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Participation of Non-Zinc Finger Residues in DNA 
Binding by Two Nuclear Orphan Receptors 

Thomas E. Wilson, Ragnhild E. Paulsen, Kerstien A. Padgett, 
Jeffrey Milbrandt* 

Steroid-thyroid hormone receptors typically bind as dimers to DNA sequences that contain 
repeated elements termed half-sites. NGFI-B, an early response protein and orphan 
member of this receptor superfamily, binds to a DNA sequence that contains only one 
half-site (5'-AAAGGTCA-3'). A domain separate from the NGFI-B zinc fingers, termed 
the A box, was identified and is required for recognition of the two adenine-thymidine (A-T) 
base pairs at the 5' end of the NGFI-B DNA binding element. In addition, a domain 
downstream of the zinc fingers of the orphan receptor H-2 region II binding protein, termed 
the T box, determined binding to tandem repeats of the estrogen receptor half-site (5'- 
AGGTCA-3'). 

T h e  steroid-thyroid hormone receptor su- 
perfamily is a class of ligand-activated tran- 
scription factors that mediates cellular re- 
sponse to hydrophobic ligands (1). Much of 
our knowledge concerning the DNA bind- 
ing function of these nuclear receptors 
comes from studies of the estrogen and 
glucocorticoid receptors. The DNA recog- 
nition sites of these proteins contain two 
copies of protein-specific six-base sequences 
termed half-sites that are oriented as invert- 
ed repeats (2, 3). Mutagenesis (4, 5), nu- 
clear magnetic resonance (6), and x-ray 
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crystallography (7) studies show that char- 
acteristic residues within the CysZ-Cysz Zn 
finger domains of these receptors make 
base-specific contacts with the half-sites. 
High binding affinity and a further degree of 
sequence specificity based on half-site spac- 
ing are achieved by dimerization of two 
protein monomers, which is a function of 
the Zn finger (4, 7) and COOH-terminal 
(2, 8) domains. This model is generally 
applicable, except that several receptors 
bind preferentially to promoter elements 
that contain direct rather than inverted 
repeats of half-site sequences (9, lo), with 
the specificity of binding determined by the 
nucleotide spacing between half-sites (1 1, 
12). 

The mammalian protein NGFI-B [(I 3), 

also called nur77 (14)] is an orphan recep- 
tor because it shares the structural features 
of nuclear receptors but has no known 
ligand specificity. An NGFI-B response el- 
ement (NBRE) has been identified by ge- 
netic selection in yeast (15) that confers 
NGFI-B-dependent transcriptional activity 
to a heterologous promoter and consists of 
the 9-nucleotide sequence 5'-AAAAG- 
GTCA-3'. The NBRE contains an estrogen 
receptor element-thyroid hormone recep- 
tor element (ERE-TRE) half-site (5'-AG- 
GTCA-3'). It is likely that the NGFI-B Zn 
fingers recognize the ERE-TRE half-site like 
an estrogen or thyroid hormone receptor 
monomer through the conserved base-con- 
tacting residues in these proteins (4, 13). 
The precise mechanism of binding must be 
distinct, however, because there is no half- 
site repeat in the NBRE and nucleotides 
outside of the half-site are required for 
binding (1 5). 

To characterize nucleotide requirements 
in the sequence adjacent to the half-site in 
the NBRE, we synthesized three oligonu- 
cleotide pools in which each of the three 
positions nearest the 5' end of the sequence 
5'-AAAAGGTCA-3' were replaced with 
equimolar mixtures of C, G, and T (1 6). 
These oligonucleotide pools were then used 
as probes in an electrophoretic mobility 
shift assay with NGFI-B protein synthesized 
in Chinese hamster ovary (CHO) cells 
(1 5). NGFI-B recognized the oligonucleo- 
tide pool with C,  G, and T at position 1 
and the NBRE itself with approximately 
equal affinity (Fig. 1A). In contrast, re- 
placement of the A at either position 2 or 3 
resulted in a reduction of the shifted com- 
plex, suggesting that NGFI-B makes base- 
specific contacts at these nucleotides. To 
assess the magnitude of this effect, we used 
the electrophoretic mobility shift assay to 
perform a Scatchard binding analysis (1 7). 
NGFI-B bound to a probe that contained 
the NBRE sequence with a dissociation 
constant (Kd) of 1.0 nM (Fig. IB), a 
physiologically relevant affinity similar to 
that of estrogen and thyroid hormone re- 
ceptors for their DNA elements (8, 18). In 
contrast, a probe that had a substitution of 
G for A at position 2 of the NBRE was 
bound by NGFI-B with a Kd of 3.3 nM (Fig. 
1B). 

