. A. .QSTQN
a +, positively charged amino acids; ., an amino acid common to the

respective reference sequence (i.e., NGFI-B, SF-1, or Rev-ErbA-a). A space
indicates no consensus. References for the sequences can be found in the
text.

b The AA consensus sequence was derived from the NGFI-B, NURR1, and
CEB-1 sequences.

c The TCA consensus sequence was derived from the SF-1 and FTZ-F1
sequences.
dThis sequence was obtained by comparing the SF-1 downstream domain

with the GenBank data base (comparison performed at the National Center for
Biotechnology Information with the BLAST network service). The binding
preference of this receptor has not been firmly established.

I Rev-ErbA-a and its Drosophila homolog E75 have been implicated as
monomer-binding receptors but lack strong sequence identity with either
NGFI-B or SF-1.

ummi
I v 3 4 5

B

j), ),

GST-B

GST-BS1

date. This element contains only a single ER half-site and
requires at least two A nucleotides 5' to this half-site for
high-affinity binding. We have used compensatory and gain-
of-function mutations in the response element and DNA
binding domain of NGFI-B to establish the mechanism of
this binding event. Chimeras with the DNA binding domains
of NGFI-B and GR demonstrated that specificity at the
half-site of a target probe can be altered by swapping the zinc
modules. This indicates that the NGFI-B zinc modules
interact with the ER half-site in the NBRE in the manner
demonstrated for the steroid receptors, which fixes the
spatial relationship of the protein to the DNA. Further
chimeras with the SF-1 protein demonstrated that the prox-
imal residues of the A box make contacts with the minor
groove at the 5' adjacent nucleotides. Thus, amino acids
from only one NGFI-B molecule can account for all of the
necessary nucleotide contacts revealed by methylation inter-
ference of NBRE binding.
The model of the NGFI-B-NBRE complex that emerges

from these data is presented in Fig. 6A. In this model, a
single DNA binding domain monomer is docked at B form
DNA with the known orientation of the GR DNA binding
domain and half-site (34). The precise contacts made be-
tween the NGFI-B zinc modules and the half-site are not
known but are very likely the same as those used by ER,
since the P box residues that define this contact are common
between NGFI-B and ER (59). With this docking, it is
apparent that the domain downstream of the zinc modules is
in position to contact the minor groove of the nucleotides 5'
to the half-site. The differential response of NGFI-B and

2 3 4 5 6 7 8

FIG. 4. NGFI-B and SF-1 contact the minor groove ofDNA. (A)
A gel shift assay was performed with a crude bacterial lysate
containing GST-B and oligonucleotides with modified base substi-
tutions at position 3 (Table 1). Lane 1 is probe TAA with no (-)
added protein. (B) Gel shift assays were performed with crude
bacterial lysates containing GST-B and GST-BS1 and oligonucleo-
tides with modified base substitutions at position 2 (Table 1). Only
the protein-DNA complexes are shown to facilitate comparison of
the binding patterns of GST-B versus GST-BS1. Note that GST-B
and GST-BS1 were incubated in separate sets of binding reactions
and run on different gels. Lane 1 is probe TAA with no added
protein.

SF-1 to probes containing inosine at position 2 indicates that
the exocyclic amine in the G/C minor groove is necessary
for high-affinity SF-1 binding, whereas it interferes with
NGFI-B binding. The key difference in the side chains of the
proximal A box of NGFI-B and SF-1, given that glycine has
no side chain, is the substitution of the asparagine amido
group of SF-1 for the arginine amino groups of NGFI-B (Fig.
6B). It is likely that the SF-1 asparagine accepts a hydrogen
bond from the G amine, an interaction which is not possible
in NGFI-B given the lack of hydrogen bond acceptors in the
proximal A box. Rather, the arginine(s) in NGFI-B could act
as donors to the purine N-3 or the pyrimidine C-2 carbonyl,
which are exposed in the minor groove at A/T base pairs but
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NGFI-B .. GM VKEVVRTDSLKG RRGRLPS KP

fl-BS6 GM VKEVVRTDSLKG GRNKFGP MY

fl-BSI GM RLEAVRADRMRG GRNKFGP MY.

B Protein NGFI-B fl-BS6 fl-BSIrI
Probe -"
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FIG. 5. The A box structure-function relationship applies to
full-length NGFI-B. (A) A schematic showing the full-length
NGFI-B variants tested in panels B and C. These constructs
contained a BamHI linker inserted at the AgeI site of NGFI-B,
which does not affect the activity of the encoded protein (43). The
sequences of the T and A boxes are shown, with no underline
indicating an NGFI-B residue and an underline indicating an SF-1
residue. (B) A gel shift assay was performed with the proteins shown
in panel A (translated in vitro) and oligonucleotide probes shown in
Table 1. NS indicates a nonspecific complex that arises from the
reticulocyte lysate used to translate the proteins. S indicates the
specific complex corresponding to the NGFI-B protein variants. (C)
CV-1 cells were transfected with plasmids that express the proteins
shown in panel A and luciferase reporter plasmids bearing two
copies of the AAA or TCA sequences (Table 1). To allow for
comparison between experiments, the relative luciferase units
(rlu's) obtained for each combination were normalized to the values
of the NGFI-B-AAA pair. Note the discontinuity in scale. Fold
induction is expressed relative to the appropriate vector-reporter
combination, such that a fold induction of one signifies no increase
over background.
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NGFI-B
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FIG. 6. A model of monomer-DNA binding. (A) Top view of a
nuclear receptor DNA binding domain monomer-DNA complex,
patterned after Fig. 3A of reference 34, docked at a half-site in the
major groove. The zinc modules may be thought of as a prediction
of the tertiary structure of the NGFI-B zinc modules or as the GR
zinc modules of the GST-BG protein used in Fig. 2. The T and A
boxes of the downstream domain are shown in an extended confor-
mation, since no prediction can be made regarding their secondary
structure, reaching over and beyond the minor groove of the 5'
adjacent base pairs. The dashed rectangle denotes the region de-
tailed in panel B. (B) The minor groove of the 5' adjacent base pairs
of the optimal NGFI-B and SF-1 binding sites is shown, with the
sequence of each strand indicated to the side. Within each minor
groove are the functional groups available for hydrogen bonding,
corresponding to the S-1, S-1' and S-2 sites described in reference
50. These are the purine N-3, pyrimidine position 2 carbonyl and G
position 2 amine. Also shown are the amino acid side chains of the
proximal A boxes of NGFI-B and SF-1. Note the correspondence of
the amine hydrogen bond donor in the SF-1 minor groove with the
asparagine hydrogen bond acceptor in the SF-1 A box.

potentially are blocked by the exocyclic amine in G/C base
pairs.
What is less apparent in our model is the precise second-

ary structure in the downstream domain. Some folding is
clearly necessary, since the A box reaches far beyond the
three adjacent nucleotide pairs in the extended conformation
shown in Fig. 6A. Our results suggest that this structure will
involve the T box region, since mutations within this motif
can abolish monomer binding but do not affect sequence
specificity. It is of interest to note that the T box of RXR is
thought to function by making interpeptide contacts with a
second protein monomer (66). These dimerization contacts
may be mimicked in NGFI-B by intrapeptide contacts be-
tween the T and A boxes, which would be facilitated by a
turn at the glycine just upstream of the A box. Such contacts
would serve to stabilize the region as well as position the
proximal A box near the minor groove. A similar situation

A
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has been observed in an artificial variant of the X Cro
protein, in which it was possible to create a stable monomer
binding protein simply by ensuring that the dimerization
interface of the molecule formed its essential contacts in an
intramolecular fashion (39). It must be noted though that the
phenotype observed for our T box mutants is also consistent
with the existence of T box-DNA contacts that are common
between NGFI-B and SF-1, either nonspecific or with the
common position 3 AIT base pair.

In total, it is apparent that contacts between the A box
amino acids and the minor groove serve to stabilize the
overall interaction of an NGFI-B monomer with DNA.
These contacts provide the required binding energy, in
addition to that of the zinc module-half-site interaction, that
is more typically provided in nuclear receptors by dimeriza-
tion. It must be emphasized though that the observation of
NGFI-B monomer DNA binding in vitro does not alone
indicate that NGFI-B functions as a monomer in vivo. This
link is established by the demonstrations that (i) NGFI-B can
activate transcription from a contrived promoter containing
only a single NBRE (64) and (ii) the 21-hydroxylase pro-
moter contains a functional NBRE that shares all of the
structural features indicative of monomer binding (65).
These results notwithstanding, we consider it likely that
NGFI-B can interact with other transcription factors (per-
haps nuclear receptors such as SF-1 or NGFI-B itself) bound
to nearby promoter elements (43). Also, the results pre-
sented here cannot rule out the possibility that a second
NGFI-B monomer is part of the protein-DNA complex
observed by gel shift, interacting with DNA nonspecifically
or not at all. Importantly, though, such higher-order inter-
actions would likely be qualitatively different from the close,
spatially rigid and DNA-driven interactions that are needed
by dimerizing proteins for DNA binding per se.

This work establishes that there are at least three func-
tionally distinct mechanisms by which nuclear receptors
bind to DNA. First, the prototypic steroid receptors bind as
dimers to inverted half-site repeats by virtue of D box-D box
interactions. Second, the class of nuclear receptors typified
by RXR binds to direct (and sometimes everted [54]) half-
site repeats by virtue of interactions involving the T box,
with many members of this class binding as heterodimers
with RXR. Finally, we have demonstrated that NGFI-B and
SF-1 represent a novel class of nuclear receptors that bind as
monomers by virtue ofA box interactions with a 5' extended
half-site. It is curious that the thyroid hormone receptor is at
present the only clear example of a nuclear receptor that can
bind by more than one of these paradigms (11, 40, 59, 60).
The three mechanisms are not mutually exclusive within a
given protein, since they are all underscored by the common
interaction of the zinc modules with a half-site and since we
have created two different bifunctional proteins by fusing the
appropriate monomer- and dimer-promoting motifs (Fig. 2
[66]). It is thus an intriguing possibility that NGFI-B and
other nuclear receptors might bind to DNA as both mono-
mers and dimers, given the appropriate DNA sites, and that
regulatory factors might affect the function of the protein by
modifying its preference for these sites.