Most nuclear receptors do not bind with 
high affinity to DNA sequences that con- 
tain a single half-site because the interac- 
tion of one monomer with one half-site 
does not provide suficient free energy to 
stabilize the protein-DNA complex. In 
contrast, three results support the model 
that NGFI-B binds to the NBRE as a 
monomer. (i) The high-affinity NBRE is 
limited to eight contiguous nucleotides 
with a single half-site [(15); Fig. 11. (ii) 
When full-length and truncated NGFI-B 
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were cotranslated in vitro and subjected to 
an electrophoretic mobility shift assay with 
the NBRE, we did not detect a complex 
with an intermediate mobility (1 9, 20). (iii) 
Deletion of the COOH-terminal domain of 
NGFI-B, which is typically required for 
high-aftinity dimerization of nuclear recep- 
tors (2,8), did not reduce the &ty of the 
NGFI-ENBRE interaction (1 9). It is possi- 
ble that NGFI-B might bind to the NBRE as 
a dimer, with one monomer binding to the 
extended half-site and a second monomer 
binding to the remaining nucleotides in a 
non-sequence-specific fashion. In either in- 
stance, it is likely that the two A-T base 
pairs at the 5' end of the NBRE confer 
high-&ty NGFI-B binding because of the 
free energy contributed by additional base- 
specific protein-DNA contacts. 

To localize within NGFI-B the residues 
that confer recognition of the 5' A-T base 
pairs of the NBRE, we made fusion proteins 

Fig. 1. High-affinity binding of NGFI-B to the 
sequence AAAGGTCA. (A) 32P-labeled oligo- 
nucleotides (-0.5 ng) that contained the indi- 
cated sequences were used in an electropho- 
retic mobility shift assay with 5 pg of total 
protein from an NGFI-Bcontaining CHO 
whole-cell extract (15, 16). The ERE-TRE half- 
site in each oligonucleotide is indicated with an 
arrow. In lanes 2, 4, 6, and 8 a 100-fold molar 
excess of unlabeled oligonucleotide (that con- 
tained the parent sequence AAAAGGTCA) was 
added. All protein-DNA complexes are shown. 
Comp, competitor. (B) Protein (0.5 pg) from an 
NGFI-Bcontaining CHO whole-cell extract 
(15) was used in a series of electrophoretic 
mobility-shift assays with varying concentra- 
tions (between 16 pM and 17 nM) of probes 
that contained either the sequence AAAAG- 
GTCA (Bla) or AGAAGGTCA (Bl b). The pro- 
tein-DNA complexes and free probe were de- 
tected by autoradiography, excised from the 
gel, and counted directly in a scintillation 
counter (17). Scatchard plots of the results are 
shown. White dots, B l a  (K, = 1.0 nM); black 
dots, B l  b (K, = 3.3 nM). 

with NGFI-B and the H-2 region I1 binding 
protein from mouse [H-2RIIBP (2 I), also 
called RXR-p (22)1, an orphan receptor 
whose Zn fingers have a 72% similarity with 
those of NGFI-B. Despite this similarity, a 
TrpE fusion protein that contained the 
H-2RIIBP DNA binding domain [TrpE-H- 
2RIIBP (23)] did not bind to the NBRE in 
an electrophoretic mobility shift assay, 
whereas a fusion protein that contained the 
NGFI-B DNA binding domain did (TrpE- 
NGFI-B) (Fig. 2A). However, H-2RIIBP 
might bind to the NBRE if the NGFI-B 
residues that recognize the 5' A-T base 
pairs are present. If so, this assay could 
provide a way of identifying these residues. 