Structural comparisons reveal that NGFI-B bears the
highest degree of amino acid identity in the zinc modules
with RXR, a similarity that is apparent functionally in
NGFI-B as a latent ability to support dimer binding when the
appropriate T box is added (66). In contrast, NGFI-B and
SF-1 share little conservation in the zinc modules beyond
that of all nuclear receptors, despite their common mode of
DNA binding. These observations are most consistent with

the primary establishment of distinct dimerizing receptor
families followed by the parallel, independent appearance of
monomer binding due to relatively minor changes in the
downstream domains of these different precursors (27). With
this in mind we performed a search of the GenBank data
base to identify other nuclear receptors that might bind as
monomers (Table 3 [2]). No receptors, other than the
NGFI-B sister gene Nurrl, shared a high degree of similarity
with the NGFI-B T and A boxes (29). However, the orphan
receptor LRH-1 has T and A boxes identical to SF-1 and/or
FTZ-Fi, and therefore LRH-1 will almost certainly bind to
the TCA sequence (GenBank accession number M81385).
The orphans hERR1 and hERR2 are less similar but still
closely resemble SF-1 (10). Specifically, we note that the
proximal A box of these receptors has a conserved substi-
tution of glutamine for the base-contacting asparagine of
SF-1, which suggests that they too will bind a sequence with
a hydrogen bond donor in the minor groove. Finally, it is
relevant that the orphan receptor Rev-ErbA-a and its Dros-
ophila homolog E75 were not uncovered in our search, as
expected from their highly divergent downstream domains
(30, 51). Since it has recently been suggested that Rev-
ErbA-a binds as a monomer, this serves to emphasize the
potential for great structural variance in the downstream
domains of monomer binding nuclear receptors (15).

Relationship of NGFI-B and SF-1. While the manuscript
was in preparation, Ueda et al. reported that the Drosophila
homolog of SF-1, FTZ-Fi, required amino acids down-
stream of the zinc modules for DNA binding (58). They
argued that the "relevant amino acid sequence and the
recognition sequence of DNA are quite different [for
NGFI-B] from those of FTZ-Fi." It is clear that there are
minor differences between NGFI-B and SF-1. For example,
binding to an SF-1 DNA site required information extending
well into the SF-1 T box (Table 3 [58]), while binding to the
NBRE has been possible in the context of three different T
boxes (NGFI-B, SF-1, and RXR-p [66]). However, we have
observed that mutation of a conserved valine in the NGFI-B
T box (Val-335 to Ile) does abolish DNA binding in a manner
similar to that for the SF-1 T box mutations presented here
(65a). A further difference between NGFI-B and SF-1 is that
there is a functional effect of mutating all three nucleotides 5'
to the half-site for SF-1, in contrast to two for NGFI-B;
however, the effect of any one mutation appears to be less
significant for SF-1 than for NGFI-B (Table 2 [57, 58]).
Nonetheless, the nucleotide sequences bound by NGFI-B
and SF-1 are extremely similar, since a differential specific-
ity of binding can be obtained by changing a single functional
group of 1 bp. Furthermore, the A box amino acids that
make the essential DNA contacts localize to precisely the
same position relative to the NGFI-B and SF-1 zinc mod-
ules. We therefore argue that the mechanism of DNA
binding by NGFI-B and SF-1 is fundamentally the same
since they share the defining structural features of the DNA
and protein.

It is remarkable that the two nuclear receptors character-
ized to date that bind to DNA as monomers converge on the
activity of common promoters. SF-1was originally identified
as a nuclear factor expressed in adrenocortical cells that
bound to several single-half-site elements in the promoter of
the 21-hydroxylase gene (25). One of these, the -65 element,
has recently been demonstrated to be a functional NBRE
that may mediate ACTH induction of this promoter (65). It is
also clear that the promoters for other steroidogenic en-
zymes in the adrenal cortex and other tissues have single-
half-site elements, some corresponding to NBREs (4, 7, 46,

MOL. CELL. BIOL.



MONOMER-DNA BINDING BY NUCLEAR RECEPTORS 5803

47). At least three, and probably more, nuclear proteins bind
to these elements, one of which may be related to COUP-TF
(48). The more promiscuous nature of SF-1 binding is borne
out at these sites, because NGFI-B binds to only a subset of
the elements bound by SF-1, in a manner predictable by the
5' adjacent nucleotides (references 25 and 65 and unpub-
lished observations). It follows that there will exist a com-
petition for binding to these sites between proteins that bind
more promiscuously, like the constitutively expressed SF-1
protein, and those with a more restricted binding pattern,
like the growth factor-inducible NGFI-B. The final transcrip-
tional outcome of this competition would be determined by
the nucleotides 5' to the half-site and by the combination and
perhaps interaction of the nuclear receptors that are ex-
pressed and bound.
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