Chimeras of the H-2RIIBP and NGFI-B 
DNA binding domains (Fig. 2B) were pro- 
duced in bacteria as TrpE fusion proteins 
(23) and used in an electrophoretic mobil- 
ity shift assay to assess NBRE binding ac- 
tivity (Fig. 2C). Replacement of the entire 
H-2RIIBP Zn finger structural domain (6, 
7) with the corresponding region of 

NGFI-B did not confer NBRE-specific 
binding to the chimera (chimera BH3). 
However, replacement of only 16 non-Zn 
finger residues at the COOH-terminus of 
the expressed H-2RIIBP fragment with the 
corresponding NGFI-B residues resulted in 
strong NBRE binding (chimera HB4). 
Conversely, the NGFI-B Zn fingers could 
be replaced with those of H-ZRIIBP with no 
loss of NBRE binding (chimera HB3), 
while alteration of only five residues at the 
COOH-terminus of NGFI-B completely 
eliminated binding (chimera BH6). The 
lack of NBRE binding by some chimeric 
proteins was not a result of lack of expres- 
sion, as determined by Coomassie staining 
of SDS-polyacrylamide gels of the bacterial 
extracts (23). Thus, the NGFI-B domain 
critical for NBRE recognition, the A box, 
was localized to seven residues between 
chimera positions 5 and 7. 

Because both the BH and HB chimeras 
whose junctions lay within the A box did 
not bind to the NBRE, we examined which 

A Probe , Bla CRBPIl B 247 - -  362  la C R B P ~  
Protein B h H - CH - 

I * I f  I 
H I 

I +  - - 
camp - +*$ - - - ,..@ - u 

I I I I 

Fig. 2. Chlmeric analysis of the 6 = m -  - 
NGFI-B and H-2RIIBP DNA bind- 7 y+/- - 
ing domains. (A) Portions of 
NGFI-B and HZRIIBP containing 
the Zn finger structural domain with 
-20 flanking residues on either 
side were expressed in bacteria as 
T~DE fusion  rotei ins. Bacterial son- 
icstion extracts (3.5 pl) were used 
in electrophoretic mobility shift as- 
says with either the CRBPII- or 
NBRE-containing B la  oligonucleo- 
tides (0.5 ng) (23). 6, TrpE- 
NGFI-B fusion protein; H, TrpE-H- 
2RIIBP fusion protein; Comp, com- 
petitor. To identify the specific 
complexes (arrowheads), we add- 
ed a 100-fold molar excess of the 
indicated oligonucleotides to com- 
Pete with binding. The portion of 
the Qel that contained all of the 

H I I I I I I I  
CRBPII 

p r o t & n - ~ ~ ~  complexes is shown. 
BlaAB-10 contains a mutation in 
the three A-T base pairs 5' to the ERE-TRE half-site in the NBRE and is not bound by NGFI-B (15). 
(8) Schematic showing the composition of the DNA binding domain chimeras. NGFI-B sequences, 
in black: H-2RIIBP sequences, in white. The numbers of the terminal residues of the fragments are 
indicated above the bars. Chimeras are labeled BH or HB to indicate the origins of the NH,- and 
COOH-terminal portions (where B = NGFI-B and H = H-2RIIBP) followed by a number correspond- 
ing to a specific junction point (Fig. 4). The location of residues that compose the Zn finger structural 
domain are enclosed by the bracket and Zn-chelating cysteines are indicated by vertical lines. To 
the right of the schematic are the results of the electrophoretic mobility-shift analyses shown in (C). 
using a scale where + + + indicates binding equivalent to the TrpE-NGFI-€2461 a combination, and 
- indicates no detectable binding. (C) The polypeptides in (B) were expressed in bacteria as TrpE 
fusion proteins, the bacteria were lysed by son~cation, and the extracts (3.5 FI) used in electropho- 
retic mobility-shift assays with the CRBPll or NBRE-containing Bla oligonucleotides (0.5 ng) (23). 
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of these residues ~articipated in adjacent 
sequence recognition. A trimeric protein 
that contains the DNA binding domains of 
NGFI-B and the bacterial repressor LexA 
and the transcriptional activating domain 
of the yeast transcription factor GAL4 
(LexA-NGFI-BGAL4, or LBG) activates 
expression of a HIS3 reporter gene in yeast 
that has two NBREs in its promoter (15). 
To use this protein in a detailed mutational 
analysis of the A box, we individually ran- 
domized the codons encoding these seven 
amino acids using polymerase chain reaction 
(PCR) and cloned the resulting fragments to 
create libraries of mutant LBG derivatives. 
These seven libraries were then transformed 
into yeast bearing the NBRE-HIS3 reporter, 
and individual clones that contained func- 
tional amino acids at a given randomized 
position were identified by virtue of their 
His+ phenotype and sequenced (24). 

At the last A box residue, Ser350 a 
variety of functional amino acids was recov- 
ered, including positively and negatively 

charged as well as hydrophobic amino ac- 
ids, which indicates that there was no 
specific function for this serine in DNA 
binding (Fig. 3A). In contrast, at positions 
1 and 4 of the A box, Arg344 and 
respectively, only the positively charged 
amino acids lvsine and areinine were recov- " 
ered as functional, suggesting that these 
residues make ionic contacts, perhaps with 
the phosphate backbone of the DNA. At 
position 3, only the wild-type glycine was 
recovered as functional. Although the lack 
of a side chain in this amino acid precludes 
it from participating directly in DNA rec- 
ognition, it is possible that the addition of 
any side chain sterically disrupts the pro- 
tein-DNA complex. Similarly, the prefer- 
ence for proline at position 6 of the A box 
mieht reflect a conformational reauire- 

.2 

ment. Only the wild-type arginine and 
leucine were recovered as functional at 
positions 2 and 5, respectively. 

To examine further the amino acid re- 
quirements at positions 2 and 5 of the A 

Fig. 3. Codon randomization analysis of the A 
NGFI-B A box. (A) The seven wild-type NGFI-B A 
box residues are shown (28) with the numbers 
of the terminal residues indicated above (13). ~~~~~~d 
Subscripts indicate the relative position of each 

amino acids that were recovered from His+ 
yeast colonies after randomization of the individ- 

residue within the A box. Listed below are all 

ual codons in the LBG transcriptional activator G(1) 

(24). Number of times each individual amino acid was recovered is in parenthe- B 
ses. (B) Bacterial sonication extracts (3.5 KI) that contained TrpE-NGFI-B deriva- 
tives with conservative substitutions at A box positions 2 and 5 were used in an 
electrophoretic mobility shift assay with the NBRE-containing B la  oligonucleotide 
(0.5 ng) (23). Lane 1, nonmutated TrpE-NGFI-B protein; lane 2. TrpE-NGFI-B with ' 
an Arg to Lys mutation at position 345 (345, R + K); lane 3, 348, L -, V; lane 4, 348, L + 1 (28). 

P box . . 
CEB-1 

USP OPPKRTVRKDLT 

1 
A box 

. 
5 6 7  

T box 
Fig. 4 Cross-species comparison of the NGFI-B and H-2RIIBP DNA binding domains. For the 
NGFI-B, CEB-1, and H-2RIIBP sequences, capital letters indicate the residues that were contained 
in the TrpE fusion proteins used in this study (28). For comparison, lowercase letters are used at the 
ends of the fragments to show residues that were not included in the fusion proteins. Ultraspiracle 
[USP (27)] was not tested specifically for binding to the CRBPll sequence and is therefore shown 
all in capital letters. The terminal residue numbers of the published sequences are shown (13, 21, 
27). For the NGFI-ECEB-1 and H-2RIIBP-USP pairs, asterisks mark the identical residues. 
Zinc-chelating cysteines are boxed and the A and T boxes described here are indicated with solid 
bars. Open bars indicate the residues that correspond to base-contacting (P box) and dimerization 
contact-forming (D box) regions of the estrogen and glucocorticoid receptors (4, 7). Broken 
vertical lines with arrowheads and numbers indicate the precise location of the different chimera 
positions, which correspond to the chimera numbers in Fig. 28. 
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box, we made TrpE-NGFI-B DNA binding 
domain fusion proteins with conservative 
substitutions of ~ r g 3 ~ ~  and (23) and 
tested them for NBRE binding in an elec- 
trophoretic mobility shift assay. Replace- 
ment of ~ r g 3 ~ ~  with lysine decreased NBRE 
binding, despite the retention of the posi- 
tive charge (Fig. 3B). Similarly, replace- 
ment of Leu348 with the hydrophobic resi- 
due valine resulted in an almost complete 
loss of NBRE binding. When isoleucine was 
substituted for there was less of a 
decrease in NBRE binding as compared to 
the valine substitution, which may be a 
result of the similar chain length of leucine 
and isoleucine. These results demonstrate 
that positive charge and hydrophobicity at 
positions 345 and 348, respectively, are not 
sufficient to support wild-type DNA bind- 
ing activity. Rather, the side chains of the 
wild-type amino acids are essential for full 
activity. This is consistent with the hypoth- 
esis that these residues contact the 5' adja- 
cent A-T base pairs of the NBRE (25), 
although we cannot rule out the possibility 
that they make intra- (or inter-) peptide 
contacts that position other residues of the 
same (or a second) monomer near the 5' 
adjacent base pairs for contact. 

The TrpE-H-2RIIBP fusion protein did 
bind with high affinity to an oligonucleo- 
tide that contained five estrogen receptor 
half-sites present as tandem repeats with a 
single nucleotide spacer (Fig. 2A). This 
probe, from the cellular retinol binding 
protein I1 (CRBPII) gene promoter, is a 
binding site for the closely related protein 
RXR-a (10). The fact that TrpE-H-2RIIBP 
required more than one half-site for binding 
suggests that multiple subunits of this pro- 
tein bound to the CRBPII probe in a 
fashion similar to RXR-a ( 10). Because the 
NGFI-B DNA binding domain did not bind 
to the CRBPII probe (Fig. 2A), the panel 
of DNA binding domain chimeras could be 
used in an electrophoretic mobility shift 
assay to identify the H-2RIIBP residues that 
confer CRBPII binding (Fig. 2C). When the 
H-ZRIIBP Zn fingers were replaced with the 
NGFI-B Zn fingers, CRBPII site specificity 
was maintained (chimera BH3). Converse- 
ly, replacement of only 16 COOH-terminal 
non-Zn finger residues in the expressed 
H-2RIIBP fragment with NGFI-B residues 
eliminated CRBPII binding (chimera HB4). 
Although these results were similar to those 
obtained with the NBRE, the H-2RIIBP 
residues required for CRBPII recognition did 
not colocalize with the NGFI-B A box 
residues. The critical domain in H-ZRIIBP, 
the T box, was localized to 12 residues 
between chimera positions 3 and 5. 

Residues downstream of the Zn finger 
structural domain, which are not necessary 
for sequence-specific DNA binding by 
many nuclear receptors (4-7, 26), are not 
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only critical for sequence recognition by 
NGFI-B and H-2RIIBP but also appear to 
function by different mechanisms. The 
NGFI-B A box residues are necessary for 5' 
adjacent sequence recognition, whereas the 
H-2RIIBP T box residues may be part of a 
dimerization interface between protein 
monomers. In the estrogen and glucocorti
coid receptor Zn fingers, dimerization is a 
function of contacts between amino acids 
on the same face of adjacent monomers 
because of inverted repeats in their DNA 
elements (4, 6, 7). H-2RIIBP monomers 
probably bind to the CRBPII oligonucleo
tide in the same orientation as a result of its 
direct half-site repeats. We predict that T 
box residues make contacts with as yet 
undefined residues on the opposite face of 
an adjacent monomer. 

Although residues downstream of the Zn 
fingers between H-2RIIBP and the closely 
related Drosophila protein Ultraspiracle (27) 
are conserved, this conservation is lost im
mediately COOH-terminal to the T box 
(Fig. 4). In addition, binding of a Cae-
norhabditis elegans nuclear receptor-like gene 
(termed CEB-1) to the NBRE is dependent 
on the 5' adjacent A-T base pairs (19). This 
protein has a 74% amino acid sequence 
similarity with NGFI-B between the first Zn 
finger cysteine and the end of the A box, 
and six of their seven A box residues are 
identical. This conservation ends immedi
ately COOH-terminal to the A box (Fig. 4). 
Thus, the critical downstream domains of 
both NGFI-B and H-2RIIBP show evolu
tionary conservation, which suggests they 
are of biological importance. 
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